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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,

environmental chemistry was an emerging field, aiming at a complete description

of the Earth’s environment, encompassing the physical, chemical, biological, and

geological transformations of chemical substances occurring on a local as well as a

global scale. Environmental chemistry was intended to provide an account of the

impact of man’s activities on the natural environment by describing observed

changes.

While a considerable amount of knowledge has been accumulated over the last

four decades, as reflected in the more than 150 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges

ahead due to the complexity and interdisciplinary nature of the field. The series

will therefore continue to provide compilations of current knowledge. Contribu-

tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific

understanding, and provides a valuable source not only for scientists but also for

environmental managers and decision-makers. Today, the series covers a broad

range of environmental topics from a chemical perspective, including methodolog-

ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of

societal relevance in the broad view of environmental chemistry. Topics include

life cycle analysis, environmental management, sustainable development, and

socio-economic, legal and even political problems, among others. While these

topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a

particular emphasis on chemistry, but also covering biology, geology, hydrology

and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs

of both researchers and graduate students, as well as of people outside the field of

vii



“pure” chemistry, including those in industry, business, government, research

establishments, and public interest groups. It would be very satisfying to see

these volumes used as a basis for graduate courses in environmental chemistry.

With its high standards of scientific quality and clarity, The Handbook of Environ-
mental Chemistry provides a solid basis from which scientists can share their

knowledge on the different aspects of environmental problems, presenting a wide

spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online

via https://link.springer.com/bookseries/698. Articles are published online as soon

as they have been approved for publication. Authors, Volume Editors and

Editors-in-Chief are rewarded by the broad acceptance of The Handbook of Envi-
ronmental Chemistry by the scientific community, from whom suggestions for new

topics to the Editors-in-Chief are always very welcome.

Dami�a Barceló
Andrey G. Kostianoy

Series Editors
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Preface

Among organic micropollutants, pharmaceutically active compounds (PhACs)

have been extensively investigated over the last few years due to their potential

adverse ecological and/or human health effects. After administration, PhACs are

excreted and delivered with wastewater to the wastewater treatment plants

(WWTPs). Wastewater treatment plants thus become one of the first barriers in

preventing them from reaching the ecosystems but also one of the main sources,

since a significant proportion of PhACs is not properly eliminated in conventional

WWTPs. Therefore, advances in wastewater treatment technologies are crucial to

minimize the load of micropollutants, and thus to the optimal protection of both the

environment and human health. In this context, this volume aims at providing a

snapshot of selected wastewater treatment strategies, each of which is discussed in

the corresponding chapter.

The efficiency of the wastewater treatment of choice can be evaluated by

considering the overall removal of pollutants, although a better assessment is

achieved if its environmental relevance is considered. Chapter One is specifically

devoted to environmental risk assessment of pharmaceuticals in wastewater treat-

ment, and different approaches are discussed and suggested as tools to evaluate the

removal efficiency of a particular treatment. In Chapter Two, an overview of the

fate of PhACs in conventional activated sludge (CAS) systems (the most standard

practice in conventional WWTPs) is presented. Several parameters and constraints

affecting PhAC removal in the water line of CAS systems are given and discussed,

while for the sludge line different treatment options are also considered. Special

attention is paid in these two chapters to the risks of pharmaceuticals in water

reclamation practices. Even though most of the literature (and the chapters of this

volume) deal with urban wastewater treatment, decentralized treatment of hospital

effluents is becoming an interesting approach to reduce the impact on the aquatic

environment of hazardous substances that are routinely administered or used in

healthcare facilities. Chapter Three is entitled “New Insights into the Occurrence of

Micropollutants and the Management and Treatment of Hospital Effluent,” which

ix



deals with this type of effluents and reviews promising new technologies proven to

improve the removal of emerging pollutants such as PhACs.

Another critical issue addressed in this volume is the development of appro-

priate analytical methods to determine the presence of PhACs and transformation

products in the environment. This is of utmost importance for the proper evalu-

ation of its disposal in the wastewater treatment process of choice. Target

analytical methodologies are the established analytical approach for evaluating

pollutant removal, but they can only cover a small proportion of organic pollut-

ants. Consequently, some compounds remain uncharacterized despite their poten-

tial relevance. New analytical approaches are reported in Chapter Four (Suspect

and Non-target Screening Methodologies for the Evaluation of the Behaviour of

Polar Organic Micropollutants and Changes in the Molecule Fingerprint During

Water Treatment). These strategies allow to provide information on a broader set

of contaminants (including PhACs) to understand their behavior and their

corresponding transformation products during wastewater treatment processes.

The chapter also discusses the novel non-target workflows to characterize

dissolved organic matter (DOM) during water treatment.

After these four chapters that are dedicated to general aspects, the core of the

book is dedicated to report on different wastewater treatment strategies and their

efficiency with respect to the removal of PhACs from the waste. Physical, chem-

ical, and biological processes have been tested with varying degrees of success.

Biological-based treatments considered in this book are enzymes, fungal reactors,

nature-based solution (NBS) like wetlands and microalgae-based processes (Chap-

ters Five to Eight). Chapter Nine reviews the application of membrane bioreactors,

which combine biodegradation and membrane separation in a single step. Finally,

the removal and degradation of PhACs in wastewater are considered using physico-

chemical treatment processes such as low-cost adsorbents, ozone and advanced

oxidation processes (AOPs), and other advanced processes based on solar oxida-

tion, electrochemical and sonochemical processes (Chapters Ten to Fourteen).

Many of these treatments can be applied as single treatment steps but also as

polishing treatment after conventional WWTP, or just as a combination of some

of them in the treatment train of choice.

We hope that readers will be able to find in this volume the latest information on

the topic that can help them to further develop water treatment and reuse projects.

We would also like to acknowledge all the colleagues who agreed to join this

project and share their knowledge, as well as the editor and publisher of the series

for inviting us to prepare this book.

Girona, Spain Sara Rodriguez-Mozaz

Barcelona, Spain Paqui Blánquez Cano

Barcelona, Spain Montserrat Sarr�a Adroguer
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Abstract The presence of pharmaceutically active compounds (PhACs) in the
environment has gained increasing attention the past two decades. After administra-
tion, PhACs are excreted and thus delivered with wastewater to the wastewater
treatment plants (WWTPs). WWTP effluents are usually discharged into receiving
environment and, therefore, a high proportion of pollutants (including pharmaceu-
ticals) can enter water bodies (surface or sea water), but also soils and eventually
groundwater. The risk that pharmaceuticals can pose to the environment depends not
only on compound concentration but also on its toxicity. In this chapter, different
existing risk assessment approaches are presented, applied to the effluents from
conventional WWTPs but also from alternative and advance wastewater treatment
processes. Environmental Risk assessment (ERA) can also be applied as a tool to
evaluate the removal efficiency of a wastewater treatment. Moreover, special focus is
paid to assess the risk of pharmaceuticals in water reclamation practices such as crop
irrigation. Finally, some research lines or topics that demand greater attention related
to ERA in wastewater treatment are addressed such as toxicogenomics, antibiotic
resistance, and evaluation of impact of chemical mixtures.

Keywords Environmental hazard, Pharmaceutically active compounds (PhACs),
Toxicity, Wastewater effluent

1 Introduction

1.1 Why Pharmaceuticals?

Our continuously growing technological society has given rise to extensive and
intensive use of chemicals on a global scale. More than 140,000 chemicals are
routinely used by both industry and household [1]. Depending on their properties,
the amounts produced, and the mode of use, a substantial fraction of these chemicals
may potentially reach the environment. Pharmaceuticals are recognized as one of the
pillars of our health system. More than 4,000 active compounds are thus globally and
increasingly used worldwide, a fact that goes in parallel with their ubiquitous
environmental occurrence. After the patient’s medication with a pharmaceutically
active compound (PhAC), it is metabolized and subsequently excreted through the
body fluids as a mixture of the original parent compound and the metabolites
generated in the treated organism. Finally, the complex mixture is evacuated through
the sewage system and eventually treated in a wastewater plant, before the final
effluents are released to the environment. Roughly, 80% of the world’s wastewater is
discharged without any treatment [1, 2]. Furthermore, even when it is properly
treated, leaks from sewage pipes, storm overflows, and runoff during heavy rain
events constitute non-negligible sources of untreated water as well [2]. Finally,
because conventional WWTPs are not specifically designed for that purpose, some
PhACs are simply not degraded and require advanced tertiary processes not easily

2 A. Ginebreda et al.



affordable. Whereas excretion is the predominant source of PhACs into the envi-
ronment, other pathways like inappropriate disposal, industrial spills, or manure
spread (particularly for veterinary drugs) should not be overlooked. Once effluents
reach the receiving waterbody PhACs and their metabolites may undergo further
biotic and abiotic degradation processes such as sorption, photolysis, hydrolysis, and
biodegradation potentially giving rise to new transformation products. Parent com-
pounds plus the resulting transformation products (TPs) constitute a “chemical
universe” whose long-term interactions with the different levels of biological orga-
nization (species, individuals, populations, and ecosystems) are still poorly known.
The environmental concerns associated with PhACs are summarized in Box 1.

Box 1 Environmental Concerns Associated to Active Pharmaceutical
Ingredients (APIs) and Their Transformation Products
• Drugs are regularly taken by the population with a clear growing trend. The

process is ubiquitous on space and continuous along time and extends to
some thousands of available APIs.

• Water treatment systems (if any) are not specifically designed to eliminate
pharmaceuticals. Depending on each specific compound and characteristics
of the treatment, their elimination maybe not complete. Further tertiary
specific treatment steps may be necessary, but at a certain economic cost
not always affordable.

• Even though many APIs are degraded, their continuous input into the
environment makes them behave as “pseudo-persistent.”

• Drugs are, by design, biologically active compounds, targeted to specific
organisms (typically humans) and having precise modes of action. Possible
side effects on other non-targeted unintentionally exposed organisms found
in the receiving ecosystem biological communities are largely unknown.

• In addition to long-term ecotoxicity effects, there is a special human health
concern for the specific case of antimicrobials (antibiotics, antifungals),
whose environmental occurrence has been proved to promote the develop-
ment of resistance genes (Antimicrobial Resistance Genes, ARG).

• The complex “cocktail” of many APIs, metabolites, and transformation
may have unexpected and hardly predictable mixture interaction effects
(i.e., synergistic, antagonistic, etc.).

Last but not least, the anthropogenic water cycle includes the safe supply of
drinking water to the population. The occurrence of API residues in drinking
water may pose a risk to human health, therefore their absence must be
prevented in any case.

Environmental Risk Assessment of Pharmaceuticals in Wastewater Treatment 3



2 Regulatory Aspects

Altogether, it is recognized that the occurrence of drugs in the environment is not
exempt from risk and there is a need of incorporating environmental aspects into the
existing regulatory framework to assure the environmental safety of drugs. In that
respect, two areas can be highlighted related to legislation (1) the registration process
of drugs, and (2) the environmental occurrence of drugs in the environment, and
more specifically in the aquatic environment. The current status of both aspects
concerning drug legislation in the European Union is briefly reviewed below:

2.1 Environmental Risk Assessment Aspects
in the Registration of Pharmaceuticals

The legal basis for the registration, production, distribution, and use of medicinal
products in the EU member states is governed by the Directive 2001/83/EC.
Following their provisions, any medical product should get an official authorization
previous to its marketing. This is issued by the European Medicines Agency (EMA)
after the proper completion of a registration process. According to article 8(3) of the
directive, applicants must submit a dossier containing the necessary information of
the pharmaceutical product to ensure its safety and therapeutic and clinical efficacy.
As part of this authorization file, information regarding the potential risks of the
PhAC to the environment is required. Therefore, companies wishing to register a
new PhAC have to provide an Environmental Risk Assessment (ERA) [3, 4].

According to the EMA guideline [5], the overall process is depicted in Fig. 1 and
includes a risk assessment and a specific hazard assessment. The risk assessment is
focused on the environmental occurrence (exposure) and ecotoxic potential effects
of the product on the exposed organisms. For some specific biological effects and
substances (i.e., endocrine disruptors, antibiotics, etc.) additional aspects have to be
considered. In turn, the hazard assessment refers to intrinsic properties of the
products considered harmful for the living organisms exposed regardless of the
concentration and specifically to the persistence, bioaccumulation, and toxicity
(PBT) characteristics. Briefly, the procedure includes two phases (Fig. 1). In general,
Phase I consists of a decision tree mostly addressed to differentiate among products
that require a further assessment (Phase II) or those that not. This is done based on
the Predicted Environmental Concentration in surface water (PEC) of the product
estimated from its predicted use. If PEC � 0.01 μg/L, the product enters Phase II,
otherwise the process is finished. Phase II is a tiered process, starting with the study
of physicochemical properties, environmental fate, and ecotoxicity and a predicted
non-effect concentration (PNEC). Amongst other aspects like the potential risk to the
groundwater and the soil, or the possibility of secondary poisoning in across the
trophic chain, Tier A examines the risk ratio PEC/PNEC in surface water, and if it
exceeds 1, a Tier B with PNEC refinement is performed. The PBT hazard

4 A. Ginebreda et al.
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assessment, carried out (if necessary) in parallel to the risk assessment, aims at
evaluating the potential long-term effects of the product in the environment, regard-
less of its environmental exposure concentration. Depending on the results obtained
in Phase I (screening phase), a more detailed and definitive assessment is performed
in Phase II.

Despite the implementation of the ERA procedures is a relevant advance to
prevent the undesirable effects of pharmaceuticals in the environment, some limiting
aspects are worth to be mentioned:

– Even though the inclusion of an ERA is mandatory in the registration of an PhAC,
the final authorization or refusal does not depend on the ERA itself.

– ERAs are compulsory for new PhACs, but not for those authorized before the
approval of the Directive 2001/83/EC.

– ERAs are conducted with pharmaceutical products rather than with PhACs.

2.2 The Occurrence of Drugs in the Aquatic Environment

The preservation of the aquatic environment, either surface (marine and fresh) or
groundwater in Europe is essentially regulated by the Water Framework Directive
(WFD) (Directive 2000/60/EC) and derived pieces of legislation. In that context, to
achieve the good status of European water bodies both the good ecological and
chemical status requirements must be fulfilled. For the latter, environmental levels
must comply with the Environmental Quality Standards (EQS) of the so-called
priority substances, whose EQS’s were set up in the WFD daughter directives
(Directive 2008/105/EC amended by Directive 2013/39/EU). Currently, the list of
priority substances is constituted 45 chemical species. However, the “list of priority
substances” is subjected to periodic revision, meaning that it is open to the incorpo-
ration of new candidate substances. To do so Directive 2013/39/EU (article 8b)
foresees establishing a “watch list” of new substances of concern for which new
monitoring data need to be gathered (sic) “for the purpose of supporting future
prioritization exercises in accordance with article 16(2) of the WFD.” Hence, the
inclusion of a substance in the “watch list”might be regarded as a necessary (but not
sufficient) condition to its final incorporation into the list of priority substances. On
the other hand, the article 8c of the aforementioned Directive 2013/39/EU entitled
“Specific provisions for pharmaceutical substances,” the European Commission
takes the commitment of carrying out a specific study about the risks posed by
medicinal products in the environment and developing within the next 2 years a
strategic approach to pollution of water by pharmaceutical substances. The outcomes
of such an approach are available in the corresponding document issued by the
European Commission [6].

Up to now the list of priority substances does not include any pharmaceutical
substance. In contrast, several of them have been already added in the “watch list,” in

6 A. Ginebreda et al.



their three successive versions [7–9]. The compounds included in the latest are the
antibiotics ciprofloxacin, amoxicillin, sulfamethoxazole, trimethoprim, and the psy-
chiatric drugs venlafaxine and o-desmethylvenlafaxine (venlafaxine human
metabolite).

3 Overview of the Environmental Risk Assessment process

Risk may be generally defined as the combination (i.e., product) of a probability of
occurrence of a certain event by its hazard effects [10]:

Risk ¼ Occurrence � Hazard effects ð1Þ

Different existing risk assessment approaches have been developed in order to
identify and rank compounds of environmental concern for both regulatory and
monitoring purposes. Most of the existing schemes share the above risk assessment
concept, however, they differ on how risk, occurrence and effects, are defined and
hence quantified. Occurrence (exposure) data can be expressed in the form of
measured environmental concentration (MEC) or predicted environmental concen-
trations (PEC) which can be indirectly estimated on the basis of, e.g. the data of
annual production, sales rate, number of prescriptions, number of inhabitatants, etc.
Hazard effects are usually based on ecotoxicity data of chemicals that can be either
available from experimental measurements or predicted by the so-called in silico
models (QSAR), such as ECOSAR.

Typically, for a single compound i risk is quantified using Eq. (2):

Risk ið Þ ¼ Ci

Ci refð Þ ð2Þ

where ci is the MEC or PEC of a compound in the water phase and ci(ref) is an
ecotoxicity reference concentration for the same compound. The “reference concen-
tration” can be an acute toxicity (EC50 or LC50), a chronic (long term) ecotoxicty
(predicted no-effect concentration, PNEC) or even a legal value. In the former case
Risk is expressed in “toxic units” (TU) [11], while the second is usually referred to as
a “hazard or risk quotient” (HQ, RQ).

A review of different risk-based prioritization schemes for pharmaceuticals can
be found at [12].

When dealing with multicomponent mixtures, three basic types of combined
action models are typically taken into consideration [13, 14]: (a) concentration
(or dose) addition (CA), for chemicals acting through a similar mode of action;
(b) independent action (IA) for chemicals acting through a dissimilar mode of action;
and (c) interactions between the chemicals present in the mixture, which includes
any deviation from additivity either greater (synergistic) or lesser (antagonistic) than
that predicted by CA or IA. It is worth noting that both CA and IA models rely on the

Environmental Risk Assessment of Pharmaceuticals in Wastewater Treatment 7



assumption that the chemicals present in the mixture do not interact at the biological
target site and hence do not influence each other’s toxicity. On the other hand, at the
environmental typically low concentrations and effect levels, the concentration-
effect curves become linear and the two models converge. In turn, and for the
same reasons, synergistic interactions are generally overlooked and their relevance
is generally limited to mixtures with a small number of components at high concen-
trations [15, 16]. Altogether, the application of CA is generally an acceptable
approach for mixture toxicity regardless of the components’ similar or dissimilar
mode of action. Hence, CA is usually the first tier approach used in several
international recommendations and regulatory frameworks [13]. CA is usually
expressed in Eq. (3):

Risk ¼
Xn

i¼1

ci
ci refð Þ ð3Þ

where the index i extends over all the mixture components.
It is worth noting that both Eqs. (2) and (3) are referred to a specific ecotoxic

assay or bioassay (organism, end-point, exposure time, etc.), and so it is the
quantified risk. Therefore, it must be clearly specified.

4 Environmental Risk Assessment of Wastewater Effluents

There is a vast number of papers evaluating the risk of pharmaceuticals for the
environment related to wastewater treatment and treated wastewater discharge.
Treated wastewater effluents can be discharged in freshwater systems (lakes, rivers,
and even groundwater through reclaimed water recharge) or directly in the ocean
(in the case of coastal urban areas). In Table 1 some examples of different studies on
the environmental risk of pharmaceuticals in different wastewater treatment scenar-
ios are gathered. Due to water reuse activities, treated wastewater can also be applied
for some activities, which can lead also to environmental and human impact, such as
the use for irrigation of fields.

Most of the studies found in the literature are those focus on conventional
activated sludge (CAS) which is the usual treatment in conventional WWTPs, and
therefore most of publications are monitoring studies in full-scale WWTPs in
different countries all over the world such as, South Africa, Kenya, Tunisia, Turkey,
China, Iran, Brazil, Greece, Spain, Portugal, France, Sweden, Faroe Islands, Iceland,
and Greenland as it is reported in Table 1 [19, 20, 22–35]. In these studies, risk or
hazard quotients were calculated for the target pharmaceuticals found in the effluents
of the selected WWTPs, whereas in some others the hazard posed in the receiving
environment was directly calculated.

In addition, different types of alternative advanced technologies for treating
emerging contaminants have been tested in the last years including physical-

8 A. Ginebreda et al.
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chemical and biological treatments, in order to find a proper alternative to conven-
tional activated sludge (CAS) or even to be added as a tertiary treatment after CAS
treatment. The use of this kind of technologies could be especially important in the
treatment of wastewaters with a high PhACs concentration, such as hospital and to a
lesser degree, veterinary hospital wastewaters [36]. Among all the publications
reporting the presence, fate and removal of PhACs in these alternative wastewater
systems, some have also considered the assessment of environmental risks. Lucas
et al. [18] studied the impact of wastewater treatment based on fungi on the removal
and environmental impact of a broad set of PhACs in different types of wastewater,
whereas some other authors studied other biological treatments such as wetlands
Guedes-Alonso et al. [17], who studied the occurrence of 15 steroid hormones along
a waste-stabilization pond combined with a constructed wetlands (CWs). Final
effluents showed a low ecological risk associated with steroid hormones in contrast
to the medium-high ecological risks found in the influent samples.

5 Environmental Risk Assessment as a Tool to Evaluate
the Removal Efficiency of Wastewater Treatment

Removal efficiency of wastewater treatment is usually assessed comparing the
concentration of contaminants before and after the treatment under evaluation,
i.e. as the percentage of reduction between the concentration in the initial untreated
wastewater influent and the concentration in the treated wastewater effluent. How-
ever, as discussed in the previous section, actual risks of contaminants depend not
only on their concentration but also on their hazardous effects. Therefore, some
authors have proposed to evaluate the performance of water treatment in terms of
reduction of total HQ. In this section some examples are discussed:

In the study by Verlicchi et al. [37], the environmental risk assessment was
performed on the effluent from the hospital and the influent and effluent from the
WWTP treating the effluents of the hospital among other urban wastewater contri-
bution. The quotient between the maximum MEC and the PNEC (referring to acute
toxicity) of each of the compounds detected was used as a marker of risk. 9 pharma-
ceuticals were contributing the most to the potential risk for the environment in all
types of water although only 5 of them (the four antibiotics clarithromycin, eryth-
romycin, ofloxacin, and sulfamethoxazole and the psychiatric drug fluoxetine) were
posing a high risk for the environment both in the influent wastewater and the
effluent of the municipal WWTP. The study points out antibiotic family as one of
the most critical therapeutic classes, being highly recalcitrant to degradation and
removal.

The elimination of broad set of pharmaceuticals (more than 80 compounds) by
means of a biological treatment based on the fungus Trametes versicolor was
evaluated in the study by Lucas et al. [18]. PhACs removal studied in different
types of wastewaters (urban, reverse osmosis concentrate, hospital, and veterinary
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hospital wastewaters) were reviewed and compared with conventional activated
sludge (CAS) treatment. Hazard indexes were calculated based on the ecotoxicity
value for each compound and used for the evaluation of environmental risk. PhACs
elimination achieved with the fungal treatment (mean value 76%) was similar to that
achieved in the CAS treatment (85%). However, the fungal reactor was superior in
removing, among all pharmaceutical compounds analyzed, those compounds that
pose higher environmental risk (antibiotics and psychiatric drugs): concentration
removal achieved with fungal treatment was 56% for antibiotics and 59% for
psychiatric drugs whereas only 36% and 39% for antibiotics and psychiatric drugs,
respectively, was achieved by CAS. This led to a reduction of environmental risk up
to 93% in fungal treatment whereas only 53% of hazard reduction was achieved by
CAS. Fungal treatment can thus be considered as a good alternative to conventional
treatment technologies for the elimination of PhACs from wastewaters.

The monitoring of the health risk associated with the presence of pharmaceuticals
along wastewater treatment was also performed by Ma et al. [38] in the frame of
water reuse activities to assure reclaimed water safety. In their study, domestic
wastewater was treated using an anaerobic-anoxic-oxic unit followed by a mem-
brane bioreactor (A2O-MBR), and the reclaimed water was used for replenishing a
landscape lake. A total of 58 organic micropollutants were detected in the system
including 13 polycyclic aromatic hydrocarbons (PAHs), 16 phenols, 3 pesticides,
and 26 pharmaceuticals and personal care products (PPCPs). In this case the authors
used another approach using the models proposed by the US EPA [39] and calcu-
lated the health risks associated with the target micropollutants in the water recla-
mation and ecological reuse system, including carcinogenic risks (CRs) and
noncarcinogenic risks (non-CRs) assuming that people are exposed to
micropollutants in reclaimed water mainly by ingestion. Although carcinogenic
and noncarcinogenic risks associated with all the detected micropollutants were at
negligible levels, the HQ of PPCPs accounted for more than 90% of the total
HQ. Authors conclude that this approach is useful for an effective evaluation of
health risk reduction into the water reclamation and reuse systems and therefore to be
used to improve strategies for guaranteeing the safety of reclaimed water reuse
related to micropollutants.

Guedes-Alonso et al. [17] studied the occurrence of 15 steroid hormones along a
waste-stabilization pond combined with constructed wetlands (CWs), which are
natural wastewater treatment systems used in small communities because of their
low cost and easy maintenance. The pond-CW system showed high elimination rates
of the 8 steroid hormone residues detected with average removal efficiencies higher
than 77%. This efficacy was confirmed in the ecological risk assessment performed.
Final effluents showed a low ecological risk associated with steroid hormones in
contrast to the medium-high ecological risks found in the influent samples.

The latest application of the hazard quotient (HQ) approach to evaluate waste-
water treatment is the one carried out by Ramírez-Morales et al. [40], who monitored
the occurrence of 70 pharmaceutical active compounds (PhACs) in 11 WWTPs
across Costa Rica. Among the 33 PhACs found, 20 compounds in influents and 15 in
the effluents showed high HQ. The top HQ values were obtained for risperidone,
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lovastatin, diphenhydramine and fluoxetine, caffeine and trimethoprim, which
should be considered in prioritization lists of pharmaceuticals in the context of
environmental hazard/risk. Likewise, almost all wastewater analyzed (both influents
and effluents) seemed to pose a high hazard towards aquatic organisms.

6 Discharge of Wastewater and Sludge in the Receiving
Environment; Risk Assessment

In their study Mirzaei et al. [27] pointed out six antibiotics cefixime, and
azithromycin and erythromycin amoxicillin, penicillin and ciprofloxacin, as high
risk to algae or bacteria in 2 WWTP effluents whereas only the 3 latest were posing a
high risk in 2 rivers in Teheran (Iran). Kairigo et al. [26] also investigated 6 antibi-
otics for their occurrence and environmental risk assessment in 4 WWTPs and the
receiving water bodies (river waters) in Kenya. The risk quotient for bacterial
resistance selection in effluent and surface water ranged between <0.1 and 53, indi-
cating a medium to high risk of antibiotic resistance developing within the study
areas. The antibiotics posing medium to high risk in this respect were amoxicillin,
ciprofloxacin, trimethoprim, norfloxacin, and sulfamethoxazole. In the work by
Pivetta et al. [35], 10 psychotropic drugs widely consumed in Brazil were monitored
at 5 WWTPs in the influents, at different stages of the treatments and in the surface
waters from the Atibaia River and the Anhumas Creek, though he levels of the
psychotropic compounds detected did not appear to present risks to the aquatic biota.

In the study by Afsa et al. [31], the occurrence of 40 pharmaceuticals belonging to
several therapeutic groups was investigated in hospital effluent, wastewater treat-
ment plant influent and effluent, and seawater in Mahdia, Tunisia. Measured envi-
ronmental concentrations (MECs) detected in seawater samples seemed not pose a
toxic effect to the aquatic organisms (except for salicylic acid, sulfamethoxazole, and
fluoxetine). In another study in Spain Biel-Maeso et al. [32] also evaluated the
impact of WWTP effluent discharges in sea water of the Gulf of Cadiz. Risk
quotients were calculated for the 78 PhACs targeted and these were higher than
1 only for gemfibrozil and ofloxacin in one WWTP, whereas no high environmental
risk was detected in both coastal and oceanic sampling areas.

To this respect it is interesting to highlight some studies such as the one by
Rodriguez-Mozaz et al. [41] who were applying a specific dilution factor (the ratio
between the volume of receiving water available and the domestic sewage discharge)
to the PhACs concentration in the wastewater effluent of the corresponding country.
This dilution factor or “National annual median dilution factor” was calculated for
domestic effluents for approximately 100 countries by Keller et al. [42].

Sludge originated during wastewater treatment may contain a wide spectrum of
organic and inorganic substances as well as microorganisms and viruses which are
separated from the liquid phase during treatments. The main disposal routes are
incineration, landfill, land application, and composting, with the specific percentages
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varying from country to country, although 53% of sludge in EU is estimated to be
reused in agriculture either directly or after composting [43, 44]. Disposal routes of
sewage sludge must fulfill specific regulations although no limits have been set for
pharmaceuticals and other contaminants of emerging interest. However, there is
ongoing debate within the scientific community in order to evaluate potential
(environmental) risks in this kind of practice, due to the occurrence of toxic and
persistent substances in sludge, such as aquifer contamination, the accumulation of
pollutants in soil, and their transfer into the food chain [44]. Due to the lack of data
regarding chronic and acute toxicity for terrestrial organisms with regard to PhACs,
some authors [44, 45] evaluate the corresponding PNEC for sludge and soil on the
basis of the PNEC for water and partition coefficient Kd of the selected compound
according to Eq. (4).

PNECsludge ¼ PNECwater � Kd� 1, 000 ð4Þ

This approach was adopted by Verlicchi and Zambello [44], to evaluate the
environmental risk posed by the spreading of treated sludge in agriculture. The
authors first reviewed concentrations for 152 pharmaceuticals and 17 personal care
products in sludge reported in 59 papers and further calculated the corresponding
RQ. The most critical compounds found in the sludge-amended soil were the
3 antibiotics ciprofloxacin, ofloxacin, tetracycline, and other related compounds
such as estradiol, caffeine, triclosan, and triclocarban.

7 Environmental and Human Health Risks of Reclaimed
Water Irrigation

Uses of reclaimed water include the irrigation of landscapes, forests, and agricultural
fields; the use by industries as an alternative to freshwater and the supplementation
or augmentation of stream flows and groundwater aquifers [46]. Some reuse appli-
cations might imply a great potential for human exposure and some studies have
assessed the corresponding risks for human health. In this section some examples of
such studies are presented related to irrigation with reclaimed water. Reclaimed
wastewater (RG) is increasingly used to irrigate agricultural land and to alleviate
agricultural water shortages worldwide. This use has led to also growing concerns
about soil contamination by pharmaceuticals and other contaminants and the human
health risks associated with dietary crop intake [47]. As in the case of environmental
risk assessment, specific hazard quotients are calculated to evaluate the risks of
accumulated pharmaceutical residues to humans through the consumption of edible
part of the plants irrigated by reclaimed water. An increasing number of studies are
being published in the last few years to evaluate those risks and it is a topic of
growing concern. Liu et al. [47] evaluated the occurrence and accumulation of
11 PPCPs and one active metabolite in soils and various crops (cucumber, eggplant,
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long bean, and wheat) from RW irrigation fields with different irrigation histories in
Beijing and evaluated the human health risks associated with the consumption of
these crops. The risk associated with the consumption of treated RW-irrigated crops
was assessed using the threshold of toxicological concern (TTC) approach based on
the Cramer classification tree [48, 49] and the hazard quotient (HQ) based on the
description by Prosser and Sibley [50]. Cramer structural decision tree was
constructed using Toxtree software (Toxtree V2.6.13) to classify substances as
having genotoxic potential or into one of the three classes (I, II, III). The HQ was
determined by dividing the estimated daily intake (EDI) by the acceptable daily
intake (ADI), which is the amount that can be consumed daily over a person’s
lifespan without adverse effects. Humans are considered to be exposed to a potential
hazard if the HQ value is>0.1 rather than>1, which is used when we recognize that
humans may be exposed through other pathways. The estimated TTC and HQ values
showed that the consumption of crops irrigated long term with RW presents a
minimal risk to human health.

In another field study in Israel, Malchi et al. [51] evaluated the uptake of
15 PhACs by root crops (carrots and sweet potatoes) treated by wastewater and
evaluated the potential risks for human health using the using the TTC approach. The
TTC is a useful tool to estimate the safety of exposure to chemicals found at low
concentration in foods and drinking water. Consumption of a PhACs above the
corresponding TTC value indicates a possible risk of exposure. Authors show the
extent of PhACs uptake is influenced by the physicochemical properties of the
compound, the crop, and soil. The daily consumption of root crops irrigated with
treated wastewater did not pose a health threat except for lamotrigine and 10,11-
epoxycarbamazepine with concentrations above TTC value in edible organs.

Finally, Semerjian et al. characterized human health risks posed by 10 pharma-
ceuticals quantified in WWTP effluents used for landscape irrigation in United Arab
Emirates, where wastewater reuse applications play an integral role in meeting water
demands [46]. The human health risk was assessed and in none of the cases
pharmaceutical exposure posed a high risk (RQ < 1) neither through dermal nor
through ingestion exposure pathways. RQs were highest for the landscape worker
followed by children playing in green areas and then adult using the athletic fields
and golf courses irrigated by treated wastewater.

8 Future Perspectives in Environmental Risk Assessment
of PhACs

8.1 Emphasis on Environmental Mixtures

Up to now, the risk assessment of chemicals mainly relies on the assessment of
individual chemicals (Fig. 2). Methodologies and guidance for assessing risks from
combined exposure to multiple chemicals have been developed for different

Environmental Risk Assessment of Pharmaceuticals in Wastewater Treatment 15



regulatory sectors, however, a harmonized, consistent approach for performing
mixture risk assessments and management across different regulatory sectors is
still lacking. Recent EU funded projects, such as SOLUTIONS (Grant no. 603437-
2) proposed and developed an advanced methodological framework for identifying
both priority pollutants and priority mixtures of chemicals posing the risk in
European freshwaters [53]. The proposed framework aims at integrating different
lines of evidence (LOE) regarding mixture risks. This encompasses evidence from
different sources, namely, (1) ecological monitoring (field observations on so-called
BQEs), (2) effect-based monitoring (in vitro or in vivo testing in the lab or on-site),
(3) chemical monitoring in combination with component-based mixture risk assess-
ment approaches, and (4) integrated modeling of co-exposure and resulting mixture
risks. Where one or more lines of evidence identify groups of chemicals presenting a
significant risk, these should be subject to prioritization for risk reduction measures.
The above concerns strongly advocate for new legislation focusing on environmen-
tal mixtures rather than on single compounds [52].

8.2 Bioanalytical Tools to Capture Mixture Effects

Conventional ecotoxicological approaches make use of whole organism in in vivo
bioassays to assess the toxicity of wastewater effluents. However, such bioassays
exhibited some important drawbacks [14], as they are: (1) a limited sample through-
put processing capability; (2) the inability to distinguish the effects of pollutants
from those of the matrix (i.e., salinity, pH, etc.), and (3) they make unnecessary use
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of living organisms. This limitation was overcome with the development of cell-
based in vitro bioassays with high-throughput processing capacity [54]. The appli-
cation of such in vitro bioassays in ecological risk assessment is just at its beginnings
but appears a promising tool for routine environmental surveys and reduces animal
testing [55].

8.3 Toxicogenomics

The interrelation between chemical exposure (chemosphere) with the surrounding
living organisms (ecosphere) and their adverse biological effects at different levels
of biological complexity (including humans) compose altogether a chain of events
known in the current environmental toxicology literature as Adverse Outcome
Pathways (AOP) [56–58]. The investigation of the effects of the totality of exposure
on all levels of biological organization and complexity, from the ecosystems to
human health (i.e. the processes involved across the AOP chain) appears crucial.

Exposure and adverse effects can be regarded as the two extremes of the AOP
causal chain of events [56, 58]. Whole organism assays provide useful information
on adverse effects, but they cannot allow establishing a causal link between exposure
and effects. Effect-driven cell assays can link exposure and effects but for a limited
number of toxicological mechanisms and they also suffer from false positive or
negative results. Alternatively, toxicogenomics – the combination of omic/system
biology technologies with toxicity assays – offers the possibility to assess expected
and unknown molecular toxicity mechanisms of individual and more complex
chemical mixtures in exposed whole organisms or cells [59]. Furthermore, by
combining toxicogenomics with AOPs it is feasible to progress on establishing
causal links between exposure and adverse effects [60].

8.4 Antibiotic Resistance

Antibiotics were identified as the main contributors to the high environmental risk of
wastewater effluents and ciprofloxacin, sulfamethoxazole, clarithromycin, and
erythromycin are pointed out in several of the studies reviewed in this chapter as
those posing a high risk for the environment (Table 1). In addition, antibiotics is the
therapeutic group that provokes the greatest concern among pharmaceuticals due to
their potential contribution to the development and spread of antibiotic resistance.
Overuse and misuse of antibiotics has led to the emergence of antibiotic resistance
bacteria, compromising the effectiveness of antimicrobial therapy since the infec-
tious organisms are becoming resistant to commonly prescribed antibiotics. Emer-
gence and spread of antibiotic resistance bacteria have indeed been classified by the
World Health Organization [61] as one of the biggest threats to public health in the
twenty-first century. In this line, the capacity of antibiotics to promote antimicrobial
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resistance spread has been considered in some ERA studies of antibiotics by using
specific PNEC related to antibiotic resistance selection. [62, 63]. This approach was
recently applied by Kairigo et al. [26] and Rodriguez-Mozaz et al. [41] to evaluate
the risk posed by antibiotics present in wastewater effluents in the aquatic
environment.
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Abstract Among organic micropollutants, pharmaceutical active compounds
(PhACs) have been extensively investigated in the last decades due to their potential
adverse ecological and/or human health effects. Wastewater treatment plants are one
of the first barriers in preventing them from reaching sensible ecosystems. In
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particular, conventional activated sludge (CAS) systems may be only partially
effective in PhAC removal or degradation. The present work presents an overview
of the fate of PhACs in CAS. Several parameters and constraints affecting PhAC
removal are given and discussed including the physicochemical properties of the
compounds and the operating parameters like the influent concentration, its seasonal
variation, CAS hydraulic retention time and sludge retention time. A detailed data
analysis is dedicated to selected representative compounds (i.e. carbamazepine,
ibuprofen and sulfamethoxazole) in the water line of CAS systems, while for the
sludge line, different treatment options are discussed, with special focus on the
sequential anaerobic-aerobic digestion, a promising alternative to improve the
removal of organic micropollutants, including PhACs, in the sludge matrix. Finally,
the criteria for safe reuse of treated effluent and agricultural application of the
produced sludge, related to PhACs, are discussed and analysed in the frame of EU
and other regulations.

Keywords HRT, Regulation, Seasonal variability, Sludge treatment, SRT,
Transformation products

1 Introduction

The presence of xenobiotics in the aquatic environment has raised environmental
concern due to their high toxicity, at times even at low concentrations. These
so-called micropollutants have been detected in all water matrices, and their removal
in wastewater treatment plants (WWTPs) is known to be incomplete and challenging
for several classes of compounds.

The focus of environmental research has extended in the last two decades beyond
more established and known wastewater xenobiotics, such as some polychlorinated
biphenyls, dioxins and pesticides, towards other classes of emerging organic
micropollutants. Among the latter ones, pharmaceutical active compounds
(PhACs) are of great interest, and they are getting more and more attention in the
literature, as it can be seen in bibliometric studies. To give a figure of the relevance of
these compounds, it is worth noting that in the European Union (EU), around 3,000
different PhACs are being used in medicine such as painkillers, antibiotics, contra-
ceptives, beta-blockers, lipid regulators, tranquilizers and impotence drugs [1]. Dur-
ing and after medical treatment, humans and animals excrete a combination of intact
and metabolized PhACs. Kümmerer and Henninger, for instance, reported that the
metabolization rate of all antibiotics used in Germany was estimated to be around
30% [2]. In other words, approximately 70% of the total amount is excreted
unchanged into raw wastewater. PhACs are continuously entering the environment
via non-point sources (i.e. run-off or drainage from land surfaces) but mainly via
point sources (i.e. both municipal and pharmaceutical factory WWTPs). Their
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harmful effects on the ecosystem and on the human health are well recognized and
currently under extensive evaluation [3]. To this aim, the characterization of
WWTPs in terms of PhAC concentration is mandatory.

Many advanced and more efficient wastewater treatment schemes are being
proposed and tested, even at full scale. Nonetheless, the most common WWTPs in
Europe, and worldwide, are anyway still based on conventional activated sludge
(CAS) systems, to be noted that CAS are usually designed to remove organic carbon
and nutrient loads but, generally, they are not designed to remove trace organics
[4]. Consequently, the operative parameters that most affect PhAC removal in CAS
need to be evaluated in order to improve the plant performance. Three main removal
pathways are usually accounted in CAS: microbial processes (biodegradation, either
metabolic or co-metabolic), sorption onto sludge flocs and volatilization (mainly
during aeration). However, volatilization can be considered negligible for most
PhACs, because of Henry’s constant value of such molecules [5]. It must be
generally remarked that extremely variable removal was reported in CAS treatments,
even for the same compound. For instance, removal rates in the liquid fraction from
17% [6] to 89% [7] were reported for sulfamethoxazole (SMX), from 12% [8] to
80% [9] for tetracycline (TC), and from 4.3% to 72% [6] for erythromycin-
H2O. Other compounds, conversely, are usually reported as more recalcitrant: for
example, less than 30% removal for carbamazepine (CBZ) [10] and 17% for
lincomycin (LCM) [11]. Persistence has often been linked to their molecular prop-
erties, but also to process-specific factors such as sludge retention time (SRT), or
hydraulic retention time (HRT), biomass concentration, cation-exchange properties
as well as seasonal parameters such as temperature, precipitation rate and solar
radiation [12].

For a comprehensive analysis of the fate of PhACs, it is vital to consider not only
the parent compounds, or the metabolites that can be excreted, but also the so-called
transformation products (TPs), generated from biotic/non-biotic processes. TPs and
parent compounds in CAS can behave with a different pattern [13], and TPs can be
less biodegradable, more toxic and inhibitory compared to the parent compound.
Even though more and more information is now available on the occurrence and fate
of TPs of PhACs in WWTPs, there are still many knowledge gaps on TP occurrence,
fate, exposure, toxicity and risks.

PhACs that are inefficiently or not adequately eliminated may pass through CAS
biological treatment processes. Consequently, they may enter the receiving waters as
dissolved pollutants, via the WWTP effluent. Moreover, water reuse, e.g. agriculture
reuse of treated wastewater, may be applied, also based on the recent EU law on
minimum requirements for water reuse and/or other legislations and/or individual
national regulations [14].

In parallel, also PhAC concentration in the solid phase should be considered.
Pharmaceutical residues are, in fact, frequently detected in biosolids at μg kg�1 to
mg kg�1 levels. For example, an average concentration of 68 μg kg�1 dry weight
(dw) for SMX in CAS was reported by Göbel et al. [15], and about 15 μg kg�1 dw
for TC in biosolids was shown by Spongberg and Witter [8]. Different sludge
treatment alternatives are available. Among them, anaerobic digestion treatment

Fate and Removal of Pharmaceuticals in CAS for Water and Sewage Sludge Reuse 25



has long been practiced and commonly applied as a renewable energy source in
integrated waste management, but other ones may be available. Treated sludge may
be used in agriculture, and there may be health constraints on the agricultural
recycling of wastewater sludge [16]. Quite extensive information is available in
terms of metals in sludge and sludge treatments. Less information is available in
terms of micropollutants, and in particular of PhACs, thus requiring much more
insights.

2 Bibliometric Study Regarding Micropollutants
and PhACs

The interest of the scientific community on PhACs and the corresponding studies
have been increasing in the last decades. In order to quantify the evolution and the
past and current trends of investigations on the occurrence of pharmaceuticals
compounds in wastewater, a bibliometric study has been carried out on Scopus
database. This way both historical progress and quantitative trends of research
publications on a specific topic can be effectively considered [17].

The analysis has been structured as follows: first, identification of research
historical trends on micropollutants, analyses, fate and removal; second, country-
specific distribution of paper productivity; and third, definition of most evaluated
PhAC therapeutic classes.

The first analysis was performed in SCOPUS searching in the string
“micropollutants” OR “emerging pollutants” OR “trace pollutants”, with the applied
filters “Chemistry” OR “Environmental Science” OR “Chemical Engineering”,
between 1980 and 2019. A total of 17,780 publications, in the whole period 1980–
present, related to the micropollutants were identified, and the number of publica-
tions per year over the past 30 years is displayed in Fig. 1. Application of tandem
mass analysers, in fact, started in the late 1970s, and they spotted a new possible
challenge and corresponding treat for human health and the environment: the
environmental occurrence of micropollutants, including PhACs.

In the decade 1980–1989, few publications over the total, only 576, are reported,
also due to limitations in full commercialization of MS/MS equipment for
micropollutants analyses. Subsequently, the increase in the attention of the research
community was more and more sustained, and, for example, 266 research papers
were remarkably published only in the year 2000. Then, 1,112 articles per year were
published, on average, in the period 2010 to 2019. Most of the compounds them-
selves are not new in environmental matrices. Nonetheless, the increase in the
number of publications is intrinsically linked to the extreme increase in the sensi-
tivity provided by new analytical instruments and tools.

The second search aimed to evaluate if the paper title, abstract or keywords
included also the words “fate”, OR “monitoring”, OR “removal”, OR “analyses”
OR “occurrence” that can be related, from different perspectives, to studies on
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micropollutants (Fig. 1). In 1980, only 1 publication was dealing with “fate”, 2 with
“removal” and 8 and 19 publications with “monitoring” and “analysis”, respectively.
A considerable increase can be observed, also in this case, in the last 20 years. In
2019 the published papers were 906, 611, 406, 118 and 81 for “analysis”, “moni-
toring”, “removal”, “occurrence” and “fate”, respectively. The increasing trends are
similar, even though at different levels, demonstrating the interest of the scientific
community in this topic, in particular as regards “analysis” and “monitoring”. It
might be related, on one hand, to the development of new methods of analysis and,
on the other hand, to the research demand of reliable and accurate analytical and
monitoring tools to evaluate contaminant removal and fate.

A complementary bibliometric search was performed to determine which country
was leading the investigation. The result shows in Fig. 2 that the USA and China
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Fig. 2 Bibliometric search of number of publications on micropollutants, per country. The string is
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have the highest research outputs on the topic on micropollutants with around 3000/
3500 publications. Afterwards, Germany, France and Spain are the other countries in
the top five. A noticeable difference is spotted between the first two and the other
ones, with German manuscript production being only 37% and 45% with respect to
the USA and China, while smaller difference is shown among the other countries,
from Germany to Australia. Finally, five out of the ten countries with more publi-
cation on this topic are EU countries (39% of the total production, Fig. 2).

An even larger amount of studies is available in the literature reporting PhACs in
their title, keywords, or abstract. Around 4,000 manuscripts were published in the
decade 1980–1989 and more than 43,000 papers only in the last decade (Fig. 3), with
an increasing trend comparable to previous Figures.

PhACs can be classified based on their therapeutic class. Among them, antibiotics
are applied to stop bacterial growth in an organism (e.g. ciprofloxacin or amoxicil-
lin); analgesics (usually extremely highly consumed) to relieve pain without affect-
ing the conduction of nerve impulses, sensory perception or consciousness
(e.g. naproxen); β-blocking agents to control abnormal heart beating rhythms and
to control blood pressure (blocking epinephrine hormone, e.g. metoprolol, atenolol
or sotalol); antihypertensives to prevent, control or treat hypertension (e.g. losartan);
and psychiatric drugs to generate a change on consumers’ mind, emotions and
behaviours (to treat mental health diseases, e.g. venlafaxine to treat depression).

Bibliometric search highlights that antibiotics, out of the above-indicated cate-
gories, are the group with more scientific publications (from 3,301 in the decade
1980–1989 to 36,111 in the decade 2010–2019) with a percentage of around 83%
over the total (Fig. 3). This large attention is also related to the thread that continuous
exposure to antibiotics may spread antibiotic resistance in the environment and new
antibiotics are eventually to be developed because old ones are not effective
anymore [18].
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3 Influent PhAC Characterization in Municipal WWTP

The development of effective strategies to remove organic micropollutants, and
PhACs among them, from wastewater is critical. Whatever the applied strategy
is, first it is mandatory to identify which compounds can be found in the
influent, at which concentration they are and if significant variabilities are to be
accounted for. The literature regarding PhACs in municipal WWTP influents is
quite extensive. The data reported and treated in this section refer mainly to full-
bodied reviews considering a large number of compounds and WWTPs
(e.g. [9, 19–21]).

Among the PhACs, 18 compounds have been selected here, as representatives of
different therapeutic classes, and their occurrences are compared. It is well known
and reported that the concentration of these compounds in influent wastewater
usually has a huge variability, as it can be observed in Fig. 4.

The mean concentration of these compounds in influent wastewater may be
roughly calculated around 1 μg/L but heavily depending on the compound, the
country and the WWTP. For most compounds, in fact, many orders of magnitude
of difference are reported in real influent wastewater (e.g. ibuprofen can be found
between 28 ng/L [21] and 372,000 ng/L [20]). Minimum and maximum concentra-
tions may be representative of extremely low or high occurrence of these compounds
in influent WWTP. Nonetheless, it is apparent that huge variability must be consid-
ered when evaluating the presence of PhACs in WWTPs.
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3.1 Seasonal Variability in Influent WWTP PhAC
Occurrence

Seasonal/temporal variability is among the main variables that must be considered
when evaluating micropollutant WWTP influent content. Some compounds may be
present or not, based on the considered WWTP and/or season. For example, UV
filter compounds are representative of extremely seasonal organic micropollutants
because their use increases in the high touristic season [23]. Illicit drug use is
reported to increase during the weekend, festivals and public holidays [24].

As regards PhACs, relevant seasonal variations were also reported for some
therapeutic classes of compounds (i.e. analgesics/anti-inflammatory compounds or
histamine receptor antagonists in the flowering period) based on their consumption
[25]. Three representative PhACs of different therapeutic classes (the psychiatric
drug venlafaxine, the analgesic ibuprofen and the antibiotic sulfamethoxazole) are
here evaluated in more detail, reporting the average of WWTP influent PhAC
concentrations in sampling campaigns performed in different seasons (Fig. 5; [21],
info from ten papers).

Ibuprofen was confirmed as the compound reported at the highest concentration
throughout the year. Moreover, a large seasonal variability was also confirmed
between the winter-spring and the summer-autumn periods (on average 20,045 ng/
L and 7,979 ng/L, respectively). Much smaller seasonal variability can be observed
for the other two compounds, even though the minimum for both compounds was
reported in autumn and the maximum in winter.

A strong seasonal effect can be confirmed also considering a larger list of
61 PhACs, from different therapeutic classes. It was confirmed, similarly to ibupro-
fen, a larger concentration in winter-spring than in summer-autumn (on average
181,311 ng/L and 62,256 ng/L, respectively), as it is visible in Fig. 5b. Likewise, the
season with higher total PhAC concentrations was winter. Moreover, it is apparent
that the analgesics are the analysed therapeutic class that most contribute to the total
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venlafaxine; SMX, sulfamethoxazole) throughout the year. (b) Total average concentrations of
61 PhACs and total average of analgesics, in ng/L. The reported data are obtained as average of ten
papers [21]
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influent PhAC concentration, with a much smaller contribution in summer (i.e. 83%,
79%, 59% and 83% of analgesics over the total PhAC concentration in winter,
spring, summer and autumn, respectively). That the differences in season tempera-
ture may affect influent WWTP PhAC content for different reasons: from one side
the consumption may change remarkably based on the season and the countries, and
from the other one, higher temperature may lead to higher removal even in the sewer
systems, before entering the WWTP [26].

4 Pharmaceutical Removal in Conventional Activated
Sludge Systems

WWTPs were first designed only for biological oxygen demand removal. Through
the decades they were upgraded with chemical phosphate precipitation, to reduce the
phosphorus load discharge, to convert ammonia to nitrate and to partially convert
nitrate to molecular nitrogen. CAS systems are still the most commonly applied in
the world, but they are not designed to remove organic micropollutants, including
PhACs [4]. Nonetheless, a full understanding of removal mechanisms can upgrade
CAS capabilities and possibly reduce additional/alternative treatments and their cost
of application.

PhACs comprehend an extremely large range of compounds with different
chemical structures, persistence and effects in the environment. The most evaluated
PhAC therapeutic classes in terms of occurrence and removal are usually the
antibiotics, also due to their possible consequences in the environment, and the
nonsteroidal anti-inflammatory drugs (NSAIDs), due to their high consumption
[27]. These PhAC therapeutic classes exemplify different, and sometimes comple-
mentary, needs in terms of removal evaluation in treatment technologies. Some
PhACs, in fact, may have influent WWTP concentrations lower than other com-
pounds but with higher demonstrated or suspected effects on the environment [18]
and/or more recalcitrant (e.g. some antibiotics). Some other PhACs, on the other
hand, may usually exhibit higher removal rates, but as they have higher influent and
effluent concentrations, they continuously enter the environment, e.g. NSAIDs
[28]. Both classes of compounds, and the corresponding behaviours, are relevant.
The topic of PhACs is clearly a remarkably interdisciplinary research area. The topic
of PhACs is clearly a remarkably interdisciplinary research area AND IT poses
obvious challenges for researchers across numerous disciplines (i.e. ecotoxicology,
antimicrobial resistance genes, bioaccumulation, etc.) which are required in this
field [29].

In the literature, there are several reviews presenting in detail and comparing the
efficiency of CAS and of several advanced treatment technologies as regards the
removal of several PhACs [30], among them the recent detailed review of Patel et al.
[9] and Verlicchi et al. [20]. Analgesics and anti-inflammatory drug (e.g. naproxen,
ibuprofen and acetaminophen) removal is generally high (over 75%) even though in
some cases also lower removal rates are reported [9]. Among the broadly studied
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class of antibiotics, fluoroquinolones are a subclass of the most frequently investi-
gated compounds. Similar results are reported about the removal rate of ciproflox-
acin and ofloxacin in different countries such as Sweden [31], Italy [32], Finland [33]
and Switzerland [34], with a higher percentage for ciprofloxacin than ofloxacin. The
fluoroquinolone removal rate in CAS is associated also with the sorption on acti-
vated sludge, due to the relatively significant measured amount of these compounds
in sludge, as reported by various authors [34, 35]. Other compounds, finally, are
characterized by inconsistent results in terms of occurrence and fate like diclofenac,
with removal rates ranging between 0% and 90% and, in some cases, with higher
effluent concentration, compared with the influent.

In order to collect and combine the information from several reviews at the same
time, the data from 40 papers are represented in Fig. 6. As discussed above, a large
variability in terms of removal of the considered PhAC compounds can be observed.

4.1 Compound Characteristics and Parameters Affecting
PhAC Removal in CAS

The removal of PhACs, like any other pollutant, is directly related to their chemical
structure. For example, the presence of chloro, nitro and fluoro functional groups
attached to aromatic rings may cause persistence and resistance to removal. On the
other hand, electron-withdrawing groups, such as amines or alcohols, may enhance
the removal in CAS [39–42].

As previously mentioned, the main removal pathways for PhACs in CAS are
microbial processes (biodegradation, either metabolic or co-metabolic) and sorption
onto sludge flocs and suspended material, being volatilization usually negligible. As
regards sorption, different removal pathways can be observed if the compound has
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hydrophobic or hydrophilic molecular structure. High polarity is usually linked to
higher water solubility, lowering adsorption, as it is reported for carbamazepine
(7–10%). Compounds with medium polarity may have instead higher average
removal percentages. As regards degradation, it is reported that PhACs with simpler
molecular structure are more prone to biodegradation. Instead, the drugs with
saturated aliphatic and aromatic rings (such as iomeprol and diatrizoate) exhibit
resistance to degradation in CAS [43].

Nonetheless, whatever the chemical structure and characteristics are, also oper-
ative conditions of the chosen treatment technology, in this case CAS, must be
considered and carefully evaluated case by case. As detailed in the next paragraph
for selected PhACs, in fact, extremely different removal rates have been reported in
the literature, even though CAS was the technology of choice in all the cases. A
careful evaluation of both aspects, chemical and operative parameters, must be
promoted in future studies. Among the main operative conditions and variables
that can affect PhAC removal in CAS, there are the sludge retention time (SRT),
the hydraulic retention time (HRT), the presence of aerobic/anoxic treatment, the
seasonality effects and the influent concentration. These variables may lead to a
much wider range of PhAC removals than those foreseen only based on their
chemical properties only.

As regards the biology of the activated sludge, one of the most relevant param-
eters is SRT, representing the mean residence time of microorganisms in CAS
systems. Several studies state that high SRT, allowing the development of slow-
growing bacteria, is required for PhAC biodegradation/biotransformation. In addi-
tion, the enrichment of the microbial culture with new species may favour the
development of a wider spectrum of metabolic pathways useful for PhAC degrada-
tion. This may explain the higher removal of some PhACs observed in WWTP
removing nitrogen (i.e. at higher SRT and including slow-growing autotrophic
species like nitrifiers) in comparison to the ones removing only organic matter
[44–47]. Concerning the microbial diversity and the SRT effect, three hypotheses
have been proposed: (1) microbial diversity is proportional to SRT; so higher SRT is
related to higher microbial diversity; (2) activate sludge with high microbial diver-
sity have more functional traits than those with low diversity; (3) high microbial
diversity may result in higher PhAC removal potential [48]. It is reported that a SRT
of 2–5 days is usually enough for the degradation of sulfamethoxazole, bezafibrate,
aspirin and ibuprofen. Conversely, longer SRTs (5–15 days) were required for
substantial degradation of iopromide, roxithromycin and diclofenac [49]. Finally,
some other PhACs, such as carbamazepine, are usually not affected by SRT
[50]. Nevertheless, even though SRT has been reported as influential for PhAC
biodegradation, a clear correlation between SRT and biodegradation has not been
completely elucidated.

In terms of hydraulics, the HRTs quantify the contact time between the microor-
ganisms and the pollutants during the treatment. As it is for SRT, contrasting results
are reported in the literature with similar HRT and other parameters, but dissimilar
biodegradation efficiencies [51, 52]. Nonetheless, usually higher HRTs may result in
longer contact/reaction time and higher PhAC removals.
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Another important parameter that affects the biological activity is the temper-
ature and, consequently, also PhAC degradation. In summer, for example, the
increase in the temperature may favour the microbial activity, fasten bacterial
metabolism and increase PhAC biodegradation. During the winter, on the other
hand, a drop in the removal efficiencies can be sometimes anticipated. For
instance, Vieno et al. [12] showed that low removal was most probably linked to
the low water temperature in wintertime (~7�C). Adversely, Göbel et al. [46]
reported no correlation between the water temperature and the elimination of
sulphonamides, macrolides and trimethoprim in the range of 12 to 19�C. These
data demonstrate that, as observed for SRT, the temperature effect is compound-
specific and not of general validity.

Nonsteroidal anti-inflammatory drugs with low pKa, such as clofibric acid and
bezafibrate, are ionized to their conjugate base at neutral pH AND, THEREFORE,
they will have a HIGH affinity for the aqueous phase, reducing their adsorption
on negatively charged sludge surface. CONVERSELY, zwitterionic and basic
pharmaceuticals (e.g. the fluoroquinolone antibiotics) show significant adsorption
[43].

Finally, anaerobic or aerobic conditions will also lead to different results in terms
of removal. This factor is particularly critical for some compounds, such as the
fluoroquinolone antibiotics [53]. These compounds are better removed under aerobic
conditions, while their biodegradation under anoxic environments is almost negli-
gible. This fact can be due to the higher oxidation potential of oxygen, compared to
nitrate [43, 53].

4.2 Removal Rates of Selected Representative PhACs

As commented in the previous paragraph, operative parameters such as, HRT, SRT
and temperature may affect directly or indirectly PhAC removal. In this paragraph a
detailed analysis is reported on the effects of these parameters on the removal of
carbamazepine, ibuprofen and sulfamethoxazole.

The psychiatric drug carbamazepine is generally scarcely or not removed in CAS
systems (Table 1). This fact can be explained by its structure: the presence of
heterocyclic N-containing aromatic rings makes difficult its biodegradation what-
ever the conditions are [54, 55].

Nonetheless, there are some exceptions (Fig. 7). In some cases, for sampling
campaigns performed in winter times, a higher removal (i.e. 35%) was observed
even though other parameters like HRT and SRT are in the same range (Fig. 7).

Based on the provided HRT and SRTs, when available, it can be confirmed the
recalcitrance of the compound: the increase of HRT or SRT does not affect its
removal in CAS (Fig. 8).
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The collected data regarding ibuprofen are shown in the following Table 2.
Generally, high removals are reported in most of the studies, and biodegradation is
usually accounted.

As it can be observed from Fig. 7, the removal of ibuprofen is generally not
affected by the season, nor by operating parameters like SRT or HRT. Most of the
considered papers reported high removal for this analgesic compound. Nonetheless,
a lower removal was observed in few cases and most of them in the winter seasons.

Table 1 Removal of carbamazepine in CAS systems

Season Removal (%) HRT (h) SRT (days) Country Reference

Winter �25 9–17 11–15 China [56]

Winter 0 Non-specified Non-specified Italy [32]

Winter 0 1.5–20 2–20 Finland [33]

Winter 0 7.3 10 Switzerland [5]

Winter 15 7.1–9.4 3.8–8.4 Japan [57]

Winter 60 Non-specified Non-specified Spain [58]

Winter 73 27 Non-specified Spain [59]

Winter 95 Non-specified 3–5 Turkey [60]

Spring/autumn �28 7.1–9.4 3.8–8.4 Japan [57]

Spring/autumn �21 Non-specified Non-specified Spain [59]

Spring/autumn �12 5 18 Germany [61]

Spring/autumn �1 27–48 Non-specified Spain [62]

Spring/autumn 10 12 3 Spain [30]

Spring/autumn 10 11.5 10 Spain [51]

Spring/autumn 10 23 7.5 Canada [63]

Spring/autumn 32 Non-specified Non-specified Spain [58]

Summer �67 12–16 1.5–2.7 Spain [64]

Summer �4 12–16 1.5–2.7 Spain [64]

Summer 0 16–24 15–25 USA [65]

Summer 11 7.1–9.4 3.8–8.4 Japan [57]

Summer 25 11 6–8 Canada [66]

Summer 35 Non-specified 1.5–26 Austria [67]

Mean year 11 12–17 1.5–5.1 Spain [68]

Mean year 7 12–17 1.5–5.1 Spain [68]

Non-specified �47 24–48 1–26 Austria [47]

Non-specified �43 1.9–326 2–237 Austria [47]

Non-specified �43 24–48 1–26 Austria [47]

Non-specified �35 24–48 1–26 Austria [47]

Non-specified �11 1.9–326 2–237 Austria [47]

Non-specified �3 24–48 1–26 Austria [47]

Non-specified 0 Non-specified 52–237 Austria [69]

Non-specified 0 5.5 8 USA [70]

Non-specified 10 24 60 Germany [71]
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The lowest removal in winter, with the lowest temperature, jointly with the evalu-
ation of its chemical structure, confirms that the main removal mechanism for
ibuprofen in CAS is usually biodegradation, as also reported in the next paragraph.
On the other hand, based on the provided HRT and SRTs, when available, it can be
confirmed that ibuprofen is effectively removed also at low HRT and low SRT, thus
confirming, even though with some exception, that it is one of the most easily
removed analgesics in CAS (Fig. 9).

Finally, the collected data for sulfamethoxazole are reported in Table 3 and Fig. 7.
The removal of this compound is strongly variable in the sampled WWTPs. The

variability is influenced by the season with higher removal in summer (on average
80%) and lower, on average, in winter. HRT and SRT confirmed variable removal
results under a wide range of operating conditions (Fig. 10).

In the literature, HRT and SRT are recognized to be important parameters to be
considered in this context [86]. Tailored adjustment of these parameters may have a
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Fig. 7 CAS removal (%) in different seasons for carbamazepine (a), ibuprofen (b) and
sulfamethoxazole (c). The reported data corresponds to averages of the references reported in
Tables 1, 2 and 3
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data corresponds to the references provided in Table 1
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beneficial influence on the removal of some PhACs and should be carefully consid-
ered. Moreover, prolonged SRT may favour nitrifying biomass and/or other slowly
growing bacteria, which may have better xenobiotic removal capabilities.

Table 2 Removal of ibuprofen in CAS systems

Season Removal (%) HRT (h) SRT (days) Country Reference

Winter 48.5 Non-specified Non-specified Italy, France,
Greece and
Sweden

[72]

Winter 50 Non-specified Non-specified Italy, France,
Greece and
Sweden

[24]

Winter 65 24 Non-specified Spain [73]

Winter 66 Non-specified Non-specified Finland [74]

Winter 84 27 Non-specified Spain [75]

Winter 95 8–15 4–21 China [56]

Winter 98 Non-specified Non-specified Switzerland [76]

Winter 100 Non-specified Non-specified Spain [58]

Spring/autumn 83 12 3 Spain [30]

Spring/autumn 86 13.5 1.5–2.7 UK [77]

Spring/autumn 94 27 Non-specified Spain [75]

Spring/autumn 99 35 6–10 Sweden [31]

Spring/autumn 99 11.5 10 Spain [51]

Spring/autumn 100 36 20 Finland [12]

Spring/autumn 100 Non-specified Non-specified Spain [58]

Spring/autumn 100 27–48 Non-specified Spain [62]

Summer �13 12.5 Non-specified England [78]

Summer 88 12–16 1.5–2.7 Spain [64]

Summer 90 12–16 1.5–2.7 Spain [64]

Summer 92 Non-specified 1.5–26 Austria [67]

Summer 98 12 15–65 Japan [79]

Summer 99 23 18 Greece [5, 80]

Mean year 84 12–17 1.5–5.1 Spain [68]

Mean year 87 12–17 1.5–5.1 Spain [68]

Non-specified �4.4 24–48 1–26 Austria [47]

Non-specified 82 24 60 Germany [71]

Non-specified 87 Non-specified Non-specified USA [81]

Non-specified 92 24–48 1–26 Austria [47]

Non-specified 97 Non-specified 52–237 days Austria [69]

Non-specified 98 1.9–326 2–237 Austria [47]

Non-specified 98 24–48 1–26 Austria [47]

Non-specified 99 24–48 1–26 Austria [47]
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Fig. 9 CAS removal (%) of ibuprofen as a function of HRT (a) and SRT (b). The reported data
corresponds to the references provided in Table 2

Table 3 Removal of sulfamethoxazole in CAS systems

Season Removal (%) HRT (h) SRT (days) Country Reference

Winter 4.5 Non-specified Non-specified Switzerland [46]

Winter 25 16.5 12.5 Australia [82]

Winter 26 2.8–14 13–19 Japan [83]

Winter 39 2.8–14 13–19 Japan [83]

Winter 42 Non-specified Non-specified Italy [32]

Winter 42 8–24 Non-specified Sweden [35]

Winter 61 15.8 21.4 China [56]

Winter 74 Non-specified Non-specified Spain [58]

Winter 94 27 Non-specified Spain [59]

Winter 97 10–17 7–12 China [52]

Spring/autumn 10 11.5 10 Spain [51]

Spring/autumn 56 12 3 Spain [30]

Spring/autumn 62 Non-specified Non-specified Spain [58]

Spring/autumn 71 27 Non-specified Spain [62]

Spring/autumn 71 27 Non-specified Spain [59]

Spring/autumn 75 10–17 7–12 China [52]

Spring/autumn 94 10–17 7–12 China [52]

Summer 51.9 7.9–15 16.8–43 South Korea [84]

Summer 93 10–17 7–12 China [52]

Summer 100 8–24 Non-specified Sweden [35]

Non-specified 32 Non-specified 52–237 Austria [47]

Non-specified 62 14–16 2–4 Israel [85]
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5 Metabolites, Conjugates and Transformation Products

To fully understand the fate of PhACs, as for any other organic (micro)pollutant, in
CAS it is crucial to consider also micropollutant metabolites (including conjugates)
and transformation products.

Upon consumption, a variable amount of the ingested compound is excreted as a
metabolite. Metabolites can be separated based on the undergone transformation:
phase I metabolites and phase II metabolites. Phase I metabolites are originated
through in vivo biochemical oxidation, reduction and hydrolysis reactions increasing
aqueous solubility and facilitating the elimination from the body. On the other hand,
phase II metabolites (or conjugated metabolites) are the result of the addition of a
molecule to the parent compound (i.e. glucuronic acid). Phase II metabolites may
deconjugate back to the parent compound in wastewater [87]. Afterwards, when
PhACs enter WWTPs and/or in the environment, they can be exposed to biotic
(biodegradation by bacteria and fungi)/non-biotic (hydrolysis or photolysis)
processes [13].

The term “metabolite” is sometimes applied for compounds originated from both
human, microbial and environmental sources. Nevertheless, in general it is
recommended to only call “metabolites” those molecules that result from changes
in human and animals and to call “transformation products” (TPs) to those generated
from biotic/non-biotic processes [88]. In some cases, the same human metabolites
can also be generated by microbial biodegradation (e.g. ibuprofen, [75]), but it is not
the general case, and attention needs to be paid in this context.

The fraction of the parent compound to be excreted in an unchanged form
depends on the structure of the micropollutant. For example, it may range from
20 to 75% for antibiotics. In the case of metoprolol, three main metabolites are
formed by mammals (metoprolol acid, a-hydroxymetoprolol and O-desmethyl met-
oprolol), accounting for 85% of the urinary excretion [89]. Information on metab-
olites is increasing rapidly but still lacking for many compounds. The load of organic
micropollutants entering CAS, hence, is greatly underestimated, if metabolites (and
conjugates) are not accounted for.
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Fig. 10 CAS removal (%) of sulfamethoxazole as a function of HRT (a) and SRT (b). The reported
data corresponds to the references provided in Table 3
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The parent compound may be transformed, if it is degradable, into a more
hydrophilic form (and usually of a lower molecular weight) through different
degradation pathways. For example, ibuprofen biodegradation may lead, among
other ones, to the formation of three main transformation products (1-OH-ibuprofen,
2-OH-ibuprofen and carboxy-ibuprofen [75]). TPs can be less or more biodegrad-
able, and, generally speaking, they are found at a lower concentration than the
corresponding parent compound in CAS effluent, except for persistent compounds
(e.g. metoprolol acid, in some conditions, [89]). In just limited cases, the complete
(bio)degradation pathway has been clarified and verified in real matrixes, concen-
trations (i.e. μg/L or ng/L levels) and conditions other than laboratory-controlled
ones [13]. Each micropollutant can originate many TPs, and these TPs can also be
transformed into different TPs; therefore their monitoring is one of the most chal-
lenging objectives.

Whatever the case, if they are not completely removed, TPs may pass through
CAS and end up in the receiving waters. In some cases, the originated compound can
even be more toxic than the parent compound [90]. On the other hand, some large
organic micropollutants quickly lose their toxic features after the first degradation
steps, making following treatment efforts counterproductive [21].

6 Regulation Regarding Water Reuse and PhACs

PhACs are ubiquitously detected in wastewater, but also freshwater, seawater and
even drinking water. PhACs are among the compounds that can be referred to as
“pseudo-persistent” contaminants as their transformation and removal are compen-
sated by their continuous introduction into the environment [91]. Potential harmful
effects both on the ecosystem and on human health are currently under extensive
evaluation [3]. Continuous input of low-level pharmaceuticals into water bodies
from WWTPs can adversely affect a variety of aquatic organisms [92] and lead to
many kinds of anomalies [93]. PhACs can also enter the food chain, possibly
resulting in biomagnification. Direct intake of these pollutants is also possible
when human beings and animals drink already contaminated water. Additionally,
antibiotics are not completely removed in WWTPs; microorganisms in the environ-
ment can be therefore continuously exposed to them, favouring the spread of
antimicrobial resistance genes. According to the World Health Organization
(WHO), “By 2050 – if effective interventions against antimicrobial resistance are
not made – 10 million deaths and an economic loss of US$ 100 trillion may occur
annually as the result of such resistance” [94].

The adoption of new legislation concerning water reuse, a better understanding of
organic micropollutant impacts on the environment and public awareness campaigns
about their hazards are paramount to encourage public and private initiatives to attain
high-quality water and wastewater treatment standards in the next years [95]. None-
theless the regulations at EU level that restrict PhAC presence in wastewater and the
environment are still very limited. In 2020, the Council of the European Union
proposed a new regulation to reduce the risks of water shortages by improving the

40 M. Castaño-Trias et al.



availability of water and encourage its efficient reuse. The main focus was on water
reuse in agricultural, while other possibilities (e.g. aquifer recharge) were finally
disregarded. In this context, the removal of substances of emerging concern (men-
tioning in the risk assessment section also organic micropollutants, including
PhACs) is fundamental for safe water reuse [14].

Moreover, micropollutants have been targeted with a Commission Implementing
Decision in 2015 [96] and then updated through Decision 2018/480 [97]. The watch
list is a list of micropollutants that may pose a significant risk to or via the aquatic
environment but for which data are still insufficient to support their prioritization and
must, therefore, be monitored Europe-wide by member states [13]. The PhACs
included, for the first time in an EU Decision, were diclofenac in the 2015 watch
List, amoxicillin and ciprofloxacin in the 2018 watch list and three macrolide
antibiotics (erythromycin, clarithromycin and azithromycin) in both. Since the
monitoring must be carried out in freshwater only, there is a missing link between
the occurrence of such pollutants in wastewater and the risk associated with their
presence when reclaimed wastewater is reused [98].

The situation outside the EU is different. Switzerland regulation established that
WWTPs following certain criteria should be upgraded with advanced treatment by
2035 in order to ensure the removal of at least 80% of micropollutant loads (including
amisulpride, carbamazepine, citalopram, clarithromycin, diclofenac, hydrochlorothia-
zide, metoprolol, venlafaxine, candesartan and irbesartan), tracking WWTPs effi-
ciency by means of periodical monitoring campaigns [99]. Other countries (e.g.
Australia, Singapore and the State of California) have implemented cutting water
reuse policies, including specific regulations on grey water and direct or non-direct
potable reuse. In some cases micropollutants, and PhACs among them, are also
included to be monitored and/or considered in terms of potential stressors. The
legislation of these countries might pave the way for implementation at EU levels [98].

Finally, the list of target compounds is typically created by selecting PhACs
according to existing legislation, consumption, occurrence and available analytical
methods. Nevertheless, the list of evaluated PhACs is frequently limited to previ-
ously studied compounds, while other PhACs are widely prescribed but overlooked.
Moreover, new compounds are continuously introduced into the market and/or for
emerging necessity (e.g. COVID-19). For this reason, other possibly relevant com-
pounds should be also included in future legislation and studies.

7 PhAC Fate in Sludge Treatment Line: Focus
on Agricultural Reuse

7.1 Agricultural Sludge Reuse: Advantages
and Environmental Impacts

Nutrient contents and soil-conditioning properties of sewage sludge can be usefully
exploited with its reuse in agriculture, especially for restoring overexploited land or
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for improving the humus content and water-holding capacity of light-textured sandy
soil [100]. Agricultural reuse (directly or after composting) is a sustainable practice
in the frame of the circular economy; it is extensively applied in several countries
accounting 53% of the produced sludge in EU-27 countries [101], but the potential
risk associated with the release of toxic and persistent substances in aquifers and
soils has to be adequately considered.

PhACs constitute one of the broadest groups of compounds present in the urban
wastewater; they are often characterized by hydrophobic-lipophilic properties which
can favour their sorption (adsorption or absorption) onto the sludge. This prevalent
removal mechanism causes an enrichment of the solid fraction at concentrations of
several orders of magnitude higher than in the original wastewater [102].

Release of sorbed compounds onto the sludge in agricultural reuse can have a
strong environmental impact because of the possible direct uptake by crops and
consequent transfer to the food chain with a serious concern for human health and
negative effects on plant growth [103]. In the specific case of PhACs, it has been
observed that WWTPs concentrate antibiotics in the produced sludge, especially for
hospitals and industrial wastewater, and the activated sludge systems provide a
favourable environment with high microbial biomass concentration and selective
process for horizontal gene transfer of antibiotic-resistant genes [102]. Moreover, the
persistence and recalcitrance of many PhACs amplify negative impacts over time
with consequences difficult to predict for long-term scenarios.

PhACs are the most investigated class of micropollutants in WWTPs, but
published studies are mainly devoted to the characterization of the different types
of sludge produced by different treatment options more than on the sludge treatment
solutions able to provide a more effective removal of the accumulated pollutants.
This aspect has been considered in recent publications, where the performance of
different sludge treatment lines is analysed, not only in terms of solid reduction and
stabilization but also taking into account the “quality” of the digested sludge, for
several classes of micropollutants including PhACs [104, 105]. Results of these
studies are summarized in the next section.

7.2 Sludge Treatment Alternatives to Enhance PhAC
Removal

For WWTPs of medium/high potentiality (i.e. �30,000 P.E.), the preferred sludge
treatment option is the anaerobic digestion, which provides good solid removal
efficiencies and allows energy recovery though methane production. Mesophilic
process (T ¼ 35�C) is more commonly applied than the thermophilic one (T in the
range of 55–60�C) given the lower energy demand, but the one-step mesophilic
digestion is less efficient for organic compound removal (including PhACs), meth-
ane production and hygienization [106]. Enhancement of mesophilic sludge diges-
tion can be achieved with appropriate pre- or post-treatments (both chemical-
physical and biological) or with the combined anaerobic-aerobic sequential process.
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Braguglia et al. analysed the fate of 11 selected PhACs in an extended study on
the thermophilic digestion coupled with thermal hydrolysis pretreatment (THT) and
of a dual-stage mesophilic/thermophilic digestion with (UMT) and without
(MT) ultrasound pretreatment applied to secondary and mixed sludge [104]. PhAC
concentration was in the range of 100–160 and 110–130 mg/kgdw in the secondary
and mixed sludge, respectively. They observed that THT process was not effective in
PhAC removal for all investigated conditions, while better results were achieved
with MT process resulting in ~57% removal efficiency with no substantial beneficial
effect exerted by the ultrasound pretreatment (UMT). Better performance of the
combined MT process was detected for PhAC removal in secondary sludge than in
mixed sludge digestion, where no statistically significant removal was observed.

Enhanced performance of sequential anaerobic-aerobic (AA) digestion with
respect to the single-step anaerobic or aerobic process was demonstrated in previous
studies: the motivation behind this approach is that the combined process provides
differentiated reaction environments (anaerobic and aerobic) and thus optimal bio-
degradability conditions for the different volatile solid sludge fractions and pollut-
ants present in the sludge matrix. A further improvement of the AA can be achieved
by operating the post-aerobic step under mesophilic conditions [107] with a low
external energy supply well compensated by the improved efficiency. Tomei et al.
investigated the fate of a selected group of PhACs on secondary sludge treated in two
AA schemes conducted with the same operating conditions for the anaerobic step
(SRT 15 days T ¼ 37�C), while the aerobic phase was operated at SRT ¼ 12 days,
T¼ 20�C (AA1) and T¼ 37�C (AA2) [105]. Table 4 shows the removal efficiencies
for PhACs detected at the highest concentration among the investigated ones.
Negative values indicate accumulation due to poor removal and volatile solid
concentration decrease in the digestion process.

Table 4 highlights a high variability of the removal efficiencies which are
attributable to the variability of the fed sludge, which remarkably affects the
anaerobic removals in the two series, especially for the less biodegradable com-
pounds, i.e. carbamazepine and diclofenac. Additional removal was achieved, for
both compounds, in the post-aerobic step at both temperatures but with better

Table 4 Removal efficiencies (RE) of sequential anaerobic-aerobic (AA) digestion observed for
representative PhACs (modified from [105]). Negative values indicate accumulation in the solid
phase. The average PhAC concentration in the fed sludge was 140 � 40 mg/kgdw

Compound

RE AA1 (%) RE AA2 (%)

Anaerobic Aerobic Total Anaerobic Aerobic Total

Carbamazepine 34 3 36 �13 28 19

Dihydro-dihydroxy-
carbamazepine

38 4.5 41 �46 13 �28

Dihydro-hydroxy-
carbamazepine

56 25 67 �21 46 34

Clarithromycin 90 �271 63 85 �137 63

Diclofenac 41 2 43 �31 45 28

Fluconazole 51 �10 46 �3 24 22

Venlafaxine 45 8 49 19 27 40
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performance in AA2 (at higher aerobic temperature). Similar results were observed
for the other compounds with the only exception of clarithromycin, which was
mainly removed in the anaerobic phase (85–90%).

The reported study cases are good examples of the possibility of producing sludge
of better quality, in terms of PhAC content, with more efficient digestion lines, even
if the complexity and variability of the sludge matrix require additional research in
the field.

7.3 EU Regulation for Agricultural Reuse

The EU reference document for the regulation of land disposal of sewage sludge is
the Sewage Sludge Directive (SSD) 86/278/EEC [108], which focuses essentially on
heavy metals but does not set any threshold value for organic compounds for sludge
application. National regulations in EU member states are established with the
option to fix more restrictive limit values than the ones suggested in the SSD
[108]. A more recent document is the “Working Document on Sludge and Biowaste”
[109] with maximum proposed permissible levels for heavy metals and polycyclic
aromatic hydrocarbons but not yet for PhACs.

This short overview highlights the need for revision and integration of the EU and
national legislation to establish additional limit values for sludge reuse in agriculture,
including a wider spectrum of organic contaminants exerting detrimental effects for
both the human health and the environment. In the specific case of PhACs, a serious
concern is that the sludge might be a reservoir of antibiotic resistance genes (ARGs)
and, when reused in agriculture, could contribute to the spreading of the “antibiotic
resistance”, which is recognized as one of the most important challenges of contem-
porary medicine and a serious public health problem. Future regulations should also
consider this phenomenon and define accurate parameters to be monitored.
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Abstract This chapter deals with investigations carried out over the last 5 years on
hospital effluent in terms of the occurrence of micropollutants; new and promising
technologies tested to improve the removal of key compounds (including emerging
contaminants); the environmental and health risk assessments of pharmaceutical
residues and pathogens; and, finally, some of the strategies adopted in hospital
effluent management and treatments through the discussion of some case studies.
It emerges that the occurrence and treatment of hospital effluent are becoming issues
of increasing concern also for countries such as Morocco, Tunisia, Iran and Colom-
bia, whose research groups had not actively participated in the worldwide debate
thus far. Their interest in these topics highlights the shared, global awareness of the
need to adopt safe, economic and technically feasible technologies for the treatment
of hospital effluent to reduce the impact on the aquatic environment of hazardous
substances typically administered or used in healthcare facilities. The experiences
reported and discussed herein demonstrate the worldwide efforts that have been
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made and are still ongoing with the aim of reaching Sustainable Millennium Goal
number 6 “Improve Clean Water and Sanitation” by 2030, as defined by the World
Health Organization.

Keywords Environmental risk assessment, Hospital effluent, Management,
Occurrence, Pharmaceuticals, Removal

Acronyms

AOP Advanced oxidation process
AOX Adsorbable organic halide
ARB Antibiotic-resistant bacteria
ARG Antibiotic-resistant gene
CPE Carbapenemase-producing bacteria
CRE Carbapenem-resistant Enterobacteriaceae
DOC Dissolved organic carbon
DOX Doxorubicin
EQS Environmental quality standards
ESBL Extended-spectrum β-lactam
FC Faecal coliform
FIB Fecal indicator bacteria
FS Flat sheet
GAC Granular activated carbon
HF Hollow fibre
HWW Hospital wastewater
LOD Limit of detection
MBBR Moving bed biofilm reactor
MBR Membrane bioreactor
MDR Multidrug resistance
MDRB Multidrug-resistant bacteria
MEC Measured environmental concentration
MLSS Mixed liquor suspended solid
MLVSS Mixed liquor volatile suspended solids
MTP Metoprolol
MTPA Metoprolol acid
NF Nanofiltration
NSAID Non-steroidal anti-inflammatory drug
O3 Ozonation
OLR Organic loading rate
PAC Powder activated carbon
PNEC Predicted no-effect concentration
RO Reverse osmosis
RQ Risk quotient
SMBR Sponge membrane bioreactor
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SVI Sludge volume index
VRE Vancomycin-resistant enterococci
WWTP Wastewater treatment plant

1 Introduction

Over the last 10 years, an increasing number of studies have dealt with the chemical,
physical and microbiological characteristics of hospital wastewater (HWW), their
variability over time (day, month and year), its treatability, the removal of macro-
and micropollutants and the risks related to their residues once released into the
environment. There have also been discussions among the scientific community
about the options to treat hospital wastewater separately or in combination with
domestic wastewater. In 2010, an initial comprehensive review on hospital effluent
as a source of micropollutants was published [1] and gave a snapshot into what was
already known and also underlined the need for further research in a range of fields
related to the management and treatment of this effluent. At the same time, some
EU-funded projects have shed light on specific issues related to the treatment of
hospital effluent. Of these, the PILLS project (https://cordis.europa.eu/project/id/
214599/reporting) investigated wastewater quality in terms of selected
micropollutants and researched and tested removal methods in order to identify
and suggest better wastewater treatment at the source (hospitals and households)
[2]. In 2015, another review was published focusing on the lessons learned on the
management and treatment of hospital effluent [3], and, in 2018, a book by Springer
published a collection of contributions from different expert research groups on
hospital wastewater in terms of the occurrence of micropollutants, treatment options
and risk assessment [4].

This chapter gives an update on the discussion and aims to highlight the main
results achieved worldwide in the management and treatment of hospital effluent
over the last 5 years. What emerges is that attention to these topics has involved new
countries (including Morocco, Tunisia, Iran, Colombia), which were not among
those reported in the previous review. In addition, the scientific debate tends to focus
on antibiotic-resistant bacteria (ARB) and antibiotic-resistant genes (ARG) and their
correlation with antibiotics and the risks related to the use of the receiving surface
water for different needs (mainly for agricultural and drinking purposes). The main
results refer to the studies reported on the map in Fig. 1. It clearly shows the
countries where the studies took place as well as “knowledge spheres” (occurrence,
ARB/ARG, risk, treatment, management, prioritisation) which have contributed to
this update. On the same map, it is possible to see the countries where previous
investigations on HWW treatments have been conducted, according to the study
by [3].
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2 Investigations into the Occurrence of Pharmaceuticals
in Hospital Effluent

Different classes of pollutants are present in HWW due to the different activities
carried out within the healthcare structure. As noted in many studies, including [1, 5,
6], detergents and disinfectants are largely consumed in healthcare structures and
represent classes of substances of concern. The occurrence of detergents and disin-
fectants in HWWwas investigated in many cases in European countries [7]. Recently
their consumption was analysed in the study conducted by [8] relating to the
University Hospital of Marrakesh, Morocco (409 beds, 425 m3/day). The study
also analysed effluent in terms of common macropollutants (BOD, COD, nitrogen
and phosphorus compounds), heavy metals and pathogens (bacteria and viruses) in
order to evaluate the potential pollutant load and risk posed by the healthcare facility
on the environment. It was found that, annually, around 17,100 kg of the detergents
and disinfectants used included 25% sodium hypochlorite, 24% mild soap and 18%
disinfectant glutaraldehyde. Administered pharmaceutical compounds (PhCs) over
the same year exceeded 106,000 kg, with the class of anaesthetics at the top with
more than 38,100 kg/year consumed, followed by the class of medicines for infec-
tious diseases and parasitology which required 14,850 kg/year of PhCs. Water
samples were taken at 12 different points within the hospital and underwent chem-
ical and bacteriological analysis. Concentrations of copper (2.84 mg/L) and iron
(3.38 mg/L) were higher than the standard limits in Morocco. This was due to the
extensive consumption of drugs containing such minerals, but also to release from
the old drainage pipes of the studied hospital, which was built in 1938. With
reference to microorganisms, average concentrations were found of
3.9 � 107 CFU/100 mL for total coliforms, 2.6 � 107 CFU/100 mL for faecal
coliform and 4.7 � 106 CFU/100 mL for intestinal enterococci. Regarding patho-
gens, the highest concentrations were found for Staphylococcus aureus
(7.5 � 105 CFU/100 mL) and Pseudomonas aeruginosa (5.3 � 106 CFU/100 mL)
in medical lab effluent and the presence of strains of Salmonella in intensive care
unit, cardiology and gastroenterology surgery ward effluent, as well as in medical
laboratory effluent and, finally, Vibrio in surgery and radiology ward effluent. They
concluded that it is fundamental to know the characteristics of the hospital effluent in
order to provide an adequate pre-treatment prior to its disposal into the public sewer
system and to reduce the load directly discharged.

Investigations were carried out on the bacteriological contamination of hospitals
and urban wastewaters in Kinshasa, which is the capital and largest city in the
Democratic Republic of Congo [9, 10]. In this area, there are 20 hospitals, various
medical centres and numerous polyclinics with different intrinsic characteristics. Big
hospitals discharge their effluents in the urban drainage systems and then into the
river without any treatment. Smaller healthcare structures and medical centres
release their wastewater directly onto soil or directly into the river. Analysis carried
out by [9] on the effluent of three hospitals showed that the concentrations of E. coli
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were in the range 4.5 � 105 UFC/100/L and 1.0 � 106 UFC/100 mL and of
enterococci between 2.3 � 104 UFC/100 mL and 1.0 � 105 UFC/100 mL.

In the same area, [10] instead investigated the occurrence of toxic metals, ARGs
and faecal indicator bacteria (FIB) in the sediments upstream and downstream of
hospital effluent release points in the receiving rivers. They found that, depending on
the size and activities within the healthcare structure, directly discharged raw
hospital effluent leads to an increment in FIB, ARGs and heavy metal concentra-
tions. In some cases, higher values of FIB and ARGs were found in sediment
samples upstream of the hospital discharge point. This could be related to the fact
that the studied rivers go through the City of Kinshasa and thus other sources could
be responsible for the deterioration of the bacteriological quality in the rivers,
including open defecation, uncontrolled landfills, unregulated effluent discharges
and inadequate sewage collection near the studied sites. The authors remarked that
the rivers act as a reservoir of these contaminants and, in tropical conditions like in
Congo, they could potentially favour the transfer of mobile genetic elements carry-
ing ARGs to susceptible bacterial pathogens.

Both studies remark the need for the adequate management and treatment of
hospital effluent. In Congo, as in most other developing countries, river water is
commonly used for both human and animal consumption and is also used for
irrigation for fresh urban products. High values of metals, FIB and ARGs in rivers
represent a risk to human health and the environment.

Ibrahim et al. [11] investigated the occurrence and frequency of sapoviruses in
wastewater from three clinics located in the residential and business area of El
Menzeh I, in the centre of Tunis (Tunisia), as well as their removal in the case of
rotating biodisks (25 m3/day, 2 m3 the volume of the biodisk tank) and in a series of
five oxidising ponds (average flow rate 47 m3/day, overall HRT 13.3 days). As the
analysed treatments were able to reduce the content of viruses of only 1 log unit
(90 94%), they emphasised the inadequacy of the sanitary quality of these treated
effluents for safe discharge into the natural receiving environment and also for
indirect reuse purposes. In addition, they also underlined the urgent need for a
(chemical or physical) disinfection step for hospital wastewater. The results
highlighted that treated effluent may represent a possible route for the transmission
of opportunistic pathogenic bacteria and sapoviruses. Lastly, they highlighted the
high risk of infection related to this kind of water being released into the environ-
ment, if then to be used for agricultural and recreational purposes.

In another area in Africa, the Lake Victoria Basin (Kenya), the detection of the
level of common antibiotics (ampicillin, amoxicillin, sulphamethoxazole, chloram-
phenicol and ciprofloxacin) in hospital lagoon effluents and sludge, as well as in the
effluent and sludge of ten local wastewater treatment plants (WWTPs) and receiving
rivers and lakes, was the focus of dedicated monitoring campaigns [12]. With regard
to hospital lagoon effluent, it was found that selected antibiotics ranged between
<0.05 and 0.79 � 0.05 μg/L (the highest concentrations were due to ampicillin).
Average concentrations in the ten sampled WWTP effluents were in the range
0.050.36 � 0.04 μg/L, and the average values found in the receiving water bodies
were in the range 0.050.29 � 0.02 μg/L. Antibiotics were found in higher
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concentrations in sludges from hospital lagoons (<50 to 276 ng/g) rather than in
WWTP sludge (<loq to 145 ng/g) and in sediments collected in the receiving
streams (<50 to 88 ng/g).

These data show that the direct reuse of treated wastewater in agriculture could
introduce antibiotics into the food chain after plant uptake, and the need to improve
wastewater treatment in order to reduce the load of antibiotics released into surface
water, sludge and soils is of urgent concern.

Composite samples of the raw hospital wastewater in Tumaco (Colombia) [13]
were analysed in three different seasons (October 2016, April 2017 and July 2017).
A high variability in concentrations was found, probably due to the different amount
of medicines administered to patients during the three sampling campaigns. Acet-
aminophen was always the compound most present being in the range 10–78 μg/L;
the other highest levels were found for five antibiotics, namely, azithromycin,
ciprofloxacin, clarithromycin, clindamycin and norfloxacin, with concentrations
above 10 μg/L in 8 out of 15 samples. The hospital effluent is directly discharged
into surface water. The authors are well aware of the environmental risks related to
this practice and comment on the urgent need to adopt adequate treatments for the
removal of macro- and micropollutants. In this context, they suggest the adoption of
adequate treatments which, according to Giannakis et al. [14], should be light-
assisted advanced oxidation processes (AOPs): UV-based (UV, UV/H2O2) for
developed countries and solar-supported ones for developing countries.

Research efforts have also led to the definition and validation of methods to
analyse specific groups of compounds. In this context, Martins et al. [15] proposed
an analytical method to analyse statin drugs and [16] proposed another method to
analyse psychiatric drugs in water. Both studies then applied their developed
methods to sample the effluent of the University Hospital (HUSM) of the Federal
University of Santa Maria, RS Brazil. This is a medium-large hospital (403 beds,
475 m3/day as the average flow rate), with a wide range of wards, including
psychiatry, oncology, radiology, obstetrics, surgery, neurology and intensive care.
The authors sampled the HWW after it had passed through a septic tank. The
investigations by [15] on statins confirmed the presence of atorvastatin and simva-
statin in all the (treated) hospital effluent samples: atorvastatin was in the range
18.8–35.3 μg/L, with an average of 28.8 μg/L, and simvastatin in concentrations
between 30.3 and 38.5 μg/L, with an average of 36.7 μg/L. Compared to those
reported by [17] in Norwegian hospitals, these ranges are much higher. This could be
explained by the wide use of lipid regulator drugs not only by patients but also by
hospital staff and visitors. The study outlined that an environmental risk assessment
(on the basis of the risk quotient (RQ) approach that is the ratio between measured
environmental concentration (MEC) and predicted no-effect concentration (PNEC))
highlights that atorvastatin and simvastatin concentrations in the treated effluent
pose a high risk for the environment and further adequate treatment should be added
to the existing septic tank.

Reichert et al. [16] compared the concentrations of six antipsychotic drugs
(olanzapine, clozapine, haloperidol, risperidone, pimozide and chlorpromazine) at
two sampling points within the hospital sewer network. Point A corresponds to the
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psychiatric wing effluent after its passage through an anaerobic/anaerobic septic
tank, and point B corresponds to the emergency ward effluent after treatment in the
dedicated septic tank. On the basis of the 2-h water samples collected on the first day
of the investigation, haloperidol and clozapine occurred at the highest concentra-
tions. Between 4 a.m. and 8 p.m., the largest number of antipsychotics was found in
the treated HUSM wastewater. While from 2 a.m. to 4 a.m., no antipsychotic was
detected (� limit of detection, LOD) at either sampling point. Pimozide was never
detected due to its limited use in the hospital. The composite water samples collected
during the whole sampling week, from 8 a.m. to 6 p.m., showed that occurrence
frequency was around 54% at point A and 40% at point B. The most present
compounds were haloperidol and clozapine at both points, and the ranges of
occurrence were 0.31─0.52 μg/L for olanzapine, 0.56─0.97 μg/L for clozapine,
1.43─2.73 μg/L for haloperidol and 0.92─0.98 μg/L for risperidone. Chlorpromazine
was found only once at a concentration of 0.52 μg/L.

The study also carried out an environmental risk assessment following two
approaches: the persistence-bioaccumulation-toxicity (PBT) approach [18] (http://
www.pbtprofiler.net/) which assigns a mark from 1 to 3 (3 being the highest value) to
each compound on the basis of its persistence, bioaccumulation and toxicity and the
risk quotient (RQ) approach. The risk may be low if RQ < 0.1, moderate when
0.1 � RQ � 1 and high if RQ > 1 [19]. The analysis showed that, based on PBT
values, the highest risks should be related to the presence of clozapine, pimozide and
haloperidol. On the basis of the risk quotient approach, a high risk is correlated to
risperidone, clozapine and chlorpromazine. Both sampling points displayed a very
high risk, which can be attributed to clozapine, but the risk posed at point A was
much higher, owing to the additional occurrence of chlorpromazine and risperidone.

In the South of Iran, at the Bushehr coastline of the Persian Gulf, Kafaei et al. [20]
investigated the occurrence of six antibiotics (tetracycline, norfloxacin,
azithromycin, anhydroerythromycin, cephalexin and amoxicillin) in the raw efflu-
ents of two 85-bed hospitals (H1 and H2) and after being treated only in a septic tank
(hospital H1, flow rate equal to 8 m3/day, HRT 5 days) and in a conventional
activated sludge system (hospital H2, with a flow rate of 14.5 m3/day; HRT
2 days). Composite samples were collected during the dry and wet seasons, by
mixing wastewater taken at 7 a.m., 3 p.m. and 11 p.m. Moreover, samples of
seawater and marine sediments were analysed in order to evaluate the impact of
the release of the treated effluent into the aquatic environment. The results showed
that in the raw HWW, norfloxacin had the highest values of concentrations (150 and
198 ng/L). Tetracycline was the second most abundant antimicrobial agent in
hospital effluents with its average concentrations being equal to 68 and 144 ng/L.
With respect to cephalexin and amoxicillin in the H2 effluent, their mean concen-
trations were >11-fold and 5-fold higher, respectively, than the corresponding
average concentrations in the H1 effluent. These differences could be related to
different treatment practices in the two hospitals. Finally, macrolides showed close
concentrations in the two hospital effluents. The comparison between the occurrence
in the two wastewaters and in the raw domestic wastewater of the town highlighted
very lower concentrations of the selected compounds in domestic wastewater. When
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investigating removal efficiency achieved by the two (modest) treatments, an aver-
age removal of 71% is shown in the septic tank, with concentrations of all selected
antibiotics being in the range 2.9�42 ng/L and >84% in the conventional activated
sludge system. They concluded that there should be further stages in the treatment of
hospital effluent in order to enhance the removal of typical micropollutants.

Also the study carried out in two hospitals in the area of Hanoi (Vietnam) by Lien
et al. [21] focused on antibiotics. Metronidazole, sulphamethoxazole, trimethoprim,
ceftazidime, ciprofloxacin, ofloxacin and spiramycin were analysed in the raw
effluents of a rural hospital (220 beds) and an urban hospital (520 beds). The
investigations lasted 1 year and were based on continuous flow samples collected
on weekdays of the last week of each month. These effluents are pre-treated on site
and then subjected to a biological stage followed by a polishing step. With regard to
raw wastewater, it was found that higher overall monthly concentrations of antibi-
otics were found for the rural hospital effluent where they were present in all the
monthly samples. Concentrations ranged from 21.8 to 103.5 μg/L, with an average
of 70.5 μg/L, resulting in a mean hospital bed contribution equal to 0.32 μg/(L bed).
In the urban HWW, antibiotics were detected in 10 out of the 12 months with very
high concentrations only in 3 months (September 151.1 μg/L, October 202.4 μg/L
and December 337.3 μg/L). In the remaining months, concentrations were between
8.7 and 39.9 μg/L, with the average monthly value being 93.5 μg/L and a bed
contribution of 0.18 μg/(L bed). The compounds most present were ciprofloxacin
(on average 42.8 μg/L) in the raw rural hospital effluent and metronidazole
(on average 36.5 μg/L) in the raw urban HWW.

The treatment applied to the two HWWs allowed an overall average removal of
49% in the rural and 67% in the urban site. The released amount of antibiotics was
calculated for the rural hospital, and, on the basis of the provided water consumption
within the structure, it was estimated at 61 g/month.

This result underlines the need to better investigate the risk posed by these
residues in promoting antibiotic resistance due to the selective pressure placed on
bacteria. Moreover, ARGs carried by bacterial contaminants can be transferred to
other bacterial populations including pathogenic bacteria found in hospital
wastewater.

In Japan, Azuma et al. [22] carried out an investigation into the occurrence of
41 compounds in HWW, including PhCs and their metabolites, and phytochemicals,
of which the pollution status is unknown for the aquatic environment and, in
particular, for hospital effluent. The selected target compounds belong to nine
different classes: antivirals, antibacterials, anticancers, psychotropics, analgesic-
antipyretics, bronchodilators, antipruritic, herbal medicines and phytoestrogens.
The authors compared the effluent of a medium-large hospital (477 beds, average
flow rate of 460 m3/day) with the influent and effluent of the WWTP (420,000
people, flow rate of 134,000 m3/day) to which the HWW is conveyed. From this
study, it emerges that for many compounds, concentrations are in similar ranges in
HWW and WWTP influent. Some results should be highlighted with regard to
analgesics-antipyretics. In HWW, the top compounds are two conjugated metabo-
lites of acetaminophen (acetaminophen glucuronide and acetaminophen sulphate),
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the average concentrations of which were as high as over 24 μg/L and about one
order of magnitude higher than that of the mother compound. In WWTP influent,
acetaminophen was detected at the same order of magnitude as in HWW, whereas in
the case of its metabolites, only acetaminophen sulphate was found at a lesser
concentration (on average 6.4 μg/L). Loxoprofen and its metabolite loxoprofen
alcohol were found at higher concentrations in HWW than in WWTP influent: on
average 15 μg/L and 14 μg/L, respectively, in HWW vs 3.5 and 2.3 μg/L in WWTP
influent. Finally the study reported that in the ozonated effluent (8.6 mg O3/L and
100 min as contact time), some recalcitrant compounds still remained above 10 ng/L
(on average): 47 ng/L the anticancer bicalutamide, 17 ng/L carbamazepine, 13 ng/L
indomethacin, 34 ng/L caffeine and 16 ng/L the antipruritic crotamiton.

Papageorgiou et al. [23] remarked that monitoring campaigns remain a useful tool
that is able to provide up-to-date information on the current situation, mainly in those
areas where PhC consumption data for the different users (in hospital and in urban
settlements) are scarce or difficult to obtain. They carried out a 1-year monitoring
campaign (24-h composite samples) on the raw effluent of two medium-sized
hospitals in the city of Larissa, in the rural Thessaly region, Greece. Out of the
135 monitored compounds belonging to 37 therapeutic classes (including not fre-
quently monitored substances such as thyroid hormones, antineoplastics, steroid
hormones, antivirals, antiparkinsonian agents, anti-vertigo inotropic agents and
cardiovascular agents), only 35 compounds were detected in the range < LOD
81.5 μg/L. The highest values were found for the stimulant caffeine (81.5 μg/L),
the analgesic paracetamol (31,614 ng/L) and the antiseptic triclosan (10.5 μg/L). In
addition, other compounds were detected at high concentration levels ranging from
1.2 to 9.8 μg/L. This is the case for the antibiotics levofloxacin and clindamycin, the
antihypertensives irbesartan and valsartan, the non-steroidal anti-inflammatory
drugs (NSAID) ibuprofen and diclofenac, the analgesic salicylic acid, the diuretic
furosemide, the antidiabetic metformin and the anaesthetic lidocaine. They found
that analgesics and anti-inflammatories, antibiotics and antihypertensives followed
by antidiabetics, diuretics, psychiatrics, insect repellent and β-blockers seem to
contribute more to the PPCP load in wastewaters. An investigation on the removal
capacity of the existing WWTPs highlights that they are not able to remove all the
key contaminants at a concentration corresponding to a low (acute and chronic)
environmental risk.

Interesting results are reported by Szekeres et al. [24] who investigated the
effluent of three hospitals, H1, H2 and H3 (with 535, 113 and 453 beds, respec-
tively), in Cluj County in Romania. H2 and H3 currently release their raw effluent
directly into the nearby river; H1 effluent instead is subjected to a dedicated
treatment (conventional activated sludge followed by chlorination) and is then
released into the public sewer network. The authors analysed the occurrence of
14 common antibiotics, 36 ARGs and the bacterial composition of the hospital
effluents. They found that antibiotics occurred between 3.67 and 53.05 μg/L; the
most abundant were β-lactams, glycopeptides and trimethoprim. Ampicillin was
detected in all HWW samples, and the highest concentration was found in H1
(53.05 � 0.08 μg/L), confirming the results found in other studies [12]. High
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concentrations of trimethoprim were also detected in H1 (13.06� 0.09 μg/L) and H3
(13.06 � 0.09 μg/L) wastewater samples, together with vancomycin (13.98 � 0.41),
imipenem (14.42 � 0.39 μg/L) and tazobactam (10.26 � 0.08 μg/L) in H3 waste-
water samples. Ciprofloxacin and norfloxacin were never detected.

As for ARGs, out of the 36 genes initially investigated during the prescreening
process, 16 genes were detected in hospital wastewater samples. Fourteen genes
confer resistance to β-lactams, aminoglycosides, chloramphenicol, macrolide-
lincosamide-streptogramin B antibiotics, sulphonamides and tetracyclines. Genes
encoding quaternary ammonium resistance and a transposon-related element were
also detected. The sulI and qacED1 genes, which confer resistance to sulphonamides
and quaternary ammonium, had the highest relative abundance with values ranging
from 5.33 � 10�2 to 1.94 � 10�1 and 1.94 � 10�2 to 4.89 � 10�2 copies/16 rRNA
gene copies, respectively. The abundance of the investigated ARG types versus
classes of antibiotics administered in the three hospitals shows an apparent similar
pattern. This leads to the consideration that the three hospital effluents may contain
enough antibiotics to be able to exert selective pressure on bacteria species.

Regarding bacterial composition in the HWW, the dominant phyla detected were
Proteobacteria, Bacteroidetes, Firmicutes and Actinobacteria. Finally, after the
treatment (activated sludge process + chlorination) moderate removal efficiency of
the studied pollutants was demonstrated, with a 55–81% decrease in antibiotic
concentrations, 13 orders of magnitude lower than the abundance of ARGs, but
with a slight increase in Proteobacteria phyla, from 97.5 to 98.7%, and
Bacteroidetes phyla from 0.1 to 0.5%. It was also found that after the treatment,
abundance of Enterobacteriaceae increased from 1.1 to 10%.

A monitoring investigation carried out by Lerat-Hardy et al. [25] between 2013
and 2016 on the effluent of different wards of the 1,500-bed Pellegrin hospital in the
Bordeaux conurbation (France) which focused on rare-earth element concentrations
showed that their concentrations may vary among the departments and, for most of
them, the concentrations are much higher than in the surface water. As for gadolin-
ium (Gd, a paramagnetic contrast agent for medical imaging methods such as
magnetic resonance imaging), a maximum concentration of 98 μg/L was measured
in the effluent from the surgical departments, being almost four orders of magnitude
greater than the concentrations in the Garonne River. In addition, the study analysed
the trend of Gd fluxes over a 15-year period in Garonne River water and found a
continuous increment (from 413 ng/L in 2003 to 820 ng/L in 2017) which is
probably related to the growing regional population and the increased number of
MRI scanners. Other rare-earth elements Ce, Gd, Tb, Er and Tm were detected at
relevant concentrations in the hospital effluent. These results lead to the consider-
ation that, as hospitals contribute significantly to the emission of these elements, in
particular Gd, further studies should be carried out on the chronic effects they have
on the aquatic organisms living in the receiving water bodies.

A complete characterisation of the effluent of the large Danish Herlev Hospital,
near Copenhagen (700 beds), is provided in the report by DHI [26]. This covered
40 PhCs, largely consumed in the healthcare facility, heavy metals, pathogens,
antibiotic-resistant bacteria and oestrogenicity (expressed as 17β-oestradiol
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equivalents, EEQ). The highest mean concentrations were found for iomeprol
(iodinated contrast medium) found at 2.9 mg/L, acetaminophen at 352 μg/L and
ciprofloxacin at 13 μg/L. As for heavy metals, zinc and copper occurred at the
highest concentrations, 100 and 110 μg/L, respectively, and lead and nickel at 4.0
and 4.8 μg/L, and as for estrogenic activity, it was found to be in the range
0.16–44 ng EEQ/L in the effluent. Regarding microorganisms, E. coli were in the
range 3.1�106 1.0�107 MPN/100 mL (on average 5.5� 106), enterococci in the range
6.8 � 106 1.5 � 107 MPN/100 mL (on average 9.5 � 106) and norovirus between
211 6.2 � 105 genome copies/L (on average 1.7 � 105).

Finally, cefotaxime-resistant E. coli were in the range 1.0 � 105 9.8 � 105

MPN/100 mL (on average 4.4 � 105 MPN/100 mL), ciprofloxacin-resistant entero-
cocci 4.6 � 105 1.5 � 107 MPN/100 mL (on average 7.1 � 105 MPN/100 mL) and
vancomycin-resistant enterococci 1.5 � 105 1.1 � 106 MPN/100 mL (on average
4.8 � 105 MPN/100 mL).

The hazard profile of the raw Herlev Hospital effluent was related to the com-
pounds reported in Table 1.

Lasek et al. [27] investigated the occurrence of biocides in the effluent of the large
(1,900 beds) hospital in Poitiers in France at different points and in the final outfall.
Large quantities of biocides are used daily in hospitals for hygiene purposes, to
disinfect surfaces and medical instruments and to clean linen (if a laundry is present
[1]), and also as antiseptics in healthcare procedures. They found that biocides are
continuously discharged into the hospital sewage network over the 24 h, with higher
quantities discharged during the day because of the greater number of healthcare and
facility cleaning activities taking place during this period. The monitored biocides
include chlorhexidine digluconate (CHD), bis(aminopropyl)laurylamine (BAPLA)
and didecyldimethylammonium chloride (DDAC); only the latter was found in
concentrations higher than its PNEC in the hospital sewage outfall. Due to the
continuous release, biomagnification phenomena are envisaged.

Table 1 Hazard profile of the raw effluent of Herlev Hospital, near Copenhagen, Denmark

Parameters Reasons

Ciprofloxacin, clarithromycin,
sulphamethoxazole, diclofenac,
capecitabine

Their concentration was 10–300 times higher than
the corresponding PNEC in fresh water for water
living organisms

Iomeprol High concentration (2.5–7 mg/L)

ARG
Cefotaxime-resistant E. coli
Ciprofloxacin-resistant E. coli
Vancomycin-resistant enterococci

High concentrations
1.0� 105 9.8� 105 (mean 4.4� 105) MPN/100 mL
4.6� 105 1.7� 107 (mean 7.1� 105) MPN/100 mL
1.5� 105 1.1� 106 (mean 4.8� 105) MPN/100 mL

Norovirus High concentrations genome copies/L
(211 6.2 � 105, mean 1.7 � 105)

Zebra fish 100% mortality within 96 h

Daphnia All test animals died

Estrogenic activity Oestrogen effects
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Finally, some research works discussed the possibility of predicting hospital
concentrations on the basis of the consumption of PhCs within the healthcare
structure [28–30]. Of these, Verlicchi [29] compared, measured and predicted
concentrations and loads in HWW with a focus on the strengths and weaknesses
of the two approaches and discussed the main factors responsible for inaccurate
predictions and uncertain measures on the basis of some case studies.

3 Investigations on Occurrence of Antibiotic-Resistant
Genes and Bacteria (ARG and ARB)

Monitoring campaigns confirm the presence of different antibiotics in HWW which
are generally directly discharged into the public sewer systems without any
pre-treatment or, in some countries, are even discharged directly into the surface
water body without treatment. Many pharmaceuticals, radionuclides and antimicro-
bial agents may contain heavy metals in their formula. The capability of a microor-
ganism to stay alive and replicate in a heavy metal polluted environment depends on
genetic/or physiological alteration. In particular, bacteria can promote resistance to
an antimicrobial agent, for instance, by the production of extracellular enzymes
which are able to eliminate antibiotic and metal toxicity. The interesting studies
carried out by [10, 31, 32] note that there “has been a significant hypothesis
regarding conceivable hereditary relationship among microbial resilience for these
heavy metals and multidrug resistance”. For instance, penicillins, carbapenems,
cephalosporins and monobactams are recognised synthetically as beta-lactam anti-
infection agents, and numerous microorganisms become resistant to these drugs by
producing different beta-lactamases that are fit to inactivate a few types of these anti-
infection agents.

The fact that antimicrobials exert a continuous selective pressure upon ARB is
worrying the scientific community. The World Health Organization has recently
included some ARB (including Acinetobacter baumannii, carbapenem-resistant;
Pseudomonas aeruginosa, carbapenem-resistant; Enterobacteriaceae, carbapenem-
resistant, third-generation cephalosporin-resistant with priority 1 and Enterococcus
faecium, vancomycin-resistant with priority 2) on the critically important priority list
of pathogens for which new antibiotics are necessary [33].

Antimicrobial selective pressure favours the intraspecies and interspecies hori-
zontal transfer of resistance genes [34]. Antibiotic resistance causes prolonged
illness, excess mortality and higher costs for patients and health systems. This is
why recently the United Nations General Assembly remarked that antibiotic resis-
tance is among the greatest global health risks, requiring urgent attention [35]. This
risk could be higher in low and middle developing countries where HWWs are not
properly managed and where they are often directly released into surface water
bodies which are then used for irrigation purposes, promoting the spread of ARB and
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ARG into the environment, but also for domestic uses, sometimes without any
treatment [36].

Samples taken from the effluent of the King George’s Medical University, in
Lucknow, India, and analysed by Alam et al. [31], showed an elevated number of
one and more antimicrobial tolerant coliform bacterial species. Selected isolates of
these bacteria were recorded to have variable plasmids which encoded with the metal
and drug resistance. The study concluded by remarking that the hospital aquatic
environment may act as a possible source of resistance transfer among the pathogens
as well as to humans. The finding of this investigation shows a potential medical
issue as the prevalent coliform species has progressively been related to the outbreak
of contamination at doctors’ facility. It is prescribed that healthcare effluent must be
treated before its discharge into the environment.

Faecal coliforms (FC), carbapenem-resistant Enterobacteriaceae (CRE) or
carbapenemase-producing Enterobacteriaceae (CPE) producing blaNDM-1 and
selected extended-spectrum β-lactam (ESBL)-resistant bacteria (blaCTX, blaOXA,
blaTEM) and genes (int1) were investigated in the effluent of 12 hospitals of different
sizes and in five sewer drains (with no hospital) across New Delhi, India, over two
seasons (winter and summer) [37]. A close association was found between faecal
bacterial concentrations in HWW and concentrations of CRE and ESBL-resistant
isolates and genes, which are released into the environment. Concentrations were
higher in winter than in summer, with blaMDN-1 abundance exhibiting the highest
differences (from three to nine orders of magnitude). Larger hospitals were found to
release significantly higher concentrations of FC, CRE and blaNDM-1 on a mass-per-
wastewater volume basis, confirming the findings by [10].

Finally, concentrations in HWW are higher than those found in the sewer network
not receiving HWW, and the greatest difference refers to blaNDM-1: almost nine
orders of magnitude.

The literature survey by [32] reports that major multidrug-resistant bacteria
(MDRB) recovered in hospital effluents are extended-spectrum β-lactamase
(ESBL)-producing Escherichia coli, vancomycin-resistant enterococci (VRE) and
Pseudomonas aeruginosa. Moreover, they highlighted that conventional WWTPs
are able to reduce the concentrations of E. coli but the proportion of ESBL-
producing E. coli among E. coli increases significantly with treatment (0.30% in
the inflow versus 0.61% in the outflow).

Attention should also be posed to the municipal treated sludge, often used as a
fertiliser: it was found that a gram of the anaerobically digested sludge at the
municipal WWTP in Besançon (France) contained on average 2.6 � 105 ESBL-
producing E. coli [38].

The efficacy of wastewater treatment in reducing the content of multidrug-
resistant bacteria is under discussion: some studies reported that the total load of
enterococci decreases during wastewater treatment without a substantial change in
species distribution, E. faecium being predominant [39]. Others found that there is an
increment in the proportion of E. faecalis and E. faecium resistant to fluoroquinolone
[40]. By contrast, the study carried out by Magiorakos et al. [41] reported that
wastewater treatment efficiently reduced the concentration of VRE.
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Lien et al. [36] compared the antibiotic resistance of raw and treated effluents
from a rural and an urban hospital in the area of Hanoi in Vietnam. They analysed the
prevalence of resistance to at least one of the selected antibiotics (amoxicillin/
clavulanic acid, ceftazidime, ceftriaxone, ciprofloxacin, co-trimoxazole (trimetho-
prim/sulphamethoxazole), fosfomycin, gentamicin and imipenem), to each studied
antibiotic, and multidrug resistance (MDR) in E. coli isolates. The bacterial isolates
that resulted as non-susceptible to at least one agent in three or more antibiotic
categories (MDR � 3) were considered multidrug-resistant, according to [42]. The
collected results, summarised in Table 2, showed that in both HWWs (raw and
treated), the highest prevalence of antibiotic resistance was for co-trimoxazole and
the prevalence to at least one antibiotic was higher in percentage for rural HWW
(raw as well as treated). MDR was found again in most cases for rural HWW.

Prevalence of resistance to the studied antibiotics in E. coli isolates from treated
HWW was less common than raw HWW, with the only exception of ciprofloxacin
and fosfomycin in the rural hospital, for which enrichment of resistant E. coli isolates
after wastewater treatment was found. As for ARGs in the collected samples (ESBL-
producing and ciprofloxacin-resistant E. coli strains), it was found that in the rural
hospital, 76 E. coli isolates were ESBL-producing (48%) and, in particular, blaTEM
was detected in 97% of isolates and blaCTX-M in 76%. Both blaCTX-M and blaTEM
were detected in 75% of isolates. Quinolone-resistant gene (qepA) was detected in
72% of ciprofloxacin-resistant isolates. All three genes (qepA, blaCTX-M and blaTEM)
were detected in 51% of ciprofloxacin-resistant isolates. In the urban hospital,
39 E. coli isolates were ESBL-producing (36%), and, in particular, blaTEM was
detected in 95% of isolates and blaCTX-M in 41%. Both blaCTX-M and blaTEM were
detected in 41% of isolates. Quinolone-resistant gene (qepA) was detected in 86% of
ciprofloxacin-resistant isolates. All three genes (qepA, blaCTX-M and blaTEM) were
detected in 36% of ciprofloxacin-resistant isolates. These results demonstrate the

Table 2 Main results of the analysis of prevalence of antibiotic resistance in rural and urban raw
and treated HWW [36] and of ARGs

Antibiotics
Raw rural
HWW

Treated
rural HWW

Raw urban
HWW (%)

Treated
urban
HWW (%)

Overall,
both
hospitals

E. coli isolates (#) 84 74 60 47 265

Antibiotic with the
highest prevalence of
antibiotic resistance

Co-
trimoxazole

Co-
trimoxazole

Co-
trimoxazole

Co-
trimoxazole

Co-
trimoxazole

Prevalence to at least
1 antibiotic (%)

94 74 88 68

MDR (%) 44 26 32 21 32

ESBL-producing
E. coli (#)

45 31 27 12 115

Ciprofloxacin-resistant
E. coli (#)

21 26 14 8 69
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need to better investigate the presence of ARB and ARG in the treated effluent of the
hospital and their occurrence in the receiving environment.

A recent investigation carried out in Sichuan province in China [43] highlighted
the prevalence of ESBL- and carbapenem-resistant Enterobacteriaceae and
non-Enterobacteriaceae species (such as Acinetobacter and Aeromonas) in hospital
sewage systems and in the receiving waters and concluded that hospital WWTP
effluent could be an important source of ARB propagation into the environment. The
study suggested that efficient disinfection techniques are expected to improve the
elimination of ARB during wastewater treatment, and closer monitoring of the
quality of treated effluents is needed to minimise the dissemination of antimicrobial
resistance into the receiving environment.

In Singapore the presence of densely urbanised areas in close proximity to
ambient water sources might facilitate the spread of antibiotic resistance. In order
to shed light on this issue, Haller et al. [44] analysed the prevalence of carbapenem-
resistant bacteria (CRB) and ESBL-producing strains in the effluent of two hospitals:
H1 (1,597 beds) and H2 (1,500 beds). They then characterised the isolated strains
and identified which strains are responsible for the resistance. They sampled two
blocks in H1, block H1a (corresponding to an isolation ward and clinical specialty
wards) and block H1b (corresponding to general wards), whereas in H2, they
analysed the mixed water of the whole healthcare structure.

The results showed the relatively high prevalence of Enterobacteriaceae as
well as non-Enterobacteriaceae species (such as Pseudomonas aeruginosa,
Acinetobacter spp. and Aeromonas hydrophila) resistant to modern extended-
spectrum cephalosporins and carbapenems in the sampled hospital effluents. More-
over, it emerged that among the isolates resistant to these antibiotics, a high
proportion of ESBL and carbapenemase producers were detected in all the hospital
effluents and most of these strains exhibited a multidrug resistance phenotype.
Non-disinfected hospital effluents carry significant quantities of antibiotic-resistant
bacteria to municipal sewage. These findings lead to the identification of strategies
able to control and limit the spread of antimicrobial resistance from hospital effluent
and thus to the adequate treatment of this major source of antibiotic-resistant
bacteria.

With regard to recent European investigations, there are interesting results within
the SIPIBEL project at the pilot site of Bellecombe in France. In this site, in
Scientrier, Haute-Savoie, France, the existing treatment plant receives and separately
treats hospital effluent (146 m3/day on average from a 450-bed hospital) and urban
wastewater (5,355 m3/day from a catchment area of 21,000 inhabitants) in two lines
adopting the same conventional treatments (activated sludge processes). This con-
figuration offers the possibility to carry on investigations regarding raw and treated
HWW and urban wastewater characteristics, removal efficiencies in the two treat-
ment trains and the environmental impact of the residual pollutant load in the two
streams. In this context, Laquaz et al. [45] found that the relative abundance of the
class 1 integrons was much higher in HWW than in the urban sample, from 0.5 to
4 in HWW and from 0.1 to 0.3 in UWW. The mixture of HWW and urban
wastewater in the proportion of 1/3–2/3 did not show to have a synergetic or
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antagonist ecotoxic phenomena, nor does it promote the spread of antibiotic
resistance.

In Portugal, Vaz-Moreira et al. [46] analysed the antibiotic resistance prevalence
in the effluent of a large hospital (1,120 beds) and in raw and treated wastewater
generated in the surrounding catchment area. They found that the prevalence of
resistance to at least one antibiotic of three or more distinct classes (MDR � 3)
ranged from 91.7 to 72.4%, with the highest value being for hospital effluent
followed by raw wastewater and then treated wastewater. Moreover, the resistance
to antibiotics belonging to six or more different classes (MDR� 6) was significantly
higher in hospital effluent than in municipal wastewater.

As for the detection of carbapenemase-producing bacteria and ARGs conferring
resistance to carbapenems, monitoring campaigns involved non-clinical environ-
ments including WWTP effluent. Among them, in Ireland, Cahill et al. [47] inves-
tigated the occurrence of CPEs in the effluent of a 693-bed hospital as well as in
municipal sewer system before and after the emission of the hospital effluent. They
were present in all the HWW samples. They found that hospital effluent represents
the major source of CPEs in municipal wastewater and remarked that the need for the
monitoring of hospital wastewater for CPEs could have important applications in the
detection and risk management of unrecognised dissemination of CPEs in both the
healthcare network and the environment. Moreover, according to a recent study by
EPA [48], there is evidence that there should be regulations with regard to the release
of hospital effluent into the municipal waste system in order to prevent the encour-
agement of antimicrobial resistance dissemination. In Belgium, Proia et al. [49]
investigated the prevalence and spread of carbapenemase genes (CGs: blaKPC,
blaNDM and blaOXA-48) from its source in hospital wastewater to the river water
after passing through the two WWTPs and made a distinction between particle-
attached bacteria and free-living bacteria as bacteria lifestyle (attached to a particle or
free in the river water) influences the behaviour in the environment. They found that
the absolute abundances were the highest in HWW and they can be significantly
reduced in WWTP effluents, but the relative abundances (normalised per 16S rRNA)
were never lowered through wastewater treatment. Particularly, for the particle-
attached bacteria, the relative abundances were significantly higher in the effluents
with respect to the WWTP influent for all the genes. They concluded that the levels
of carbapenemase genes are significantly lower than other genes conferring resis-
tance to more widely used antibiotics, but they could rise to the levels of high
prevalent resistance genes.
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4 Investigations on Hospital Effluent Management
and Treatments

Over these last 5 years, treatments of hospital effluent have been investigated in
many countries, by different research groups, testing consolidated and modified
technologies as well as new systems. What appears is that research has also been
carried out in countries for which scarce information had been available on this
matter. This is the case for Columbia [13], Iran [50] and Thailand [51] among the
collection discussed herein. The investigations referred to the whole hospital efflu-
ent, the effluent from specific wards/departments inside the hospital or effluent from
specific healthcare structures, such as nursing homes specialised in psychiatric
diseases [52], as well as service units, for instance, laundry [53]. Technologies
were tested with regard to different key compounds: from macropollutants to
micropollutants and pathogens, from antibiotics to ARB and ARG.

Vo et al. [51] investigated the removal of acetaminophen from hospital effluent
by a pilot vertical flow constructed wetland in Pathum Thani, Thailand. This
compound was investigated as it frequently emerges in hospital effluent and its
consumption is very high all over the world. The peculiarity of their study is the
attempt to find a correlation between acetaminophen and peroxidase enzymes which
seem to have an important role in the removal of (micro)contaminants, acting as
catalysts for their degradation reactions. It was in fact found that these enzymes are
produced within the plant species in the case of (micro)contaminants accumulating
in their body and then causing stress and altering their biochemical system. In these
circumstances, the plants induce the generation of reactive oxygen species, such as
H2O2. But in the case of an overproduction of these species, the macromolecules,
including nucleic acids, proteins and lipids, may be damaged. For these reasons, the
plants trigger the antioxidant systems with the production of different peroxidase
enzymes which are catalysts in the oxidation reactions between H2O2 and organic
contaminants, thus reducing the stress of the plants. In their investigation, the
hospital effluent fed to the constructed wetland (vegetated with Scirpus validus,
size, 1.5� 0.6 � 0.6; retention time, 5 days; flow rate, 7,585 L/day) was doped with
a stock solution of acetaminophen up to 10 mg/L. On the basis of the 65-day
investigation, it emerges that the peroxidase enzymes of S. validus planted in CW
were feasible for monitoring acetaminophen. Further studies should evaluate if a
correlation can be suggested for other micropollutants as this promising result could
help reduce the costs for monitoring many micropollutants.

Other researchers [54] in South Ethiopia analysed the capacity of a subsurface
flow bed filled with broken bricks in removing macropollutants (BOD, COD,
nitrogen compounds and phosphorus) from a HWW. The bed was filled with broken
bricks and fed with the effluent of Hawassa University Referral Hospital. The results
showed that broken brick provides better removal of TKN, ammonia, nitrate and
phosphate from wastewater than gravel and also provides better adsorption sites for
ammonium, nitrate and phosphate. The results confirmed the possibility of using
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local materials (bricks) for filling the beds of constructed wetlands and to remove
macropollutants from hospital effluent.

Apart from a few cases dealing with nature-based solutions for the treatment of
HWW, most of the investigations referred to membrane technology: membrane
bioreactor (MBR) coupled with other technologies acting as a polishing step;
modified MBR, or MBR integrated with added materials; and pre-treatments to an
MBR to improve the removal of target compounds. The main results are presented
here and discussed.

Interesting results were achieved by the Spanish group of research [55] who
tested the SeMPAC® process with HWW. SeMPAC® is a new hybrid system they
developed (patents ES 2362298 B2, EP 2960214 A1) in 2012 and licensed to the
Suez Group for the treatment of effluent containing recalcitrant compounds. It
consists of a sequential batch reactor (SBR) followed by an external submerged
microfiltration membrane compartment in which powdered activated carbon (PAC)
is added to promote the removal of more persistent substances. The pilot plant used
in the investigation included a homogenisation tank (to guarantee the homogenisa-
tion of the wastewater hydraulic and pollutant loads), an SBR (operating at 6 g
VSS/L, HRT 16 h), a stand-by tank (to guarantee the continuous feed to the
membrane compartment) and the chamber with the membrane module (pore size
0.2 μm, total surface 6.4 m2, 7 min of permeation and 1 min of relaxation). Five PhCs
were selected to investigate: ibuprofen, EE2, diclofenac, carbamazepine and
trimethoprim.

The study lasted 150 days with the first 56 days with no PAC addition and the
remaining 94 days with PAC (dosed at 1 g/L). Once added, the PAC particles
integrated into the sludge flocks, strengthening their structure and increasing sludge
settleability and filterability. In addition, they favour the development of a biofilm on
the particle surface, and an enhancement of the microbial diversity was also found.
At the same time, filamentous bacteria reduced.

An analysis of the biomass in the bioreactor with PAC revealed the presence of
different species, including slowly growing species, such as worms and tardigrades,
amoebae (related to nitrification), the protozoa Carchesium polypinum (indicators of
high-quality effluent) and rotifers (able to improve flock growth because they can
consume free cells, as well as small flocks).

As for the observed removal efficiencies for selected PhCs, the main results are
summarised in Table 3. It emerges that without PAC addition, the readily

Table 3 Main results collected by SeMPAC© technology

Compound SBR SBR + MF
SBR + MF/PAC (5 days
after PAC addition)

SBR + MF/PAC (28 days
after PAC addition)

Ibuprofen >95% >95% >95% >95%

Diclofenac  45% 75% >90% 87%

Carbamazepine <0 <0 >90% 24%

Trimethoprim <0 <0 >90% 75%

EE2 >95% >95% >90% >90%
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biodegradable compound (ibuprofen) is efficiently removed in the biological reactor
(SBR) and the following step of microfiltration does not significantly increase its
removal (always >95%). For EE2, the removal was 80% in the SBR followed by an
additional 15% in the membrane chamber; diclofenac achieved an important
removal efficiency in the whole process (around 70%). These overall removal values
are not generally observed in biological processes [56]. As for persistent compounds
(carbamazepine and trimethoprim), no removal was found in these conditions. The
presence of PAC enhances their removal: 5 days after PAC addition, high removals
were observed for all the key compounds, but after 28 days, a rapid decrement was
observed for carbamazepine (down to 24%) and trimethoprim (75%) and a slight
worsening for diclofenac (87%). These values suggest that PAC was saturated of the
different compounds after different time intervals and further sorbent should be
added to maintain and guarantee the high removal observed with fresh PAC.
Based on these tests, PAC should be added every 20 days in order to guarantee a
removal of 50% at least for all the selected compounds.

Finally, the study remarked that the main operational conditions might be
optimised on the basis of the behaviour of the different key compounds: (1) the
recalcitrant carbamazepine defines PAC dosage; (2) the easily degradable ibuprofen
sets duration of the aerobic cycle in the SBR; and (3) the denitrification efficiency
defines the correct time length of the anoxic period.

Lima et al. [57] investigated the efficiency of a particular activated carbon in
removing a target pharmaceutical (acetaminophen) from synthetic water, simulating
hospital wastewater containing different pharmaceuticals (acetaminophen, enalapril,
nicotinamide, diclofenac and metformin) and organic and inorganic salts. The tested
activated carbon was obtained from the residual biomass of Brazil nut shells,
chemically activated with ZnCl2. The lab tests evaluated the sorption capacity with
feeding containing up to 80 mg/L of acetaminophen and 30 mg/L of the other PhCs.
It was found that the chemical activation with ZnCl2 leads to activated carbons with
better textural characteristics and much higher sorption capacities with regard to the
target compound if compared to commercial and commonly used activated carbons.

In addition, it was also found that the proposed adsorbent can be regenerated up to
74% with a mixture of NaOH 0.1 M + 20% EtOH solution and reused up to four
cycles.

In China, the most adopted treatment train for hospital effluent includes an MBR
followed by a chemical disinfection. This sequence complies with the Chinese
standards for the release of the hospital treated effluent in surface water bodies.
Investigations are still ongoing to optimise the operational conditions with regard to
the characteristics of local hospital effluent. Recently, great efforts have been made
to find technologies able to better control the dissemination of resistant bacteria,
including extended-spectrum β-lactamase-and carbapenemase-producing bacteria,
from hospital sewage into the environment [43].

Combining treatments including MBR and a further filtration step (nanofiltration
(NF), or reverse osmosis (RO)) is becoming a strategy of increasing concern. In this
context, at Purpan Hospital in Toulouse (France). Lan et al. [58] studied the
combination MBR + NF and identified the key characteristics of the MBR effluent
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which control fouling and flux decline. They also analysed the relationship between
the content of salt (calcium and phosphate) in the permeate with the stabilised fluxes
in the following NF step. In their 145-day experimental campaign, the lab scale
MBR (500 mL), fed by raw hospital effluent, was equipped with immersed hollow
fibre membranes (polysulfone 0.2 μm, surface of 7 m2) and operated with an SRT of
40 days and an HRT of 24 h. The permeate was sent to a 10-L feeding tank which
supplied the cross-flow nanofiltration unit where the flat feet membrane (NE 70
polyamide composite 1.4 � 10�2 m2) was installed.

Filtrations were conducted at constant transmembrane pressures (535 bar) with a
0.3 m/s cross-flow velocity. Two types of fouling were observed depending on the
pH range: silica and colloidal organic fouling when pH was in the range 6.05–6.8
and a combination of silica and colloidal organic fouling and calcium phosphate
scaling when pH was between 7.20 and 8.27. The measured stable fluxes varied
between 60 and 10 L/m2 h depending on the type of compounds (calcium and
phosphate) fouling the membrane and their distribution on the surface. Extremely
low values appeared when calcium and phosphate scaling evenly occupied the entire
membrane surface; greater stable fluxes (120–80 L/m2 h) were obtained when only
silica and organic fouling occurred. A correlation was found between the NF stable
flux values for filtration of various MBR effluents on the basis of calcium and
phosphate concentrations after judgement of the pH of the effluents.

At the Military Hospital in Ho Chi Minh (Vietnam), Tran et al. [59] investigated a
similar combination. A pilot plant (MBR + NF) was in fact installed to treat the
effluent (50 L/day) from the operating rooms of the healthcare facility. MBR
characteristics: were: concentration of the mixed liquor volatile suspended solids
(MLVSS) between 3.5 and 4.5 kg/m3, hollow fibre microfiltration membrane
equipped in the reactor, throughput of 12–18 L/m2 h; pore size 0.1 mm, operating
pressure� 40 kPa, SRT of 40 days; as for NF modules: pore size equal to 1 nm, flux
of 6–8 L/h. The system operated at three applied organic loading rates (OLR) of 0.5,
1.5 and 2.5 kgCOD/m3 day. The excellent removal efficiencies observed for com-
mon organic pollutants (around 9,195% for COD), nutrients (9,098%for phospho-
rus, 9,598% for total iron) and microorganisms (4 log units for E. coli and 6 l.u. for
coliforms) led the authors to think that the tested combination is a promising solution
for the control of macropollutant release in the environment from hospital effluent.
Nanofiltration was preferred to reverse osmosis due to the lower investment and
operational costs, its capacity to retain high-valence ions while allowing monovalent
ions to pass, the lower pressure required and the lower pressure requested and due to
the fact that NF allows backwashing, which could significantly reduce the frequency
of membrane fouling.

The combination MBR + ozonation (O3) + granular activated carbon (GAC)
filtration + UV irradiation was considered the best of the available technologies
according to the results from theDanish project on hospital effluent treatment carried
out between 2012 and 2015, which led to the construction of the full-scale treatment
plant at Herlev Hospital (700 beds, 150 m3/day). As stated in the report by DHI [26],
the polishing sequence (O3 + GAC + UV) was preferred to the GAC + O3 + UV
sequence, which was tested in parallel at the WWTP under construction, as it
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allowed greater removal of the key compounds from the permeate and lower
operational and maintenance costs. With the adopted sequence, more than 99% of
iodinated contract media – the most recalcitrant compounds, such as iomeprol,
iohexol and iopamidol, which are largely administered at the Danish hospital –
were also removed. After the treatment, oestrogenic activity in the range 0.16–44 ng
EEQ/L in the influent samples was significantly reduced to <0.076–1.1 ng
EEQ/L. As for heavy metals, their concentrations in the polished effluent were
found below the environmental quality standards (EQS) for inland surface water.
Disinfection was efficiently guaranteed by the MBR and ozonation steps. The
ozonated effluent did not contain E. coli and coliforms at 37�C, but only culturable
bacteria at 22 and 37�C, which were therefore assumed to be related to regrowth of
bacteria in the polishing lines after membrane filtration. The UV reactor worked with
a UV dose of 6–10 mJ/cm2, which is lower than the common dose adopted in water
works (around 40 mJ/cm2). It was found that an applied dose of 6–10 mJ/cm2 was
sufficient to remove culturable bacteria at 22 and 37�C.

Paulus et al. [60] demonstrated that the O3 + GAC + UV sequence provides an
effective barrier effect against ARG contained in the HWW. They investigated the
removal of ARG from hospital effluent pre-treated in an MBR by means of the
patented Pharmafilter system technology (reproducing the same treatment technol-
ogies adopted for the full-scale WWTP receiving the effluent of Herlev Hospital in
Denmark). They found the treatment reduced the ARG from 13 to 4 and the number
of quantified antibiotics from 17 to 7. They agreed with the consideration that on-site
treatment of a high-risk source of effluent was proved to be advantageous with
regard to antibiotic as well as ARG reduction. Thus, legislative guidelines and
suggested best practices should move in the direction of implementing on-site
wastewater treatment.

The good performance reported by Ngo et al. [61] regarding the application of
sponge media with high porosity (polyester-urethane sponge) within the aerobic
compartment of an MBR (SMBR) in order to improve macropollutant removal and
reduce membrane fouling resulted in testing the performance of this modified MBR
with regard to micropollutants. In this context, the removal of antibiotics from the
effluent of Trung Vuong Hospital (Vietnam) was investigated by Nguyen et al.
[62]. They compared the performance of lab-scale MBRs (two reactors of 8 L,
operating with a concentration of biomass of around 5,000 mg/L, with a ratio
between volatile and total suspended solids (MLVSS/MLSS) equal to 0.79 and a
sludge retention time of 20 days) equipped with hollow fibre (HF) and flat sheet
(FS) membranes with the same pore size (0.4 μm) and surface area (0.1 m2),
operating at different high fluxes (10, 15 and 20 L/m2 h). The analysed antibiotics
and the range of concentrations in the raw HWW fed to the systems were norfloxacin
(6.305–43.610 μg/L), ofloxacin (7.634–40.261 μg/L), ciprofloxacin
(1.926–23.841 μg/L), sulphamethoxazole (0.378–2.078 μg/L), erythromycin
(0.135–2.407 μg/L), tetracycline (0.036–1.612) μg/L and trimethoprim
(0.676–2.911 μg/L). The results are reported in Table 4 in terms of ranges of
concentration in the permeate from the two SMBRs and ranges of removal efficien-
cies observed in the two small reactors.
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The slightly higher removal efficiency observed in flat sheet SMBR seems to be
due to the higher concentration of MLVSS within the MBR equipped with FS
membranes (4,546 � 777 mg/L) compared to HF-SMBR (3,794 � 1,243 mg/L).
As for erythromycin, a higher removal was achieved with the flat sheet membranes,
probably due to the better adsorption of erythromycin on the biomass and/or on the
flat sheets as the operating conditions were the same in both reactors.
Sulphamethoxazole was the only antibiotic which was not removed in these systems,
and its concentration in the permeate increased mainly with the highest values of flux
(15 and 20 L/m2 h) due to back conversion of N4-acetylsulphamethazole to
sulphamethoxazole during degradation [63].

The hybrid and modified MBR, consisting of the sponge MBR-HF proposed by
Nguyen et al. [62] coupled with an ozonation step, was investigated by Vo et al. [64]
in order to enhance the removal of the most recalcitrant antibiotics from the effluent
of the hospital in Ho Chi Minh (Vietnam). The sponge MBR was operating at the
same conditions as the previous investigators, and it was fed by real hospital effluent
where the concentrations of the monitored antibiotics were those reported in Table 5.
The chemical and physical properties of the investigated compounds influence the
total removal that was achieved and is reported in the second-to-last column of
Table 5. In general, an increment after ozonation was observed, and this can be
attributed to the presence of ozone and hydroxyl radicals that are able to oxide
double-bond carbons, activated aromatic groups and non-protonated amines [65]. A
clear example is given by ciprofloxacin, which shows a higher ozone affinity due to a
higher electron density at functional groups in the molecular structure.

Zotesso et al. [52] in Germany analysed the efficiency of ozonation on the effluent
of a nursing home (271 beds, specialised in psychiatric diseases) that was pre-treated
in an UF-MBR (UF membrane pore size, 0.04 μm, 10 m2 area). The interesting study
also analysed the effect of ozonation on the dissolved organic carbon (DOC, around
9 mg/L in the influent) and bromide (Br� and BrO3

� were always below the limit of
quantification of 0.1 mg/L) and the production of toxic substances (including
transformation products). Selected micropollutants included analgesics (including
ibuprofen, diclofenac and tramadol), psychiatric drugs (carbamazepine, bupropion),
antidiabetics (metformin), antihypertensives (valsartan), beta-blockers (atenolol,
metoprolol) and antibiotics (sulphamethoxazole). They tested different dosages of

Table 4 Ranges of concentrations in the permeate and removal efficiencies achieved in SMBR
equipped with HF and FS membranes and operating with a flux in the range of 10–20 L/m2 h [62]

Antibiotic
SMBR-FS
permeate (μg/L)

SMBR-HF
permeate (μg/L)

SMBR-FS
removal (%)

SMBR-HF
removal (%)

Norfloxacin 0.07–0.10 0.08–0.09 93–99 62–86

Ofloxacin 0.2–2.1 0.22–6.73 73–93 68–93

Ciprofloxacin 0.75–8.52 0.69–8.12 76–93 54–70

Trimethoprim 0.049–0.494 0.058–0.809 60–97 47–93

Tetracycline 0.0001–0.106 Not detected

Erythromycin 0.085–0.647 0.137–1.274 67–78 22–48
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ozone (2.5, 5, 10 and 15 mg O3/L) and two HRTs (12.8 and 25 min). The results
obtained showed that the removal was >90% for 12 out of 18 key compounds by
applying 5 mg O3/L and operating with HRT equal to 12.8 min. This dosage
corresponds to a specific ozone consumption of 0.6 g O3/(g DOC). As for DOC,
only a slight (a few percentages) removal was found during the ozonation step. This
fact confirmed the assumption by Bourgin et al. [66] that substances
(micropollutants) are not completely mineralised after the ozonation step, but are
turned into transformation products which need to be better investigated in terms of
occurrence and toxicity, and a further treatment might be suggested. The study
concluded that optimisation of the design of the ozonation stage might lead to a
lower ozone dosage and lower specific ozone consumption, thus lower operational
costs. Moreover, they highlighted that transformation products are expected to be
generated as a low removal of organic content in the ozonation plant was found.
These undesired compounds might require a further post-treatment. This issue was
not considered and should be the subject of further research.

The pilot 100-L moving bed biofilm reactor (MBBR) investigated by Shokoohi
et al. [67] fed with the effluent from Beasat Hospital in the town of Hamadan, Iran,
showed a good removal of LAS (linear alkylbenzene sulfonic acid) anionic deter-
gent. A removal of 92.3% of LAS was found with a filling rate (Kaldnes carriers) at
70% of the volume, biomass concentrations of 3,000 mg/L and HRT of 24 h.

In Denmark, interesting results were achieved by Tang et al. [68] who tested the
removal of a selection of 22 PhCs at lab and pilot scale in the effluent of Aarhus
University Hospital at Skejby, by means of the following two combinations: MBBR
+ozonation and MBBR+ozonation+MBBR. In the MBBR, AnoxKaldnes™ K5
carriers (AnoxKaldnes, Lund, Sweden) were used with a filling ratio of 50%. The
ozonation step was tested in order to reduce the concentrations of PhCs and toxicity
and the second MBBR in order to remove biodegradable organic matter and toxicity
generated from ozonation by-products. The ozone dosage able to guarantee 90% of
the removal (DDO3) of key compounds was normalised to the dissolved organic
carbon (DOC) concentrations (Z90 ¼ DDO3/DOC). Propranolol, tramadol and
trimethoprim had the lowest Z90, between 0.72 and 0.88 (mg O3/mg DOC), indicat-
ing that they are easily degraded by ozone. From the other side, iopromide had the
highest Z90, indicating that it reacted the slowest with ozone. They also found that
ozone can reduce any toxicity by half (with regard to Vibrio fischeri) of MBBR
effluent, and a subsequent polishing MBBR after ozonation can further reduce any
residual toxicity in ozonated effluent.

In the large hospital of Valencia, Spain (1,000 beds, 6 oncology outpatient wards
for adults and 2 for children), Ferre-Aracil et al. [69] evaluated and compared the
efficacy of ozonation and ozonation combined with hydrogen peroxide as a pre-
treatment for the hospital effluent before mixing it with the municipal wastewaters
and thus avoiding the dilution of pharmaceuticals arriving at the WWTPs. Analyses
of composite samples of the hospital effluent (taken every 4 h from 8 a.m. to 8 p.m.
for 5 consecutive days) were processed to determine some cytostatics administered
in the structure. Out of the 17 compounds investigated, only four were detected:
irinotecan hydrochloride trihydrate, ifosfamide, cyclophosphamide and
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capecitabine. Their measured concentrations decreased over the week with the
highest values being on the Monday and the only exception of ifosfamide. This
trend is correlated with the days on which chemotherapy treatment is administered.
These treatments are usually applied on the day on which the experimental campaign
started, and most patients returned to their homes, although some remain at the
hospital and, consequently, the concentration diminishes as the week went by. The
highest concentrations were found equal to 273 ng/L (irinotecan), 1,187 ng/L
(cyclophosphamide) and 1,139 ng/L (capecitabine). They found in the tested oper-
ational conditions (under O3 or O3/H2O2) that cyclophosphamide was the most
recalcitrant: it was still present when all the other 16 investigated cytostatics were
completely removed. The results show that the removal efficiency was around 97%
for cyclophosphamide and higher for the other cytostatics in relatively short reaction
times (10 min) and for ozone gas concentrations in the order of 43.9 g/m3. Moreover,
they found that there was no apparent effect of hydrogen peroxide on ozone gas
consumption.

Research has been carried out on the treatment of HWW with fungi which has
highlighted promising results in the removal of specific compounds as reported in
[3]. In this context Mir-Tutusaus et al. [70] evaluated the ability of Trametes
versicolor in removing a wide spectrum of pharmaceuticals (PhCs) from real
HWW as well as toxicity due to their residues occurring in the effluent. Samples
taken from Sant Joan de Deu Hospital effluent (Barcelona, Spain) were first
subjected to coagulation (by adding 95 mg/L or 190 mg/L of coagulant with 2 min
of coagulation at 200 rpm), flocculation (by adding 10 mg/L and 20 mg/L of
flocculant, respectively 15 min of flocculation at 20 rpm) and then settling
(30 min). The pre-treated effluents were then subjected to biological treatment in
the presence and absence of T. versicolor. They found that out of the 81 selected
PhCs, 46 were detected in HWW. Trametes versicolor treatment consistently
removed most of the detected PhCs, including the most recalcitrant ones (above
all carbamazepine). In addition, the treated effluent did not exhibit any toxicity, and
therefore the fungal treatment might have removed potential toxic metabolites.

Jaén-Gil et al. [71] instead investigated degradation, transformation and sorption
of the β-blocker metoprolol MTP, and its recalcitrant metabolite metoprolol acid
(MTPA), during a treatment based on the fungi Ganoderma lucidum – a batch
aerobic fluidised bed reactor, fed with real HWW. They found a 33% removal of
MTP and 64% of MTPA and a slight increase in toxicity, probably due to the
presence of other contaminants in the HWW.

For the first time, Badia-Fabregat et al. [72] characterised veterinary hospital
effluent. They found that it is quite similar to urban effluent in terms of
macropollutants, whereas it presents inter-day variability for PhCs, with peaks of
high concentrations for some antibiotics (metronidazole, cefalexin and ciprofloxa-
cin), analgesics and anti-inflammatories (mainly salicylic acid). On the whole,
antibiotics, analgesics and anti-inflammatories presented the highest concentrations.
In general, the overall concentration levels of PhCs in veterinary hospital effluent
were lower than those reported for hospital wastewaters [1, 73] probably due to the
higher use of water (and therefore dilution of wastewater) for cleaning the veterinary
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facilities and the fact that urine from large animals (e.g. horses) was collected with
straw and disposed separately. They concluded that the concentrations of pharma-
ceuticals are between those found in urban wastewater and hospital wastewater and
thus some dedicated treatment at the source might be recommended. They investi-
gated the efficacy of a fungal treatment with Trametes versicolor, which has already
been tested for the treatment of hospital wastewater with promising results
[71, 74]. They first investigated the removal of a wide spectrum of PhCs in
veterinary effluent in batch mode in non-sterile conditions and at the same time
analysed the evolution of the bacterial and fungal population. They found a removal
of 66% for many PhCs and identified some microbial interactions which encouraged
them to investigate the treatment of the same effluent in continuous mode. The
corresponding removal efficiency was around 44%.

With the aim to better focus on the strategy to improve the removal of antibiotics
and ARGs from veterinary hospital effluent, Lucas et al. [75] analysed the removal
of 47 antibiotics belonging to 7 different groups (β-lactams, fluoroquinolones,
macrolides, metronidazoles, sulphonamides, tetracyclines and trimethoprim) and a
selection of ARGs blaTEM, blaSHV, ermB, qnrS, sulI, tetW and 16S rRNA. The
observed removal was 77% of antibiotics after the fungal treatment, which is higher
than the removal obtained in conventional treatment plants. As for the removal of
ARGs, they found that the fungal treatment resulted in a good removal of the sulI and
blaTEM genes (removal rates of 56% and 100%, respectively), as compared with data
obtained from a conventional WWTP, in which the removal rates were negative,
156 and 58% [76]. The qnrS gene showed a negative removal rate equal to 163%
(in conventional WWTP its removal was even worse and was equal to 302%, [76]).
As for ermB and tetW genes, fungal treatment showed a complete removal for both
species. Very good results were obtained in conventional WWTPs which exhibited
slightly lower values (82% and 97% for the two ARGs, [76]). They concluded that
fungal treatment may represent an alternative solution to conventional WWTP as it
showed a good removal of certain compounds such as ciprofloxacin, enrofloxacin,
marbofloxacin and ampicillin, which are recalcitrant in conventional WWTPs. They
also remarked that not only the occurrence of antibiotic compounds may influence
the fate of antibiotic resistance but also other factors, including operational param-
eters of bioreactors, the wastewater-associated bacterial communities and their
interaction with fungi.

Badia-Fabregat et al. [77] reported that many indigenous fungi rather than
bacteria can successfully compete with the inoculated fungi and that wastewater
origin and operational conditions have a stronger impact on the diversity of micro-
bial communities developed in the bioreactors than the inoculation or not with
T. versicolor.

As already reported, in some countries, HWWs are directly discharged into the
receiving water, without specific treatments. This practice is followed by the hospital
of Tumaco (Nariño), as well as from the city of Florencia (Caquetá), in Colombia,
whose effluents are directly released in two rich biodiversity regions (the Pacific and
Amazonian regions) [13]. The authors well know that the direct release of untreated
hospital effluent into the sea may pose serious risk to aquatic life and underline the

New Insights into the Occurrence of Micropollutants and the Management and. . . 79



need to adopt adequate treatments to reduce such risk. With this aim, they investi-
gated the efficacy in removing different pharmaceuticals from a real HWW by a
combination of biological and sonochemical treatments (first sonochemical then
sono-photo-Fenton). Fifteen pharmaceuticals (the analgesics acetaminophen and
diclofenac; the psychiatric drugs carbamazepine and venlafaxine; the antihistamine
loratadine; the antibiotics sulphamethoxazole (sulphonamide), trimethoprim, cipro-
floxacin and norfloxacin (fluoroquinolones), erythromycin, azithromycin and
clarithromycin (macrolides), and clindamycin (lincosamide); the β-blocker antihy-
pertensives valsartan and irbesartan) were analysed in the raw effluent of the
medium-sized (122 beds) hospital in Tumaco [78], after the two steps of the
treatment trains. They found that, with the exception of acetaminophen and
valsartan, all the other PhCs were not removed. If this effluent is then subjected to
90 min of sonochemical treatment, all the PhCs are removed with the exception of
the two cited compounds. According to the authors, acetaminophen and valsartan
could be sorbed onto the flocs formed during the biological step; ultrasonic waves
would break them and cause the release of the two PhCs, thus justifying the observed
increment of their concentration in the first 60 min of treatment. The modest
decrement in the PhC concentration up to the end of the observation period (in the
remaining 30 min) should be due to the chemical attack of the produced radicals
(HO.) towards the PhCs, as well as to the chemical effects of ultrasound. In the
sonochemical process, radicals are produced through acoustic cavitation phenom-
ena. In order to enhance the degradation of the target pollutants, the authors also
investigated a sono-photo-Fenton treatment that is an on-site photo-Fenton process
where ferrous ions and UVC irradiation are added to the sonochemical component
(volume of 350 mL; frequency equal to 375 kHz; power equal to 88 W/L; pH in the
feeding equal to 7.9; [Fe2+] equal to 90 μmol/L, and UVC of 4 W). The system
showed a higher ability in removing recalcitrant compounds, and it was able to reach
an average removal equal to 85% for the whole PhC load in the biologically treated
effluent, while in the sonochemistry treatment, the average removal was 51%.

The Iranian study by Karami et al. [50] investigated the application of high-
frequency ultrasound (1.8 MHz) to a conventional activated sludge process for the
treatment of hospital effluent. They analysed the effect of the modified activated
sludge process on the removal of COD and turbidity and on the sludge volume index
(SVI) in a bioreactor characterised by a high biomass concentration (8,000 mg/L). It
was found that with and without sonication, the removal of COD was similar, but in
the sonicated system, SVI and effluent turbidity were lower than the non-sonicated
system.

Giannakis et al. [14] discussed the need to adopt specific strategies for HWW
management and treatment, distinguishing between developed and developing
countries. They evaluated the application of light-assisted AOP solutions for both
situations: UV-based AOPs in developed countries and solar-based AOPs in devel-
oping countries (focusing on the main characteristics of Ivory Coast and Colombia).
They underlined that developed countries more or less have the problem of micro-
organisms under control and mainly focus on micropollutants, while the priority of
developing countries should be the acute risk caused by microorganisms in the
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effluent which are often directly discharged in the surface water and thus indirectly
reused for crop irrigation. In their study, they treated the effluent of the Vidy WWTP
(Switzerland) by UV/H2O2 and photo-Fenton process and analysed the removal of
microorganisms and a selection of micropollutants (carbamazepine, clarithromycin,
diclofenac, metoprolol, venlafaxine, benzotriazole and mecoprop). They found
UV-based treatment more efficient in the removal of microbiological and chemical
contaminants: they achieved 100% removal after 10 min of exposure in the case of
an effluent from an activated sludge system or an MBBR and after 30 min in the case
of coagulation-flocculation treatment effluent. On the contrary, the photo-Fenton
treatment achieved 20% of removal after 30 min of exposure. As for microorgan-
isms, 5 min were sufficient for the UV treatments to complete their removal, whereas
more than 3 h were needed for photo-Fenton. With regard to developing countries,
they took as an example the conditions in Ivory Coast and Colombia and remarked
that the application of solar photo-Fenton as a feasible AOP is suggested only after
(the construction of) basic treatment (primary and secondary treatments), or as a
possible implementation of a barrier of microbiological-related problems. They
found photo-Fenton was able to achieve high bacterial removal, regrowth suppres-
sion and yeast and virus inactivation and was also a non-selective and effective
system in removing micropollutants and organic matter. They concluded that light-
assisted AOP application in hospitals wastewater is promising both in developed and
developing countries.

The need to evaluate the health and environmental risks posed by reclaimed water
in Israel led Petrovich et al. [79] to investigate (pre)treatments for the hospital
effluent before its emission in the public sewer system. They tested the sequence,
sedimentation + activated sludge process + secondary sedimentation on a pilot scale,
and analysed microbial and viral communities and their antibiotic-resistant genes in
raw hospital effluent and treated effluent. They found that ARGs, including many
that confer resistance to antibiotics of high clinical relevance, were abundant and
persistent throughout the pilot-scale system, including aadA, blaTEM-1, blaNDM-1,
blaOXA-2, blaOXA35, blaOXA-10, mefA, mel, tetX and sul1. They found an overall
removal efficiency of ARGs throughout the pilot-scale system equal to 16% on a per
genome equivalent basis. Moreover, based on their results, they did not identify
strong linkages between ARGs and viruses in viral metagenomes, suggesting that the
viral community may not play a significant role in promoting the horizontal gene
transfer of ARGs in this hospital wastewater treatment system. They also
commented on the lack of knowledge in this context, and the conflicting results
from previous studies warrant further research on this topic.

The issue of the proper management and treatment of HWW is becoming of great
concern for the scientific community of countries where attention has not yet been
paid to this problem. For instance, in Iran, the recent study by Azizi et al. [80]
remarks that in Kermanshah and Hamadan, there are 19 and 16 differently sized
hospitals, respectively, with a capacity of 2,526 and 3,042 beds. The effluent of the
healthcare facility is treated only in 7 out of 19 hospitals and 5 out of 16 hospitals in
the 2 study areas. The adopted treatments generally include a biological process
(activated sludge system). The study concludes with the need to urgently define
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policy for the construction of wastewater treatment in every single hospital and to
demand teams of experts at the various phases: design, construction, exercise and
control.

In Brazil, with the intention to reduce the impact of hospital effluent, which is
generally discharged into the public sewage network without any treatment, at the
Regional University Hospital of Maringá, Zotesso et al. [53] investigated the
possibility of treating the hospital laundry wastewater on site and eventually to
reuse the treated effluent for the requirements of internal services. The fact that, in
this hospital, laundry water consumption represents 50% of the overall hospital
water consumption and contains organic substances at high concentrations (COD
in the range 211–1,162 mg/L), the research group was commissioned to evaluate an
adequate treatment able to reduce the pollutant discharge load and also the demand
for fresh water. Bearing this in mind, they tested the sequence:

• Coagulation-flocculation (by the addition of 40–140 mg/L of the organic cationic
polymer Tanfloc in order to remove suspended solids and organic compounds,
mainly colour and detergents)

• Anthracite filtration for the removal of turbidity
• UV/H2O2 in order to complete the removal of COD (the influence of H2O2 was

evaluated by means of different [H2O2]/COD ratios in relation to the COD value
of the pre-treated effluent, 0.5, 1, 1.5, 2)

The results show that it is possible to achieve a complete removal of COD.
Moreover, the increase in [H2O2]/COD ratio favours COD removal; however,
because H2O2 acts as an additional pollutant, its concentration cannot be indefinitely
increased. However, the investigations did not determine if the tested system is
efficient in both the disinfection of raw hospital laundry wastewater and the reduc-
tion of its toxicity, as well as if treated effluents meet the requirements for reuse.

Several attempts have been made to promote the degradation and mineralisation
of specific compounds by specific technologies. Of these, Moreno et al. [81]
investigated the electrochemical degradation of the chemotherapy drug doxorubicin
(DOX) in hospital effluent (where it often occurs at concentrations greater than 1 μg/
L) by means of nanostructured graphite electrodes with metallic oxides (graphite,
TiO2@graphite and AuO-TiO2@graphite electrodes). The study was carried out on
a laboratory scale with cells of a capacity of 5 mL. The assays were conducted using
3 mL of DOX 1.25 mg/L in tap water and in Milli-Q water (Millipore S.A) with
NaCl 10 mmol/L and with an applied voltage of 1.5, 2.5 and 5.0 V. It was found that
the technology seems promising as no undesired compounds are formed. The
complete degradation was found with AuO-TiO2@graphite electrode fed with
DOX 1.45 mg/L over 40 min. It is important to highlight that the addition of NaCl
improves degradation due to the formation of active chlorine with high oxidation
power.

With regard to ecotoxicological issues, it was found that DOX treatment by
electro-oxidation caused no effect on embryo-larval development of zebrafish, but
damage was found in the DNA after 96 h of exposure. This underlines the
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importance of an in-depth ecotoxicological evaluation during the development of
electrochemical oxidation.

In Seifert et al. [82], a benchmark of the measures taken by 31 German hospitals
registered in EMAS, regarding their environmental management, reports that there
are no specific measures regarding hospital wastewater management. They generally
are released into the public sewer systems and conveyed to a municipal WWTP.
Some healthcare structures mention the renewal of certain devices: grease separators
in the kitchen, light liquid separators, a water treatment plant or the rehabilitation of
the drainage canals on the hospital site. However, no measures regarding the specific
and dedicated treatment of wastewater or the removal of certain pollutants are
mentioned.

Finally, it is also worth mentioning a recent study which had the main aim to
suggest adequate treatments for HWW before its release into the public sewage in
order to guarantee the safety to workers in the case of damage to the sewer network
[83]. It was reported that in the USA, according to the guidance by the World Health
Organization and Centers for Disease Control and Prevention, wastewater from
patients undergoing treatment at hospitals for Ebola has to be managed as ordinary
wastewater without specific pre-treatment. The authors underline that the potential
for Ebolavirus transmission via liquid waste discharged into the wastewater envi-
ronment is currently unknown. On the basis of this analysis, it was concluded that
the results suggest that when sewer workers operate in a wastewater collection
system downstream from a hospital treating patients with Ebola, they are exposed
to a potential risk that requires more attention and that disposal into the sanitary
sewer without further treatment may result in the insufficient protection of the safety
of sewer workers.

To conclude, the issue of the treatment of emergency hospitals in zones affected
by extreme conditions due to earthquakes, flooding and other natural disasters is
addressed in Khan et al. [84]. In these areas, the first medical assistance is supplied
by means of mobile hospitals where victims receive the initial medical care and can
be transferred to other stationary hospitals. However, in many cases, these mobile
hospitals can be transformed into field hospitals and have to provide definitive care
right on the field [85]. The amount of antibiotics used for the treatment of patients in
these healthcare structures is high, which in turn results in a high impact on the
environment. For field hospital effluent, a treatment train is recommended that
consists of pre-treatments followed by a membrane bioreactor and finally a photo-
Fenton stage to complete the removal of the most recalcitrant micropollutants.

5 Prioritisation: Environmental Risk Assessment of PhCs
in HWW

In Zillien et al. [86], an interesting modelling framework is presented and applied to
two large Dutch academic hospitals in order to prioritise pharmaceuticals based on
their relative risks for aquatic organisms, considering the three trophic levels, fish,
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daphnia and algae, using purchase and prescription data from the individual hospi-
tals. The framework consists of an emission prediction module and a risk
prioritisation module (based on the risk quotient, i.e. the ratio between predicted
concentrations and corresponding predicted no-effect concentrations). The study
was based on a selection of 16 pharmaceuticals, including antibiotics, antineoplas-
tics, iodinated contrast media, non-steroidal anti-inflammatory drugs, anticonvul-
sants, antidepressants, lipid regulators, antidiabetics and beta-blockers. Three
ranking strategies were considered in evaluating the most critical compounds: the
first is based on the risks associated with the total release of pharmaceuticals from the
hospital due to inpatients and staff personnel, the second strategy is based on the risk
due to only hospitalised patients, and the third is based on risks related to the
environment by comparing the total predicted emissions based on hospital prescrip-
tions (regardless if excretion occurs within the hospital or outside) to the emissions
of only hospitalised patients in order to estimate the urban impact of the hospital
emission. Results from prioritising pharmaceuticals indicate that azithromycin and
ciprofloxacin represent the highest risk to aquatic organisms in relation to the
substance selection of this study. Similarly, NSAIDs scored relatively high even
though the release of this pharmaceutical group is underestimated in both cases.
Emission mitigation strategies by hospitals could therefore focus their efforts pri-
marily on reducing antibiotic and NSAID emissions. Both modules of the presented
framework require a limited amount of relatively simple input data. Therefore, this
study provides healthcare managers with a useful and practical tool to acquire
sufficient exploratory information on hospital emissions for prioritising potential
emission reduction measures.

In the frame of the EU project CytoThreat, Mišík et al. [87] carried out an
environmental risk assessment due to four anticancer drugs (5-fluorouracil (5FU),
cisplatin (CDDP), imatinib mesylate (IM) and etoposide (ET)) in hospital effluent in
terms of acute, subacute and chronic effects (growth inhibition, reproduction inhi-
bition and mortality testing), as well as genotoxic effects (DNA damage, chromo-
somal damage and gene mutation) with regard to many species of bacteria, algae,
cyanobacteria, plants, Crustacea, Rotifera, freshwater mussels, fish and cell lines
derived from humans and fish. The risk was assessed by means of the risk quotient
RQ between the predicted concentration and the corresponding PNEC found in the
investigation for the different cases (toxicity or genotoxicity). The results showed
that in terms of toxicity, the highest RQs were obtained with IM, followed by 5FU,
CDDP and ET. All values are below 1.0 indicating that none of these compounds
represents a significant environmental risk. As for the genotoxic effects, they found
that the RQgenotox value for 5FU is between 10 and 100, indicating significant
potential for adverse effects. The RQgenotox values obtained with IM and CDDP
are between 1 and 10, which indicates a small potential for adverse effects, while ET
represents no significant risk.

In conclusion, their study highlighted that acute, subacute and chronic toxic
effects of cytostatics in the aquatic environment are unlikely but may occur when
the compounds are not removed from hospital wastewaters by efficient treatments
and where the measured concentrations were always found higher than those in
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urban wastewater. Furthermore, they indicate that certain species (e.g. Crustacea) are
highly sensitive with regard to the induction of the genotoxic effects which were
found with environmentally relevant concentrations of 5FU, CDDP and IM.

Within the SIPIBEL project, an investigation was carried out on ecotoxicity
(Daphnia magna mobility, Pseudokirchneriella subcapitata growth, Brachionus
calyciflorus reproduction and SOS chromotest) and antibiotic resistance (integron
quantification) during the mixing of hospital and urban wastewater and the treatment
steps they were subjected to Laquaz et al. [45]. The results showed that hospital
effluent presents higher ecotoxicity than the mixture probably due to the high content
of adsorbable organic halides (AOX, mainly including chloroform), ammonium,
non-ionic detergents and certain pharmaceuticals. The observed variation in
ecotoxicity over the day, week, month and year might be related to the specific
activities at the local hospital and their variability over time. These include the
pharmaceutical consumption pattern [28, 29] which depends on the treatment of
various seasonal pathologies and some management factors such as disinfection
campaigns that may also have led to the punctual release of high quantities of
ecotoxic compounds [45]. The mixture of HWW and urban wastewater in the
proportion of 1/3–2/3 did not show any promotion in the spread of antibiotic
resistance.

Within the Danish project which led to the definition of guidelines for the
management and treatment of HWW in Denmark [26], the health and environmental
risk was assessed with reference to the treated effluent from Herlev Hospital in three
different scenarios, which reflected the normal operating conditions of the WWTP
receiving HWW, its partial failure (simulating the main failures occurring during the
test periods of the plant) and its total breakdown. The WWTP effluent is discharged
in the small Kangsa River, a tributary of the Harrestrup River which flows into the
marine area of Kalveboderne, used for bathing and other recreational activities. As
for the environmental risk, the study evaluated (modelled) the exceeding of the
corresponding PNEC value in the marine area by the average concentrations of the
most critical compounds (ciprofloxacin, clarithromycin, diclofenac and
sulphamethoxazole), once the WWTP effluent has mixed with the receiving water
and reached the sea (no decay rate of the key compounds is considered on the way to
the final receptor). With regard to health risk, the risk of infection was assessed with
norovirus, and the concentrations of FIB were estimated in the river and then in the
final receptor (the sea). These values were then compared with the EU bathing water
requirements (250 MPN/100 mL). The distribution of the expected concentrations of
norovirus in the receiving environments were evaluated by means of Monte Carlo
simulations; the risk of infection was calculated by applying the approximated
β-Poisson norovirus dose-response model with immunity [88] and the distribution
of the infection by using Monte Carlo simulations. The results of this complex risk
assessment showed that even after a realistic incident leading to a decrease in
treatment removal efficiency, the treated effluent will not affect safe bathing water
quality in the marine area. A total breakdown of the WWTP over a period of 1 day
will cause a breach of the bathing standards. In the same way, during normal
operations, there will be no risk of infection with norovirus in the marine water.
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The release of untreated wastewater will only have a small impact on the risk of
norovirus infection in the final receptor. The discussion of the uncertainties reported
in the report by DHI [26] is of great help in evaluating the reliability of the collected
results and, if necessary, in which phase of the analysis an in depth evaluation could
be carried out.

6 Strategies in HWW Management and Treatments:
Lessons Learned from Singular Experiences

PhC concentrations in hospital effluents depend on the size of the hospital and
wards/departments, the activities taking place inside the structure (laboratory, chem-
ical analysis, kitchen, laundry, etc.) and water consumption. A reply to the question
of how similar or different they are with respect to municipal wastewater involves a
deep analysis of the characteristics of the healthcare structure and its surrounding
area [17, 89, 90].

A quick look at the observed ranges of concentrations of the most common
antibiotics in the two effluents reported in the review by Souza et al. [91] highlights
that the concentration of antibiotics (including azithromycin, tetracycline, ofloxacin,
ciprofloxacin, sulphamethoxazole, trimethoprim, metronidazole and lincomycin) in
HWW is higher than in municipal wastewater, confirming the conclusion by
Verlicchi et al. [1]. Moreover, they also found that small- and medium-sized
hospitals tend to discharge higher mean concentrations than larger ones with regard
to many analgesics and anti-inflammatories, antibiotics, lipid regulators and psychi-
atric drugs.

The occurrence of antibiotic-resistant bacteria in hospital effluent documented by
the study by Haller et al. [44] suggests the need to improve their removal from this
major source of immission in the environment and to discuss and share strategies to
be put into practice. More effort should be made to monitor and further control the
dissemination of resistant bacteria in the environment from such a major source.

The adoption of a separate treatment has benefits according to Alvarino et al. [55],
for instance, the avoidance of dilution with domestic wastewater and the specific
treatments of potential toxics. In 2014, in its updated report [92], the WHO remarked
that although a large part of HWW could present similar characteristics to domestic
wastewater, “a proportion of the generated wastewater from health-care facilities
will pose a higher risk than domestic wastewater. Depending on the service level and
tasks of the health-care facility, the wastewater might contain chemicals, pharma-
ceuticals and contagious biological agents, and might even contain radioisotopes”.
According to WHO [92], the effluent from a healthcare structure should be treated
before its release into the environment. The best solution should be an on-site facility
for the pre-treatment of the produced wastewater prior to its release into the public
sewer network in order to remove the presence of hazardous components including
microbiological pathogens, radioactive drugs, toxic chemicals and antibiotics. A

86 P. Verlicchi



discussion of the WHO guidelines and the specific regulations in force in some
countries (France, Germany, Spain, the UK, Italy, India, China and Vietnam) is
reported and discussed in [93] and in the book [4].

In a previous study, Verlicchi et al. [94] already presented and discussed four
scenarios for the management and treatment of HWW, and, in another one [95], the
main factors to consider in planning the proper management and treatment of HWW
were proposed. They suggest different strategies in the case of developed and
developing countries. For developed countries, they proposed options on the basis
of hospital and catchment area size. Recently, Mousel and Pinnekamp [52] con-
firmed the adequateness of this approach and in particular the suggestion that for
healthcare structures with large capacities connected to small WWTPs, dedicated
treatments or at least (pre-)treating the wastewater could be useful in order to convey
lower PhC loads to the municipal WWTP. Full-scale treatment plants for the on-site
(pre-)treatment of HWW have already been built [96], and this barrier can effectively
act against the spread of ARB and ARG in the environment.

Two interesting experiences deserve particular attention, the French and the
Danish experiences, and lessons can be learned from them.

At the Bellecombe site, France, as already mentioned, the existing treatment plant
receives and separately treats hospital effluent in two lines adopting the same
conventional treatments (activated sludge processes). SIPIBEL (SIte PIlote de
BELlocombe) is the name of the project, the preparation and implementation of
which was coordinated by GRAIE (http://www.graie.org/Sipibel/index.html))
[97]. Ongoing monitoring and research activities highlighted that HWW, compared
to urban wastewater, is characterised by a higher concentrations of organic carbon,
AOX, phosphates, gadolinium, acetaminophen, ketoprofen, sulphamethoxazole and
ciprofloxacin [98], higher ecotoxicity, as well as the presence of bacteria with
potentially higher antibiotic resistance. A higher variability was also found in PhC
removal efficiencies in urban WWTP than in hospital WWTP. This could be
explained by a larger variation of contamination sources and stronger seasonal
fluctuations in urban wastewater [99]. The results also showed higher removal
efficiencies in HWW treatment train for antibiotics, analgesics and beta-blockers,
while concentrations of antibiotics and analgesics in the hospital treated effluent
were higher than in urban treated effluent because of their higher influent concen-
trations [99]. An analysis of the potential environmental impact of the two treated
effluents highlighted that due to the different content of pharmaceutical residues and
nutrients, the two treated effluents cause different environmental adaptations of
bacterial communities. In fact, they found that biofilms exposed to hospital treated
effluent exhibited less developed biomass and lower diversity. Lessons learned from
the collected studies have led to remark that, on the basis of the removal efficiency of
(analysed) PhCs, separate treatment is beneficial. However, high PhC concentrations
in the hospital treated effluent and the following adaptations of biofilm communities
note the importance of adopting adequate wastewater technologies for the control of
specific hospital pollutants.

In Denmark, since 2009, hospital effluent is managed in the same manner as
industrial effluent, and a permit is required before it can be discharged into the public
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sewer system. Around 10 years ago, the Danish authorities wanted to increase their
knowledge on how HWW can be treated and whether suggested technologies are
feasible from a technical and economic viewpoint. For this reason, in 2010–2011,
pre-tests were carried out on a laboratory scale by DHI for the Danish Environmental
Protection Agency on innovative technologies which were then followed by pilot
and lab tests with the effluent from Herlev Hospital [26]. This first study phase
showed that, with reference to the selected PhCs, the most adequate technologies
were the membrane bio-reactor (MBR) technology combined with activated carbon,
ozonation and UV. The most efficient sequence of treatment has not yet been clearly
identified. It was during the private-public innovation project, which started in 2012,
that this could be identified. The aim of the project was to acquire knowledge and
define a “national” strategy in the management and treatment of HWW in the
country. In this context, a full-scale WWTP was built (which has been in operation
since 2014) for the effluent of Herlev Hospital (700 beds with a flow rate of
150,000 m3/year, with plans for it to be increased to 900 beds and to 200,000 m3/
year by 2020). It includes an MBR (with nitrogen and phosphorus removal) followed
by ozonation (2.5 and 3.4 mg O3/mg DOC), GAC filtration and UV radiation
(5–10 mJ/cm2). This polishing sequence proved to be the most adequate after a
period of tests on the field [26] which compared different sequences. The sequence
O3-GAC-UV was selected as it optimises the removal of key pharmaceuticals (a list
of 40 compounds) and costs for GAC regeneration, most likely because the general
organic matter is transformed into more water-soluble compounds by the ozonation.
Moreover, no critical formation of ozone by-products, such as bromate or NDMA,
was observed. The amount of GAC to be replaced yearly is around 3,000 kg. Based
on the collected results, it was found that the treated effluent could be directly
released into a small local stream (Kagså). It is also planned that part of the treated
water will be reused as cooling water in the existing cooling tower at the hospital.

In the same time, a task group developed guidelines for the regulation of the
management and treatment of hospital effluent. This document set a list of 40 phar-
maceuticals and the corresponding guideline values (maximum values for discharge
into the public sewer system) and a method to define a hospitals as a major, medium
and minor point sources based on the amount of pharmaceuticals administered in the
hospital and the hospital consumption of antibiotics with respect to the
catchment area.

The study carried out a health and environmental risk assessment assuming (1) a
complete breakdown of the hospital WWTP and the subsequent release of untreated
wastewater, (2) a partially treated effluent and (3) normal operation of the WWTP.
The main results and lessons learned during this investigation are well described and
discussed in [26].

The French and the Danish strategies highlight how useful it can be to share the
planning of research activities which involve decision-makers, administrators, tech-
nicians, practitioners, researchers and hospital administrative and technical staff in
defining adequate strategies for the management and treatment of this particular
effluent, also with a view to the ongoing European legislation, attention to the
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occurrence of micropollutants in water compartments and the control and reduction
of their emission into the environment.

An environmental audit similar to that discussed in Vaccari et al. [100] which
referred to pharmaceuticals consumed and released in a healthcare facility as well as
the adopted treatment could help optimise management and minimise the impact of
hospital (treated) effluent in the environment.

7 The Need for Further Debate and Research

The experiences herein reported and discussed demonstrate the efforts that have
been carried out worldwide and that are still ongoing in reaching Sustainable
Millennium Goal number 6 “Improve Clean Water and Sanitation” defined by the
World Health Organization by 2030.

However, they also underline the need for further research. In particular, it
emerges that:

• The direct disposal of HWW to a natural water body without any kind of
treatment is the common practice for many countries [101].

• Adequate treatments are necessary to reduce the emission of micropollutants in
the environment. National guidelines could help in this aim and should be defined
by a team of expert involving scientists, technicians, hospital technical and
administrative staff, as well as policy makers and decision-makers.

• HWW management and treatment should be dealt with in a holistic view,
including all the water cycle, in particular in developing countries. An improve-
ment in sanitation systems will reflect on the water sector, as discussed in [102].

• With regard to some critical compounds, households could be the main source of
such compounds, and the municipal WWTP should be updated. This was the case
for 94% of anticancer drugs which were due to outpatients in the hospital and
catchment area investigated by [103].

• Investigations should be carried out on the efficacy of new treatments in removing
key pharmaceuticals and not only the parent compounds but also the intermedi-
ates generated during treatment [71].

• Environmental risk assessment should also focus on the mixture of
substances [86].

• Improving the elimination of antimicrobial-resistant microorganisms from HWW
would appear to be a reasonable policy to put into practice, and more effort should
be made to monitor and further control the dissemination of resistant bacteria in
the environment from such a major source [44].

To conclude: much is already known but much more is still to be discovered and
even more is to be done.
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Abstract The evaluation of water treatment systems in terms of presence, fate and
removal of organic micropollutants is of paramount importance for the optimal
protection of both the environment and human health. In this regard, there are
significant gaps in the existing data for compounds present in treated water that
remain uncharacterised but are still hazardous from both a toxicological and eco-
logical point of view. This work aims to critically summarise the existing
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information about the application of suspect and non-target screening approaches
based on liquid chromatography coupled to high-resolution mass spectrometry
(LC-HRMS) to understand the behaviour of polar organic micropollutants and
their corresponding transformation products during water treatment processes,
focusing particularly on wastewater. Also, it includes a discussion about the novel
non-target workflows whose objective is not the further structure elucidation of
particular compounds but assessing changes in the molecular elemental composi-
tions of the dissolved organic matter (DOM) during water treatment (without
structural characterisation). These strategies can provide additional information
and become a common step for a better understanding of treatment performance
and transformation product formation.

Keywords Anthropogenic, Cheminformatics, Electrokinetic, Hydrophilic-
lipophilic balance, Spectrometry

1 Introduction

Discharges from wastewater treatment plants (WWTPs) are one of the major sources
of aquatic pollution. Commonly used WWTPs, primarily operating through biolog-
ical processes, were developed and designed to protect natural aquatic systems and
water resources mainly by removing loads of carbon, nitrogen and phosphorous
present in the influent in the mg L�1 range. The increased detection of a wide range
of emerging, not-regulated anthropogenic organic micropollutants (MPs) in the
aquatic environment shows the limitations of conventional WWTPs in removing
these compounds. Their continuous introduction into the environment, pseudo-
persistence and intrinsic ability to interfere with organisms concern the scientific
and public community because their potential toxic effects can threaten the ecolog-
ical status of water bodies and human health via, e.g. the drinking water quality
and/or long-term endocrine effects. Therefore, advances in wastewater treatment
technologies are crucial in minimising the burden of wastewater-originated contam-
inants. In parallel to the technological developments, one of the major challenges
remains the evaluation of novel and alternative treatment options regarding their
potential to minimise the toxicological risks for both ecosystems and human
health [1].

The global universe of chemicals is very complex and includes hundreds of
thousands of substances in commercial use [2]. However, the effects of these
compounds on the environment and human health and their combined effects are
in most cases not at all or only partially investigated [3]. Within the last years, polar
organic MPs (e.g. pharmaceuticals) became an increasing area of focus for environ-
mental scientists and regulatory authorities encouraged by the advances in liquid
chromatography coupled to mass spectrometry (LC-MS) technologies. The existing
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target screening methods are based on the preselection of certain chemicals and the
use of reference standards and can only cover a small proportion of organic pollut-
ants. However, it should be stressed that toxicity and related unwanted effects can be
associated with chemicals that can be identified and those that cannot be identified as
a result of limitations in the repertoire of chemical analytical techniques. Therefore,
important site-specific and potentially ecotoxicologically relevant compounds are
systematically missed [4], and the use of suspect and non-target screening analytical
approaches, where no particular chemical is being searched for, is necessary to
obtain a broader and more realistic picture. Thus, the improvements in the charac-
terisation of water and the study of the fate of MPs during processes (e.g. WWTPs),
where the entire bulk of the dissolved organic matter (DOM) and not few selected
substances are considered, are of paramount importance. For a holistic risk assess-
ment, target-based environmental monitoring should be accompanied by non-target
analysis. This is particularly important in order to evaluate the behaviour and
removal of organic MPs during water treatment processes, where a large number
of transformation products (TPs) are continuously generated, which can pose a
higher threat than the corresponding parent compounds to both the environment
and human health.

This chapter aims to critically summarise the existing information about the
application of suspect and non-target screening approaches based on liquid chroma-
tography coupled to high-resolution mass spectrometry (LC-HRMS) to understand
the behaviour of polar organic MPs and their corresponding TPs during water
treatment processes, focusing particularly on wastewater. All this information is
crucial to evaluate which are the potentially hazardous compounds that reach the
environment through effluents and which improvements are urgently needed. Also,
it is included a section describing novel non-target workflows whose objective is not
the further structure elucidation of particular compounds but assessing changes in
the molecular fingerprints of DOM during water treatment (without structural
characterisation). These strategies can provide additional information and become
a common step in research dealing with the evaluation of water treatment.

2 LC-HRMS-Based Analytical Methodologies

2.1 Sampling Strategy and Sample Pretreatment

The sampling strategy as well as the sample treatment procedure should be defined
considering the research question that needs to be tackled as well as the resource
availability. It can only be optimally designed when the objective and the method-
ology of a given study has been well formulated.

In order to evaluate the presence and behaviour of MPs during water treatment, it
is necessary to collect different samples in time and space. For example, the studies
focusing on assessing the removal of MPs in WWTPs usually need to collect at least
influent and effluent (after secondary or tertiary treatment) water samples. Collection
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of grab samples is probably the most used approach due to its simplicity. However, it
only allows the obtaining of the chemical profile of the exact time point when the
samples were collected. Composite samples (e.g. 24-h integrated samples) allow the
obtaining of a more comprehensive picture, and this approach is highly
recommended (if not totally necessary) when fluctuating concentrations or episodic
pollution events are expected (as in the case of WWTP effluents) and average
concentrations or profiles need to be determined ([5]; Gago-Ferrero et al., [6]).
Composite sampling should be carefully designed to avoid the loss of compounds
due to degradation processes during the collection period. In this regard, collectors
with thermostatic control are highly useful. For studies comparing the levels of MPs
in different steps of the water treatment process (e.g. comparing influent and effluent
water), it is of paramount importance to use time and flow proportional samples. In
this manner, the water that is being analysed in the influent corresponds to the same
one that will be analysed in other treatment steps a certain time later (e.g. secondary
effluent or tertiary effluent). Otherwise, results can lead to wrong conclusions. The
use of time-integrated passive samples is not common to evaluate wastewater
treatments, but it is regularly used to evaluate waters affected by wastewater
effluents [7–9].

Until now, the studies conducted using generic suspect and non-target screening
approaches for the evaluation of wastewater treatment have primarily focused on
aqueous samples (mainly influent and effluent). In these cases, pretreatment
consisted basically of a filtration step through glass fibre and/or cellulose filters
and adjusting the pH to a value optimum for the subsequent extraction. Filtration of
the samples should be done as fast as possible to prevent bacterial degradation. This
is the same sample pretreatment that it is usually applied to natural waters. In cases
where the formation of disinfection by-products (DBPs) needs to be evaluated, it is
necessary the previous addition of a quencher (e.g. ascorbic acid) in order to stop the
disinfection reactions.

2.2 Sample Extraction and Instrumental Analysis

In the case of target methodologies, the choice of the sample extraction procedure is
based on the properties of the analytes that are to be determined as well as the matrix
of interest. Non-target methodologies follow a different conceptual approach since
the aim normally consists of the determination of a wide range of still unknown
substances with different physicochemical properties. All organic compounds pre-
sent in the samples are potentially relevant, and therefore losses during the extraction
process must be minimised. In this regard, strategies avoiding sample treatment, like
a direct injection of filtrated liquid samples without any enrichment, are great options
since they are fast and allow a comprehensive analysis when the sensitivity of the
MS is high enough [10]. However, interferences with the matrix are common in
wastewater, and their applicability is limited. Therefore, the most common strategy
so far consists of conducting solid-phase extraction (SPE) by using different sorbent
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materials, depending on the specific objective of the study. There are studies using
specific SPE sorbents for very specific compounds, like the use of coconut charcoal
(Restek®) for the analysis of nitrosamines (in this case using GC-MS)
[11, 12]. Other studies use stationary phases for a broader chemical enrichment,
like the popular hydrophilic-lipophilic balance Oasis HLB which have been largely
used for screening of pharmaceuticals, pesticides and other polar compounds
[13]. For real wide-scope screening, the use of mixed-bed multilayered cartridges
has become a very popular approach. These cartridges normally contain HLB
(or equivalent) sorbents, anion- and cation-exchange resins (e.g. Strata XAW and
Strata XCW, respectively) and the highly retentive nonpolar sorbent (e.g. Isolute
ENV+), in order to enrich neutral, cationic and anionic species of a broad range of
physicochemical properties [14, 15]. Using different cartridges stacked in series [16]
or the combination of more specialised SPE sorbents to analyse substances with
specific physicochemical properties (per- and polyfluoroalkyl substances (PFASs) or
specific drugs) is also a valid option [16, 17]. Wide-scope SPE can lead to the
extraction of a large number of substances that can significantly increase the matrix
effect, causing serious difficulties in the analysis. Thus, it is always necessary to find
a compromise to balance all the factors considering the analytical needs of the work.
In some cases, procedures including more intense clean-up steps should be consid-
ered since the reduction of interferences can improve the outcome.

For wide-scope screening of water samples (both target and not target), most
studies use LC coupled to HRMS, which provides high mass accuracy and high mass
resolution. These features are necessary in order to identify suspected and unknown
compounds. Hybrid instruments like linear ion trap/Orbitrap or quadrupole/TOF
(qTOF) have shown high-performance detection capabilities, particularly for small
molecules in complex matrices like wastewater. These technologies allow reliable
identifications based on high-resolution accurate mass measurement of precursor
and product ions. Electrospray (ESI) is by far the most used ionisation technique due
to its good performance for polar organic MPs in aqueous matrices. However, it can
be effectively complemented with other techniques suitable for less polar com-
pounds like atmospheric pressure photoionisation (APPI) or atmospheric pressure
chemical ionisation (APCI) [18, 19].

Ultra-high-performance liquid chromatography (UHPLC) increases the identifi-
cation capability of MPs in complex matrices due to better separation power
[20]. Also, it reduces the problem of co-eluting peaks and mass spectral overlap
[21]. However, the shorter run times of this technique lead to less MS/MS data points
per peak, which can negatively affect the identifications. Thus, the optimal solution
involves finding a compromise, considering all the factors and the analytical needs
for each specific study. The loss of MS/MS data points discouraged coupling
UHPLC with Orbitrap type instruments in the past. However, the new generation
of Orbitrap instruments, with shorter scan times, has solved this problem to an
acceptable extent. Separation for HRMS-based screenings is mostly achieved
using reverse-phase (RPLC) with C18-type columns, allowing good stability and
performance for a very wide range of compounds. However, RPLC has important
limitations, and highly polar compounds remain in many cases undetected. This is
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particularly very important for the identification of TPs (often with high polarity)
during water treatment. In this regard, hydrophilic interaction liquid chromatography
(HILIC) is an attractive complementary technique due to its ability to separate
hydrophilic compounds that are poorly retained on RP columns as it has been
demonstrated in different studies performed in wastewater [14, 22–25]. Recently,
ion mobility separation coupled to HRMS has become available and promises
significantly improved instrumental performance by adding one additional dimen-
sion of separation to the analytical system, i.e. separation in an electric field based on
the shape-dependent velocity of the molecule [26, 27].

3 Strategies for the Evaluation of the Behaviour of Organic
Micropollutants During Wastewater Treatment

3.1 Data Preprocessing

HRMS instruments such as qTOFs and Orbitraps acquire accurate mass and high-
resolution MS and MS/MS full-scan spectra leading to a large amount of data. In the
margins of the analytical conditions (e.g. sampling, enrichment method and solvents
used) and instrumental limitations (e.g. ionizability, selectivity, sensitivity and
resolution), the full mass spectral information of detectable compounds are stored
in raw data files [28]. At this point, preprocessing is necessary to improve data
quality and reduce complexity. This step normally includes chromatographic reten-
tion time alignment and mass correction, peak detection, subtraction of compounds
present in blanks as well as “componentisation” via a grouping of isotopes, adducts,
multi-charged ions and in-source fragments to define components (i.e. grouping all
signals that likely belong to one unique molecular structure) [29, 30]. Differences in
algorithms between different software influence significantly the outcome of the data
preprocessing. Therefore, a good optimisation of the preprocessing step is crucial for
obtaining high quality and reliable ready-to-use data. Different vendor software is
available for preprocessing the data, although in many cases they do not allow full
control of the process but only minor adjustments [31]. However, there are open-
source possibilities that have been used in the preprocessing step of wastewater
samples including RMassBank [32], enviMass (Martin [33]), XCMS [34] or
MZmine 2 [35], among others.

3.2 Prioritisation Strategies

There are significant gaps in the existent data for compounds present in treated water
that remain uncharacterised but are still hazardous from both a toxicological and
ecological point of view. However, their prioritisation and further identification is
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not an easy task. Wastewater and other environmental samples are complex chemical
mixtures containing tens of thousands of individual substances that produce a high
number of peaks in LC-HRMS analysis. The suspect and non-target screening
approaches are laborious, time-consuming and computationally challenging, espe-
cially when there is limited prior knowledge of the chemical classes likely to be
present [36]. The complete elucidation of all the peaks present in the samples is not
feasible since it would require extensive time and effort. Thus, prioritisation strate-
gies (peak prioritisation) are necessary and a key step in any investigation involving
non-target analysis to focus the efforts on relevant chemicals. Therefore, different
prioritisation strategies should be applied to the set of obtained chromatographic
peaks depending on the specific goals of the study and the research question to be
answered [29, 30]. Prioritisation should also find an acceptable balance between the
prioritised peaks and the number of false negatives caused by too strict procedures.

So far, many of the developed prioritisation strategies for environmental samples
followed intensity-based criteria combined with the prioritisation of chemicals with a
distinctive isotopic pattern (e.g. compounds containing halogens) [37–40], as these
can be considered as relevant chemicals with reasonable identification changes.
Other developed approaches used mass defect to focus the identification efforts on
molecular formulas outside the matrix domain in complex samples [5, 10]. This
strategy has also been proved useful when the objective was to find molecules with
specific characteristics. An example can be found in the detection of perfluoroalkyl
ether carboxylic acids and sulfonic acids in natural waters due to the negative mass
defect of the multiple fluorine and oxygen atoms [41]. Peak prioritisation can be
conducted based on effect-directed analysis (EDA), which is a valuable tool for
understanding the link between the presence of mixtures of pollutants and their
associated effects. EDA is useful for identifying predominant toxicants in complex
environmental mixtures combining effect testing and fractionation [15, 18, 19, 42–
46]. In EDA, sample fractionation includes adsorption, size exclusion and partition
chromatography techniques, resulting in a significant simplification of the complex
mixture, and facilitates linking the presence of a compound with their cause and
effect. Other strategies that have been shown to be effective include time-series
prioritisation (prioritising substances whose intensities varied substantially over a
specific lapse of time in one sampling site [28, 47–50], are based on spatial variation
[51] or use metabolomics logics [52]). In the field of trend analysis, Schlüsener et al.
[47] used vendor software from SCIEX (MarkerView) to analyse long time-series
LC-HRMS data coming from a specific site of Rhine river which was affected by
effluents of WWTPs. Afterwards, they used open-source scripts to visualise the
patterns and to perform autocorrelation to search and prioritise the features with high
periodic variations. One of the main limitations in prioritisation efforts, particularly
important for the evaluation of wastewater treatment, is that comparison between
matrices (influent and effluent) is hampered by suppression of signals in matrix-rich
samples [29, 30]. Isotopic-labelled internal standards are used for correction, but
robust methods to correct for these influences for unknown compounds with various
functional groups and thus varying ionisation efficiencies are needed [29, 30].
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Without a doubt the most commonly used conceptual approach to prioritise
compounds is the so-called suspect screening that consists of the search for masses
of compounds that are expected in the sample without the use of reference standards.
Fragmentation information helps find structurally related compounds, and chromato-
graphic retention time prediction models help in increasing the confidence in the
identifications. Building the suspect list is a crucial step and should be done carefully
in order to answer specific research questions. Suspect screening can include a large
list of compounds (up to several thousands) for wide-scope screening. In this regard,
a massive tool can be found in the NORMAN Digital Sample Freezing Platform
(DSFP) [28], whose operation is summarised in Fig. 1. In this platform the
layer-separated mzML files and their meta-data (instrumental, sample meta-data,
matrix-specific meta-data and retention time of retention time index (RTI) calibra-
tion substances) are uploaded by the user. DSFP has integrated standard procedure to
process the mzML files and store the files together with all meta-data for the
generation of Data Collection Template (DCTs) databases. Uploading of files in
DSFP enabled retrospective screening of >60,000 organic chemicals. Moreover,
this will enable the possibility for future retrospective analysis when more advanced
tools will be available. This tool also allows performing smaller and more specific
suspect screening studies by selecting the compounds of interest or choosing smaller
predefined suspect lists (e.g. pesticides, pharmaceuticals TPs, PFASs). In many
cases when a specific research question has been clearly defined, it can be more
efficient to create smaller smart suspect lists that allow a more time efficient
management of the resources and efforts. Some applications of this type of more

Fig. 1 Summary of the workflow used in the NORMANDigital Sample Freezing Platform (DSFP)
for automatic suspect screening. Adapted with permission from ref. Alygizakis et al. [28]. copyright
(2019) Elsevier
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concise suspect consist of focusing on known toxic chemicals that have been
previously detected [53, 54], focusing on specific lists of potential TPs [23] or
using regulatory databases (market data) based on exposure index to focus on
previously non-reported compounds with high chances of being present [55–57].

In the specific case of wastewater treatment, the study of the TPs that are
generated during these processes is especially important. TPs encompass a large
proportion of unregulated chemicals present in the environment and generated
during water treatments that may be equally, if not more, persistent and toxic than
their precursor chemicals. Other toxic TPs include metabolites of pesticides or
pharmaceuticals [36]. From the non-target point of view, it is necessary to find the
best approaches to determine this specific group of compounds considering their
specificities. One simple and useful approach consists of prioritising components
across related samples, from spatial and time trends through to “before and after”
comparison of treatment technologies [29, 30]. In this approach, a sample is used to
create a reference method, containing a comprehensive list of peaks with accompa-
nying retention time and mass spectra. The reference sample serves as the basis of
comparison for other samples. There are types of software that compute pairwise
comparison to determine peaks present only in the samples and not in the references
(e.g. generated during the treatment). Other interesting strategies include using
metabolic logic in combination with multivariate statistics in order to find unknown
metabolites of certain substances [52].

Obviously, the use of suspect screening is a powerful tool to detect TPs. The main
limitation is that in several cases, the potential TPs that can be formed during
treatment are not present in any available database. However, provided that there
is some a priori knowledge of the classes of compounds present in a complex
chemical mixture (e.g. wastewater), cheminformatics can be used to predict the
structure of potential toxic TPs. Several powerful tools have been developed in
this regard like the EAWAG path prediction system (EAWAG PPS), enviPath [58],
PathPred [59], Meteor Nexus (Lhasa Ltd., Leeds, UK), ADMET Predictor software
(Simulation Plus Inc., Lancaster, USA) or Catalogic (Laboratory of Mathematical
Chemistry). An extensive explanation of these approaches can be found elsewhere
[36, 60, 61].

A representative example for the study of the formation of TPs during water
treatment can be found in the work carried out by Beretsou et al. [22]. This work
aimed at understanding the fate and transformation of citalopram (a worldwide
highly consumed antidepressant which has demonstrated incomplete removal by
conventional wastewater treatment) during the biological treatment process. For this
purpose, biodegradation batch experiments under aerobic conditions were carried
out to investigate its behaviour and the formation of TPs during activated sludge
treatment. One of the main objectives of the study was the identification of the
formed TPs by applying suspect and non-target strategies based on LC-HRMS. As a
first step, a suspect database of plausible TPs was compiled by using two different in
silico prediction tools: (I) the EAWAG-Biocatalysis/Biodegradation Database Path-
way Prediction System (EAWAG-BBD/PPS), an artificial intelligence system,
which predicts microbial metabolic reactions based on biotransformation rules set

Suspect and Non-target Screening Methodologies for the Evaluation of the. . . 105



in the EAWAG-BBD and scientific literature and (II) the MetabolitePredict software
(Metabolite Tools 2.0, Bruker Daltonics, Bremen, Germany), a rule-based expert
system, which predicts metabolites from Phase I and Phase II and Cytochrome P450
reactions. As a second step, samples were also screened for additional TPs not
present in the suspect database, following a non-target approach based on pairwise
comparison to determine peaks present only in the biotic samples but absent in the
control samples and that showed a meaningful time trend. After careful application
of identification and confirmation strategies, 12 TPs of citalopram were identified
through the use of suspect screening, and 2 additional TPs were detected by
non-target screening. The pathway for the biotic transformation of citalopram is
shown in Fig. 2. The performance of suspect screening and non-target screening as
independent and complementary approaches resulted in comprehensive identifica-
tion of the formed TPs within specific biotransformation systems. In this work,
analyses were performed by both RPLC and hydrophilic interaction liquid chroma-
tography (HILIC) to investigate their complementarity for the detection of additional
compounds. In-house developed QSRR prediction models were also used to support
identification in both chromatographic systems. The orthogonal confirmation by
RPLC and HILIC analysis, along with chromatographic retention time prediction
models, proved to be complementary strategies in the identification workflow. The
importance of HILIC is emphasised in the detection of an additional TP (enabling the
separation from its isomer), which could not be detected through RPLC analysis. In

Fig. 2 Proposed biotransformation pathway for citalopram with transformation products identified
following suspect and non-target screening strategies. Adapted with permission from Beretsou et al.
[22]. copyright (2016) Elsevier
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this regard, HILIC is becoming an attractive alternative (or complement) to the
commonly used reversed-phase liquid chromatography (RPLC), due to its ability
to separate hydrophilic compounds which are poorly retained on RPLC columns
[14, 41].

3.3 Suspect/Non-target: Identification Approaches of Polar
Organic Contaminants

After the crucial prioritisation step, efforts should be focused on the identification of
the selected components. This step involves the evaluation of all information
available from MS and MS/MS (molecular ion, isotope pattern and fragments),
spectral and compound databases, chromatographic retention time information as
well as meta-information such as the specific water treatment context. In general, for
suspect screening, an exact mass match is not sufficient for identification alone
[29, 30]. Suspect screening approaches, apart from a strict mass accuracy threshold,
require a detailed study of the MS/MS spectra. A powerful option is the use of
MS/MS libraries, which are in constant expansion and contain>1 million of MS/MS
for more than 30,000 chemicals. Popular libraries include MassBank (www.
massbank.eu (Europe), www.massbank.jp (Japan) and www.mona.scripps.edu
(North America)), NIST MSMS (https://www.nist.gov/srd/nist-standard-reference-
database-1a-v17), METLIN (www.metlin.scripps.edu) or mzCloud (www.mzcloud.
org). However, in many cases, it is not possible to find the MS/MS spectra for the
compounds of interest in available libraries. This is a very common situation for TPs,
with still a very low presence in public databases. In these cases, in silico fragmen-
tation techniques (such MetFrag [62], CFM-ID [63] or CSI-FingerID/SIRIUS [64])
can be used to obtain predicted fragments and compare with the experimental ones
(as well as the manual expert inspection of the MS/MS spectra if there is sufficient
structural information). Apart from this, other useful additional data to support
identification include literature references, patent data or functional uses.

The identification of known unknowns, compounds without prior knowledge but
present in large compound databases, is a more challenging but still doable task. In
these cases, the first step consists of the determination of the molecular formula. For
this purpose, there are various calculations based on mass accuracy, presence/
absence of certain elements and using the presence of isotope signals for certain
elements (e.g. sulphur), isotopic pattern fit and fragment sub-formula assignment.
Most vendor software includes useful tools to perform this task. Other advance
software also considers MS/MS data. MOLGEN-MS [65] suggests candidate struc-
tures based on the mass spectral fragmentation patterns, and it has shown excellent
performance in the formula assignments. Some studies have also added steric energy
to make the search more accurate [45]. Once the molecular formula has been
determined, a combination of in silico fragmentation techniques with MS/MS
libraries and expert knowledge are the most used tools to tentatively elucidate the
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structure of those unknown compounds. The most sophisticated in silico fragmen-
tation approaches along with environmental context or metadata ranked the correct
candidate to over 70%, showing a very good performance of these approaches
[62, 66]. In water treatment, evaluation is often required to identify novel TPs and
other unknown compounds. If these compounds have not been documented any-
where, the identification is much more challenging with no guarantees of success.
However, some successful examples have been reported for small molecule and
sufficient available structural information [67].

The evaluation of the chromatographic retention time (RT) plausibility for the
compounds of interest using different developed models plays an important role in
increasing confidence and eliminating less-plausible candidates in both suspect and
non-target approaches. Tentatively identifications of the candidates are based on
comparing how well the experimental RT (or retention index (RI)) matches the
predicted RT (or RI) from computational models. Different RT prediction tools have
been designed including quantitative structure retention relationships (QSRR)
models [25, 68], artificial neural networks (ANNs) [69] or linear solvation energy
relationship (LSER) [70]. It is noticeable that some of the platforms for automated
suspect screening, like the NORMAN DSFP [28] or STOFFIDENT (https://www.
lfu.bayern.de/stoffident), have implemented RT prediction models for a better iden-
tification performance. They include a step that calculates an experimental RTI for
every feature detected based on the retention time observed and the calibration curve
equation (RT ¼ f(RTI)), derived from the retention time of the standard calibration
mixture [71].

Ion mobility (IM) separation coupled to HRMS (only QTOF systems) has
recently been introduced to the market and promises significantly improved instru-
mental performance by adding one additional dimension of separation to the ana-
lytical system, i.e. separation in an electric field based on the shape-dependent
velocity of the molecule [26, 27]. It significantly improves the identification of
problematic compounds (e.g. isomers) and has been successfully applied to improve
identification in both suspect and non-target methodologies [72].

The increasing interest in HRMS-based analysis has produced a very pronounced
growth in the suspect and non-target identifications. This fact creates also a need to
communicate the confidence in the identifications in a way that reflects all the
evidence available. The varying levels of confidence are difficult to communicate
concisely and accurately. So far, most of the studies report the confidence based on
the hierarchical degrees of confidence described by Schymanski et al. [73]. In this
classification, the compounds that have been confirmed with an available commer-
cial standard are classified as Level 1 (maximum degree of confidence). The
compounds identified without standard but by mass spectral library or database
matching are reported with confidence Level 2 (probable structure). Level 3 (tenta-
tive candidate) describes a “grey zone”, where evidence exists for possible structure
(s) but insufficient information for one exact structure only (e.g. positional isomers).
Compounds for which structures cannot be elucidated are reported with Level
4 (if the molecular formula is unequivocally assigned) or Level 5, reporting only a
mass of interest.
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In many cases, although the aforementioned levels (published in 2014) are
certainly useful, it is difficult to communicate the identification’s confidence level
in a concise manner. Therefore, a complementary system that allows the community
to rapidly and concisely understand the identification proofs that have been obtained
when a compound is reported is needed. In this regard, a system based on identifi-
cation points (IPs), compatible between target and non-targeted approaches would
be really valuable and would add accuracy to the field. Recently, a new system of
identification points (IPs) based on the one described in the Commission Decision
2002/657/EC was applied to communicate the confidence level in the identification
of the analytes for target analysis [74]. This system considers retention time, mass
accuracy, isotopic fit and fragmentation, taking full advantage of the capacities of the
HRMS instruments [74]. This system could be easily extended and encompass
non-target approaches by including variables such as predicted retention time,
determined MS/MS experimental ions and predicted fragment ions (both with
mass accuracy) or ion mobility, assigning a specific value of IPs in each case.

3.4 Novel Non-target Strategies to Assess Changes
in the Molecular Fingerprints Without Structural
Elucidation

DOM is a heterogenic, complex mixture of proteins, lipids, polysaccharides, nucleic
acids, soluble microbial products and also synthetic organic chemicals. In wastewa-
ter, these chemicals include thousands of compounds and related TPs, metabolites
and, in effluents with tertiary treatment, also a wide range of disinfection by-products
(DBPs). Wastewater is a matrix with high complexity, and HRMS analysis typically
produces a large number of signals. Even after preprocessing steps, performing a
manual structural identification of all the compounds is not a feasible task, and the
same applies to other water treatment systems. Therefore, approaches are being
developed to characterise the chemical composition of DOM in water, where
previously most of the DOM components remained unidentified [75]. The objective
is not the further structure elucidation of particular compounds but assessing changes
in the molecular fingerprints during water treatments. It is possible to obtain relevant
information from HRMS analysis on DOM if a large part of the detected features can
be assigned a probable elemental composition (without focusing on structural
elucidation of specific components). This is giving rise to a new field of study that
allows the study of changes (e.g. the overall oxidation state, the number of
sulfonated or chlorinated formed compounds or the average molecular weight)
during wastewater treatment (as well as other treatments such as drinking water
treatment and even soil remediation) by measuring shifts in the molecular fingerprint
and other physicochemical changes.

The common protocol of a data-driven non-targeted analysis involves the same
steps as described in the preprocessing section (Sect. 3.1) in order to obtain ready-to-
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use data. Data mining from HRMS data on DOM analysis yields to large lists of
molecular features, understood as the integration of all the different MS features such
as accuracy mass, isotopic information or average retention time (when chromatog-
raphy is used). Based on that data, algorithms can be constructed to create an
artificial list of DOM molecule elemental compositions (e.g. CnHnOnNnSnClnBrn)
and therefore obtain DOM fingerprints. Such non-targeted workflow aims to gain
insights on wastewater DOM transformation processes based on changes in this
large number of detected molecular features. This new manner of evaluating HRMS
data reduces manual data treatment present in the conventional suspect and
non-target strategies, and it has been adapted from other fields like the characterisa-
tion of natural organic matter (NOM) [76–79] or petroleomics [80]. It has been
widely applied to evaluate the OM in processed water [81–83], and there are also few
studies on wastewater using different instrumentation. Back in 2011, Gonsior et al.
performed a molecular characterisation of effluent OM using Fourier-transform ion
cyclotron resonance MS (FTICR-MS) [84]. Also, by using FTICR-MS, Mesfioui
et al. characterised effluent organic nitrogen (EON) from wastewater treatment
plants and study its reactivity [85]. The results obtained from these non-target-
based approaches for the molecular characterisation of DOM are highly influenced
by the type of HRMS analyser, due to differences in resolution of masses, which
affect the number of substances and how accurately the HRMS features can be
assigned with an elemental composition. The differences obtained with different
instrumentation systems are not that crucial when screening for specific substances
[86] but are more important in the analysis of unknown DOM constituents and
should be carefully considered [87]. It has been demonstrated that FTICR-MS is
capable of unravelling complex DOM mixtures across aquatic systems [88, 89] and
might allow a comprehensive evaluation of changes in the molecular fingerprints.
However, the high cost of this technology made it inaccessible for most research
laboratories. Recently, Orbitrap-MS (a much more accessible technology) has
proven to be a valid alternative, despite its lower resolution, as it is able to detect
subtle changes in DOM profiles. Verkh et al. use LC-HRMS with an LTQ-Orbitrap
Velos™ to evaluate a real wastewater treatment system with secondary and tertiary
treatment identifying significant chances in the DOM during these processes
[90]. This study detected a reduction in the number of large molecules, lower
average masses as well as an increase in saturated molecular features of the
effluent OM.

In the field of drinking water treatment, these approaches have great potential.
There are studies that have applied it to the study of the formation of DBPs and to
investigate how DOM contributes to their generation where, i.e. Postigo et al.
investigated the chemodiversity of DBPs in different drinking water plants [91]. In
a similar way, Sanchis et al. investigated how DOM contributes to the formation of
DBPs aiming to understand and minimise their formation [92]. This study showed
that sample chlorination primarily involved a decrease in the concentration of
non-nitrogenised lignin-like features, and it was also related with changes in the
trihalomethanes and haloacetonitrile formation potential. The
N-nitrosodimethylamine (NDMA) formation potential in natural waters has also
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been studied following a similar workflow, and a correlation was found with the
number of compounds with high hydrogen saturation (H/C � 1.5), which
corresponded to reservoirs with higher background nutrient concentrations and
wastewater indicators [93]. Other water processes like the KMnO4 oxidation have
also been studied and linked with DOM [94]. These non-target approaches have
shown to be also useful for other type of treatment processes. For example, a
non-target workflow based on the evaluation of the molecular fingerprint without
structural elucidation has been recently applied to an electrokinetic soil remediation
process as a case study and allowed for an in-depth assessment of the chemical
mechanistic processes, which has previously only been hypothesised and has con-
tradictory results [95]. Many of these works use additional tools to evaluate changes
to the DOM such as Van Krevelen diagrams, where the atomic ratio X/C, with X
being an element of interest, is plotted against H/C. In other fields like NOM
chemistry or petroleomics, the correlation between areas in these diagrams and
functional classes of compounds provide important information to elucidate the
chemical composition of OM [96–99]. In many studies, O/C ratio is plotted against
H/C obtaining information about the oxidation of the DOM. Also, the monitoring of
double bond equivalents (DBE) or DBE minus oxygen atoms (DBE-O) in waste-
water treatment can be useful to estimate the quality of the process, to evaluate the
hydrophobicity-altering reactions (e.g. oxidation or hydrolysis) and conceptually to
even support the control of the process [90, 100].

These workflows for the assessment of changes in the molecular fingerprint can
be very useful and become a common step in the research dealing with the evaluation
of water treatments. They can be applied to tertiary treatments (e.g. UV irradiation,
Fenton-like processes, ozonation, membranes or chlorination) and other innovative
techniques. Overlooking potentially hazardous constituents in effluents might limit
the understanding of the impact of the discharged organic matter on the environment.
Overall changes in the elemental compositions can reveal changes in the degree of
oxidation, the formation of TPs with specific elements like sulphur (e.g. using
sulphate-based advanced oxidation processes) or halogens during disinfection,
along with other valuable information. Therefore, their evaluation is crucial for a
better understanding of the different treatments’ performance and the TPs formation.
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Abstract This particular chapter spotlights the growing environmental concerns
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contaminants (ECs). These ECs are being detected, though in different quantities, in
different environmental matrices and wastewater treatment systems. With ever-
increasing awareness, people are now more concerned about the wide-spread distri-
bution of pharmaceutically related active compounds in water matrices. In turn, the
free flow of ECs in water matrices poses notable adverse effects on human, aquatic
animals, and naturally occurring plants, even at very small concentrations. Due to
inadequacies and ineffectiveness of, in practice, physical and chemical-based reme-
diation processes, robust treatment approaches, such as microorganisms and their
novel enzyme-based degradation/removal of ECs, are of supreme interest. This
chapter focuses on various pharmaceutically related ECs and their efficient mitiga-
tion from water matrices. Following a brief introduction, the focus is given to two
main treatment approaches, i.e., (1) remediation of pharmaceutically active com-
pounds by crude (pristine) and purified enzymes (i.e., lignin peroxidase, manganese
peroxidase, soybean peroxidase, horseradish peroxidase, and laccases) and
(2) immobilized enzyme-assisted degradation of pharmaceutically active
compounds.

Keywords Biocatalysis, Biological risks, Enzymes, Hazardous compounds,
Toxicity, Wastewater treatment

1 Introduction

A continuous rise in worldwide population and urbanization and their associated
increase in the consumption of pharmaceuticals have redirected the researches’
attention to the search for novel materials for rapid and efficient decontamination
of both wastewaters and drinking waters. In addition to extensive heavy metal
pollution problems, water contamination by pharmaceutical compounds has become
a growing worldwide concern [1]. The concentrations of persistent organic pollut-
ants like personal care products, pharmaceuticals, and their metabolites are contin-
uously rising in the natural environment due to human activities [2–5]. The major
source of pharmaceutical pollutants is the WWTP effluents. WWTPs are not
designed to completely eliminate environmental pollutants, and thus they can
percolate through WWTPs and incorporated into the aquatic systems (streams and
rivers) [6]. For example, the contents of diclofenac (an anti-inflammatory drug) and
carbamazepine reached 0.99 and 0.95 μg/L, respectively, in WWTP effluents
[7]. Particularly, a detectable level of diclofenac has been identified in drinking
waters, surface waters, and groundwaters in the range of ng/L to μg/L in Sweden,
Spain, Switzerland, and the Baltic region [8–10]. Apart from this, other pharmaceu-
ticals including tramadol, carbamazepine, ibuprofen, oxazepam, and naproxen have
also recently been detected in drinking water supplies in some countries. These
concentrations of pharmaceuticals can induce serious environmental threats such as
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congenital disorders, physical abnormalities, impairments of the endocrine and
reproductive system, and feminization of some fish species [11, 12]. Due to the
capability of micropollutants and pharmaceutically active compounds to cause
adverse effects to the ecosystem and human health, they have attracted the principal
research focus in recent days. Some notable adverse effects of numerous ECs are
shown in Fig. 1 [12].

In this avenue, enzymatic treatment of water and wastewater has been advocated
as a lucrative alternative due to their high biocatalytic performance and selectivity.
Oxidoreductases such as laccase, MnP, LiP, and versatile peroxidase have garnered
increasing research interest for potential aptitude to remove a large number of
antibiotics and pharmaceutically active residues in wastewater samples.

Fig. 1 Notable adverse effects of numerous ECs. Reprinted from Morsi et al. [12] with permission
from Elsevier
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2 Remediation of Pharmaceutically Active Compounds by
Crude/Purified Enzymes

In recent years, enzymes have been extensively utilized for the removal of pharma-
ceutically active residues and antibiotics into innocuous compounds in wastewater
samples. Application of microorganisms or their derived enzymes such as wood-
rotting fungi has been recognized as a robust substitute for classical wastewater
treatments. These microbes have demonstrated a substantial transformation ability to
a vast number of environmental contaminants by secreting a group of ligninolytic
enzymes, such as MnP, LiP, VP, and laccase. Peroxidases are characterized as heme
and non-heme peroxidases. Peroxidases, in which heme groups serve as an active
center, are an important class of oxidoreductases with pronounced ability to oxidize
substrates using hydrogen peroxide (Fig. 2) [13]. These enzymes carry out the
oxidation-reduction-mediated biotransformation of various classes of hazardous
contaminants such as textile dyes, phenols, chlorinated phenols, cresols, dioxins,
pesticides, herbicides, and personal care and pharmaceutically active products [13–
16]. Among oxidoreductases, peroxidases and laccase are the most widely investi-
gated class of enzymes for bioremediation because of their high capability in the
biodegradation and decomposition of diverse organic pollutants. These enzymes
form highly reactive free radicals that transform the parent contaminants into smaller
compounds that are more decomposable and thus possess negligible toxicity.

Fig. 2 A simplified
schematic illustration of the
catalytic cycle of
peroxidases. Reprinted from
Bilal et al. [13] with
permission from Elsevier
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2.1 Lignin Peroxidase: Catalytic Features
and Pharmaceutical Degradation

LiP (EC 1.11.1.14) is a heme-containing enzyme that can catalyze the degradation of
aromatic and halogenated phenolic substances with high redox potential. The range
of isoelectric point and molecular weight of LiP has been documented as 3.3 to 4.7
and 38 kDa to 43 kDa, respectively [17]. This monomeric hemoprotein optimally
executes its functions at acidic pH (around pH 3.0) in the presence of veratryl alcohol
as a natural substrate [18]. As potent oxidants, microbial LiPs have demonstrated the
aptitude for oxidative degradation of a wide spectrum of recalcitrant aromatic
contaminants, including antibiotics and pharmaceutically active compounds. For
instance, crude LiP extracted from the ligninolytic culture of Phanerochaete
chrysosporium catalyzed the effective degradation of tetracycline and oxytetracy-
cline [19]. Zhang and Geißen [20] markedly removed diclofenac and carbamazepine
using crude LiP from P. chrysosporium. The high degradation properties of LiP
toward persistent aromatic pollutants make it a versatile biocatalyst for diverse
biotechnological applications. High redox potentialities of LiP to degrade lignin
and other compounds of high redox potential have been ascribed to its exposed
tryptophan residue (Trp171), which generates a reactive tryptophanyl radical on the
enzyme’s surface by relocating electron to the heme molecule. Differences in
tryptophan milieu are associated with modifying the enzyme characteristics such
as catalytic performance, substrate specificity, and functional stability [21]. The
removal efficacy of carbamazepine remained stable in the range of 60–80% for
100 days in a fungal bioreactor that consists of three major biocatalysts including
MnP, LiP, and laccase [22].

2.2 Manganese Peroxidase: Catalytic Features
and Pharmaceutical Degradation

MnPs are known for their pronounced Mn2+-mediated oxidative capacity for a large
number of xenobiotic and aromatic compounds, including various industrial dyes,
phenols, and non-phenols [23]. Though MnPs have been inspected for about three
decades since their discovery with the fungal LiPs, very limited attention is devoted
to MnPs [24, 25]. In recent times, there has been exceptional interest in the use of
MnPs owing to their ubiquitous presence in almost all kinds of WRF and some soil-
litter decomposers [26, 27]. MnPs originated from WRF are largely associated with
the biotransformation of plant biomass and the removal of various refractory pollut-
ants including antibiotics, endocrine disrupters, and pharmaceutically active resi-
dues. Moreover, these lignin-degrading enzymes are capable of complete
bioconversion of recalcitrant lignin into carbon dioxide and water [27]. Conse-
quently, MnPs have found prominent applications in various biotechnological sec-
tors such as textiles, food, bioremediation, organic synthesis, and paper and pulp
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manufacturing [28, 29]. The Mn2+-mediated catalytic mechanism of MnPs in oxi-
dizing various aromatic compounds has been well elucidated. Mn2+ binds to MnP in
a typical region formed by three conserved acidic amino acids, i.e., Glu35, Glu39,
and Asp179, in MnP of P. chrysosporium [30]. MnP then oxidizes Mn2+ to Mn3+,
which subsequently is chelated with organic acids and serves as a diffusible oxidiz-
ing agent for a large spectrum of aromatic substances [31–33]. Two isoforms of
MnPs, MnP1, and MnP2 and a laccase, Lac1, extracted from T. polyzona
KU-RNW027 exhibited the potential for removing pharmaceutical compounds
without a redox-mediated system. Under the optimized reaction environments of
pH 4.5 and 50�C, the catalytic efficiencies of these enzymes led to effective
remediation and removal of commonly consumed antibiotics ciprofloxacin, tetracy-
cline, amoxicillin, and doxycycline [34]. Wen et al. [35] reported 84.3% and 72.5%
removal of oxytetracycline and tetracycline within 4 h by applying 40 U/L of crude
MnP extract from the P. chrysosporium. The tetracycline removal efficiency of MnP
was markedly enhanced by the addition of H2O2 during the degradation reaction.

2.3 Soybean Peroxidase and Chloroperoxidase: Catalytic
Features and Pharmaceutical Degradation

As a widely studied enzyme, SBP (EC. 1.11.1.7) is regarded as a lucrative biocat-
alyst and is present in considerable quantities in the soybean hulls [36, 37]. The
SBP-assisted biocatalytic system presents a high biodegradation potential for a range
of antibiotics, organic pollutants, and emerging contaminants by generating
extremely reactive free radicals. Alneyadi et al. reported that both SBP and
chloroperoxidase (CPO)-based treatment catalyzed the degradation of
sulforhodamine B with the concomitant formation of at least one different degrada-
tion intermediate. Further, SBP-aided reaction results in degradation and detoxifica-
tion of sulforhodamine B, whereas the CPO treatment does not affect the toxicity
removal of this aromatic contaminant (Fig. 3) [38, 39]. In another study, Almaqdi
et al. [40] conducted experiments for sulfamethoxazole degradation by a combina-
torial approach using SBP enzymatic system as well as an advanced oxidation
process (UV + H2O2). Initial experiments using the individual SBP + H2O2 system
had no degradation effect; however, the sulfamethoxazole was profoundly
transformed by the inclusion of 1-hydroxybenzotriazole as a redox mediator to the
reaction system. Results revealed over 80% of the sulfamethoxazole was removed
within an initial 10 min of reaction using a mixture of SBP + H2O2 system in the
presence of HOBT mediators by producing various intermediates. To evaluate the
remediation efficiencies of different peroxidases, a mixture containing 21 diverse
arrays of emerging pollutants including antibiotics, textile dyes, analgesics, pesti-
cides, herbicides, hormones, pharmaceutical, and personal care products and non-
steroidal anti-inflammatory drugs was independently exposed to MnP, HRP, SBP,
CPO, and lactoperoxidase (LPO). Experimental results showed that all of the tested
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Fig. 3 SRB dye toxicity on Lactuca sativa seed. (a) A representative sample of L. sativa seed
treated by SRB dye (10 ppm), SRB dye decolorized by SBP (SRB + SBP) and SRB dye treated by
CPO (SRB + CPO); (b) root length (cm) after treating the seeds with SRB dye samples. Statistical
analysis was performed using unpaired t-test (n ¼ 80). The asterisk (*) shows a significant
difference ( p < 0.05). Reprinted from Alneyadi et al. [38], an open-access article distributed
under the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/
by/4.0/). Copyright (2017) the authors. Licensee MDPI, Basel, Switzerland
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peroxidases have shown marked ability to decompose meloxicam (a nonsteroidal
anti-inflammatory drug), with SBP as a slightly superior catalyst compared with
others. Nevertheless, it appears that all of the organic contaminants were not equally
bio-transformed and degraded by the catalytic actions of peroxidases. For illustra-
tion, SBP was not capable of degrading roxithromycin (a semi-synthetic macrolide
antibiotic), and it also found to recalcitrant to MnP and CPO treatments exhibiting
only about 25% transformation. On the other hand, HRP and LPO treatment induced
efficient degradation with about 95% and 80% degradation, respectively [40].

2.4 Horseradish Peroxidase: Catalytic Features
and Pharmaceutical Degradation

Plant HRP (EC 1.11.1.7) is a Class III peroxidase that has attracted incredible
interest as a widely studied enzyme to oxidizing a variety of phenolic substrates
such as alkylphenols, phenols, halophenols, bisphenol A, triclosan, lignosulfonates,
and hormones by one-electron transfer [41–43]. The supplementation of H2O2 in the
HRP-catalyzed reaction results in the biotransformation of non-phenolic compounds
(aliphatic amines), organic acids (fulvic acid, humic acid, hydroxycinnamic acid,
and perfluorooctanoic acid), polychlorinated biphenyls, persistent organic pollut-
ants, and even recalcitrant water contaminants such as swine manure and azo dyes
[44, 45]. In a current study, Yang et al. [46] reported for the first time the efficient
removal of six sulfonamides including sulfadiazine, sulfapyridine, sulfathiazole,
sulfamerazine, sulfamethoxazole, and sulfamethoxypyridazine from aqueous envi-
ronment by HRP-mediated catalytic reaction. When spiked together, the concomi-
tant sulfonamides can serve as mediating agents for accelerated removal of
sulfamethoxazole. Up to 47% of diclofenac was removed by a native form of
HRP [47].

2.5 Laccases: Catalytic Features and Pharmaceutical
Degradation

As trendy enzymes, laccase is a multi-copper containing blue oxidase enzyme that
belongs to oxidoreductases. The induction, formation, and secretion of extracellular
laccase varies in the presence of different physical and nutrient growth conditions
like pH, temperature, moisture, aeration, nutrients, mediators, and inhibitors. It is
revealed that copper plays a role in the induction of laccases by most of the laccase
producers [48]. Laccases typically catalyze their substrates (phenolic as well as
non-phenolics, i.e., aromatic amines, phenol, or its derivatives) oxidation with a
simultaneous four-electron reduction of molecular oxygen to form a corresponding
radical, with water as a by-product (Fig. 4) [13]. Though laccases can be extracted
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from fungi, bacteria, plants, and insects [49], microbial-derived laccases, in partic-
ular WRF, have garnered increasing interest because of broad substrate specificity
and high oxidation capability. It drives the oxidative cleavage of a diversity of
phenolic compounds, diamines, aromatic amines, and electron-rich substrates
accompanied by simultaneous mono-electronic reduction of molecular oxygen to
water. Laccases accelerate the conversion of phenoxyl radicals to the ketone,
demethoxylation, and cleavage of carbon in phenolic structures. Oxidation and
biotransformation of a spectrum of non-phenolic structures of lignin by laccase
can also be possible through the inclusion of different natural/synthetic redox
mediators including 2,20-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS),
syringaldehyde, acetosyringone, vanillin, and 1-hydroxybenzotriazole (HOBT).
During the last few years, the application of microbial laccases has been widely
explored for the bioremediation of pharmaceuticals, xenobiotics, organic pollutants,
endocrine-disrupting compounds, dyes, polychlorinated biphenyls, organochlorines,
polyaromatic hydrocarbons, and 2,4,6-trinitrotoluene [13–15, 50–52].

Pharmaceutical products released openly by pharmaceutical manufacturers or
hospital activities have substantial health-related apprehensions. In a very recent
study, laccase treatment drives the dehydrochlorination of an insecticide, lindane, to
form non-toxic and environmentally friendlier by-products (Fig. 5) [53]. A promis-
ing aspect of laccases functions is the cleavage of different substrates without the
necessity of external source of Mn2+, H2O2, or co-factors that are generally included
in the case of other peroxidases such as MnP or LiP. Guardado et al. [54] appraised
the degradation capability of a novel Pycnoporus sanguineus CS43 laccase for
decomposing various pharmaceutical micropollutants. Degradation profile indicated
a removal efficacy of 40%, 80%, and 100% for ciprofloxacin, amoxicillin, and
sulfamethoxazole, respectively, within 3 h of syringaldehyde-mediated catalytic
reaction time. The recombinant laccase from T. versicolor evinced to be a highly
proficient catalyst for the decomposition of pharmaceuticals-based environmental

Fig. 4 A simplified
schematic illustration of the
catalytic cycle of laccase.
Reprinted from Bilal et al.
[13] with permission from
Elsevier

Perspectives on the Feasibility of Using Enzymes for Pharmaceutical Removal in. . . 127



pollutants. After 24 h of catalytic treatment with a recombinant enzyme, the sulfa-
methoxazole and diclofenac were removed to 51.1% and 46.8%, respectively. A
complete degradation efficiency was obtained within 1 h by the supplementation of
1 mMABTS as a redox mediator [55]. Alharbi et al. [56] investigated the removal of
four pharmaceutical compounds, i.e., sulfamethoxazole (SMX), diclofenac (DCF),
carbamazepine (CBZ), and trimethoprim (TMP), separately as well as a mixture at
various concentrations, by laccase from T. versicolor. In contrast to mixtures, the
pharmaceuticals tested individually were more efficiently degraded under identical
reaction environments. For instance, diclofenac (5 mg/L) was degraded to an
undetectable level within 8 h when treated in the individual experiment, whereas
the removal time was increased to 24 h following exposure to the catalytic system in
the form of a mixture with other pharmaceutical compounds. The comparable
tendency was noted with other tested pharmaceuticals, where 82 vs. 34%, 95 vs.
39%, and 56 vs. 49% degradation occurred after 48 h of biocatalytic treatment with
carbamazepine, trimethoprim, and sulfamethoxazole ascertained separately or as in
mixture forms, respectively. Toxicity analysis revealed the non-toxicity of all the
laccase-treated pharmaceutical and effluent samples. Table 1 summarizes recent
degradation studies of pharmaceutically active compounds by free laccase enzymes.
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Fig. 5 The oxidative cleavage of some pharmaceuticals by laccase enzyme. Reprinted from
Unuofin et al. [53] with permission under Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). Copyright (2019) the authors. Licensee MDPI,
Basel, Switzerland
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Table 1 Removal studies of pharmaceutical compounds by free laccases under various operating
conditions

Enzyme
source

Pharmaceutical
compound Reaction conditions

Removal
(%) Reference

Aspergillus
oryzae

Ciprofloxacin
hydrochloride

Enzyme loading of 0.02% (w/v),
temperature 60�C, power input
75 W, frequency 22 kHz, and agi-
tation 200 rpm

51 Sutar and
Rathod
[57]

Aspergillus
oryzae

Cetirizine
dihydrochloride

Optimal experimental parameters
were enzyme loading of 0.02%,
temperature 50�C, power input
100 W, frequency 25 kHz, and
agitation 200 rpm

91 Sutar and
Rathod
[58]

Pycnoporus
sanguineus
CS43

Amoxicillin Pollutant concentration, 20 mg L�1

Redox mediator syringaldehyde
Incubation time, 3 h

80 Guardado
et al. [54]

Pycnoporus
sanguineus
CS43

Sulfamethoxazole Pollutant concentration, 20 mg L�1

Redox mediator syringaldehyde
Incubation time, 3 h

100 Guardado
et al. [54]

Pycnoporus
sanguineus
CS43

Ciprofloxacin Pollutant concentration, 20 mg L�1

Redox mediator syringaldehyde
Incubation time, 3 h

40 Guardado
et al. [54]

Trametes
versicolor

Doxycycline Reaction mixture contained
10�4 M doxycycline, partially
purified laccase (10 nkat mL�1),
malonate buffer (50 mM, pH 4.5),
and 0.2 mM HBT as a redox
mediator

100 Suda et al.
[59]

Trametes
versicolor

Chlortetracycline Reaction mixture contained
10�4 M chlortetracycline, partially
purified laccase (10 nkat mL�1),
malonate buffer (50 mM, pH 4.5),
and 0.2 mM HBT as a redox
mediator

100 Suda et al.
[59]

Trametes
versicolor

Tetracycline Reaction mixture contained
10�4 M tetracycline, partially
purified laccase (10 nkat mL�1),
malonate buffer (50 mM, pH 4.5),
and 0.2 mM HBT as a redox
mediator

100 Suda et al.
[59]

Trametes
versicolor

Oxytetracycline Reaction mixture contained
10�4 M oxytetracycline, partially
purified laccase (10 nkat mL�1),
malonate buffer (50 mM, pH 4.5),
and 0.2 mM HBT as a redox
mediator

100 Suda et al.
[59]

Trametes
versicolor

Tetracycline Antibiotic of 100 μg/mL, laccase
17.5 μg/mL, pH 7.0, temperature
20�C, incubation time 18 h

78% Llorca
et al. [60]
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3 Enzyme Immobilization, Techniques, and Unique
Advantages

Enzymes work perfectly under normal physiological environments, and their func-
tionalities are highly based on their conformations. Harsh and adverse environmental
conditions that are usually experienced in effluent streams such as high ionic
strength, extreme temperatures, presence of inhibitors, and very low or high pH
can affect the conformation of the enzyme, thus resulting in its denaturation
[61, 62]. These inadequacies can be overcome by immobilizing enzyme on a solid
support. Immobilization is a process in which the enzyme is attached to an insoluble
support carrier, where it is held in a proper geometrical conformation resulting in
increased stability and reusability of the enzyme [14, 63]. The immobilization
process converts the enzyme from its homogenous form to a heterogeneous catalyst
(immobilized enzyme) to give an immobilized biocatalyst [64]. The immobilized
enzymes can be used for the continuous bioremediation of great volumes of effluent
effectively [61].

The immobilization of enzymes to different biocompatible supports can be
achieved using three major techniques. The first method is binding to a carrier,
and it can be further subdivided into the physical binding, also known as adsorption,
and chemical binding via covalent linkages [65]. In adsorption, the catalyst is
adsorbed to the outside surface of inert support, which can be a glass, matrix, or
alginate beads. This technique is not very efficient, and the coupling between the
enzyme and support is feeble to keep the enzyme attached to its place. Covalent
binding entails the attachment of the biocatalyst to support by covalent bonds
directly or using a cross-linking reagent such as glutaraldehyde, which will be
attached to the enzyme at one side and the support from its other side. Covalent
binding is more effective and stronger than adsorption. The second method is
entrapment or encapsulation in which the enzyme is either trapped in a polymeric
matrix network or encapsulated within a solid carrier. The last technique is the
development of cross-linking of enzyme aggregates (CLEAs) or crystals (CLECs),
which are considered as carrier-free immobilized biocatalytic systems [63, 65]. It is
important to mention that the solid support used in immobilization should be
inexpensive, ecologically friendly, and non-toxic and does not exhibit any undesir-
able effect on the biodegraded solution [14].

The use of carrier-immobilized enzymes can address most of the issues that are
faced when using an enzyme in the free form. Non-immobilized forms of enzymes
cannot be reused and recycled after the treatment and are considered highly expen-
sive. Immobilization overcomes part of these issues as it allows for the repeated
usability of enzymes and increases their recycling efficiencies in multiple continuous
cycles [13, 66]. Additionally, immobilization allows the long-term and durable
stability of enzymes as they become more resistant to degradation and denaturation
and stabilized against harsh temperatures, pH, and pressure conditions
[13, 67]. Since the enzyme immobilization process offers numerous advantages
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compared to the free state of the enzymes, it can be considered as an easy and
effective way to boost up the catalytic potentialities of enzymes.

4 Immobilized Peroxidases for Removal
of Pharmaceutically Active Compounds

Though the free form of biocatalysts may be efficient in removing pharmaceutically
active compounds, their scale-up exploitation is associated with some drawbacks.
The soluble nature of free enzymes in the aqueous media renders them challenging to
retain in the reactor system. Moreover, instability toward thermal or chemical
denaturation diminishes their applicability to establish enzyme-driven processes,
which in turn profoundly increase the processing cost. The deployment of carrier-
immobilized enzyme enables the easy retrieval of both the products and enzyme
molecules facilitating their multiple-time reutilization in consecutive biocatalytic
operations, controlled reactions termination, and wider bioreactor configurations. In
the last decade, immobilized peroxidases have been effectively used in many studies
for the removal of different pharmaceutically active compounds due to their elevated
functional stability and repeated usability (Table 2). Touahar et al. [68] developed a
versatile and multifunctional combined cross-linked enzyme aggregate (combi-
CLEA) to remove an array of different pharmaceuticals. To this end, three oxidative
enzymes including versatile peroxidase from B. adusta, laccase from T. versicolor,
and glucose oxidase from A. niger were concurrently cross-linked to prepare combi-
CLEAs. The as-synthesized combi-CLEAs presented the better capability for
resisting denaturing environments such as low pH 3.0 and elevated temperature of
60�C. The immobilized biocatalytic system exhibited high removal efficiency to
synthetic wastewater and pharmaceutical cocktail consisting of diazepam,
fenofibrate, caffeine, naproxen, acetaminophen, indomethacin, ketoprofen,
diclofenac, mefenamic acid, ciprofloxacin, bezafibrate, trimethoprim, and carbamaz-
epine. The MnP-Tween 80 system comprising unsaturated fatty acid has shown the
potential to eliminate the antidepressant sertraline and miconazole resulting in 85%
and 88% removal of sertraline and miconazole after enzyme exposure to 24 h. The
developed enzyme system was also able to remove intermediate metabolites of
sertraline such as desmethylsertraline [71].

In a recent report, Pylypchuk et al. [1] engineered novel enzyme-based
nanocomposites by adsorbing LiP and HRP onto magnetite nanoparticles followed
by sol-gel encapsulation in a silica matrix, and they used these for the removal of
common pharmaceutical pollutants in a green process (Fig. 6a). Encapsulation
results in an improvement in the thermal stability profile of the biocatalysts. The
encapsulated enzyme exhibited notable selectivity in oxidative removal of the
organic contaminants carbamazepine, paracetamol, and diclofenac with high activ-
ity. Particularly, sol-gel immobilized HRP and LiP-based nanostructured composites
showed catalytic activity over 20 successive removal cycles for 20 days at a high
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temperature of 55�C. In contrast to native enzymes, the encapsulated biocatalysts
also displayed improved stability in acidic medium. Under the optimal conditions,
sol-gel-assisted LiP composites showed 64% and 68% degradation of diclofenac and
carbamazepine, respectively. Both diclofenac and carbamazepine were completely
degraded at pH 3.0 and 55�C within 3 days by treatment with both immobilized LiP
and HRP. After characterizing decomposedproducts of the drug through NMR
spectroscopy, a decomposition pathway was proposed by the peroxidase enzymes
(Fig. 6b). It was noted that the degradation of diclofenac by oxidases initiates from
hydroxylation of its structural molecule. For instance, two major degradation metab-
olites, viz., 40-hydroxy diclofenac and 5-hydroxy diclofenac, were detected by
laccase-assisted catalytic treatment. Quinones like diclofenac-2,5-iminoquinone
might also be generated as diclofenac degradation intermediates, but only 5–10%
of the degraded diclofenac was converted into quinones, indicating that a major
portion of this drug (90–95%) was probably removed via other oxidation routes [72].

5 Immobilized Laccases for Removal of Pharmaceutically
Active Compounds

Immobilized form of laccases from many strains of WRF has been demonstrated for
the degradation and removal of various pharmaceutically active compounds in
wastewater effluents. Yang et al. [73] exploited an immobilized form of laccase
and tested its ability to degrading different antibiotics. The method that they used for
the immobilization process is CLEAs as they prepared magnetic-CLEAs for laccase
and used it for the biodegradation of antibiotics. Results showed that laccase
M-CLEAs were capable of degrading more than 80% of tetracycline within 12 h
treatment. Three degradation products of tetracycline were detected using LC-TOF-
MS designated as TP 459, TP 431, and TP 396 that have elution time at 2.69, 6.01,
and 6.35 min, respectively. In a very recent study, Bilal et al. [13–15] demonstrated
the ability of free and immobilized laccase for the degradation of bisphenol A, which
is an organic synthetic compound [14]. In their work, laccase was covalently
attached to chitosan beads using glutaraldehyde as a coupling agent. The
immobilized biocatalyst showed good stability and preserved 71.24% of its initial
activity after ten cycles of treatments. Bisphenol A was almost completely degraded
(more than 99%) by the immobilized laccase after 150 min. Likewise, there are a
plethora of studies that have documented the ability of immobilized biocatalytic
systems to degrade different contaminants of emerging concerns efficiently. A
summary of recent degradation studies of different pharmaceutical pollutants by
immobilized laccase-based biocatalytic systems is summarized in Table 3. Immobi-
lization of biocatalysts on different supports is a promising and ecologically friendly
technique for the elimination of different pollutants from wastewater. The role of
three natural phenolic substances, including acetosyringone, syringaldehyde, and
p-coumaric acid, was evaluated as mediators in eliminating a routinely used
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recalcitrant pharmaceutical carbamazepine by the native as well as insolubilized
laccases. Among these mediators, p-coumaric acid facilitated the optimal biocata-
lytic performance for removing carbamazepine with over 60% elimination efficiency
after 96 h of enzymatic treatment [79].

Enzyme immobilization onto porous membranes, so-called the development of
enzyme-based membrane reactors, is an attractive method to solve the issue associ-
ated with the free enzymes due to the provision of high surface area by membranes
for biocatalytic reactions. Noticeable advantages of laccases immobilized on mem-
branes are reusability, durable shelf life, and steadiness against pH and temperature

Fig. 6 (a) Sol-gel encapsulation of HRP and LiP peroxidases adsorbed onto magnetite
nanoparticles. (b) Possible pathways in diclofenac enzymatic oxidative decomposition. Reprinted
from Pylypchuk et al. [1] an open-access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/)

Perspectives on the Feasibility of Using Enzymes for Pharmaceutical Removal in. . . 135

http://creativecommons.org/licenses/by/4.0/


T
ab

le
3

R
em

ov
al
st
ud

ie
s
of

ph
ar
m
ac
eu
tic
al
co
m
po

un
ds

by
im

m
ob

ili
ze
d
la
cc
as
es

un
de
r
va
ri
ou

s
op

er
at
in
g
co
nd

iti
on

s

E
nz
ym

e
so
ur
ce

Im
m
ob

ili
za
tio

n
su
pp

or
t

P
ha
rm

ac
eu
tic
al
co
m
po

un
d

R
ea
ct
io
n
co
nd

iti
on

s
R
em

ov
al
(%

)
R
ef
er
en
ce

T
ra
m
et
es

ve
rs
ic
ol
or

B
en
to
ni
te
-d
er
iv
ed

m
es
op

or
ou

s
m
at
er
ia
ls

T
et
ra
cy
cl
in
e

R
ea
ct
io
n
m
ix
tu
re

co
nt
ai
ni
ng

te
tr
ac
yc
lin

e
so
lu
tio

n
(1
0
m
g/
L
)

an
d
th
e
im

m
ob

ili
ze
d
en
zy
m
e

w
as

pl
ac
ed

at
30

3
K
fo
r
2
h
in

th
e
pr
es
en
ce

of
1-
hy

dr
ox

yb
en
zo
tr
ia
zo
le

60
W
en

et
al
.

[7
4]

P
ho

m
a

sp
.U

H
H

5-
1-
03

C
ro
ss
-l
in
ke
d
to

po
ly
vi
ny

lid
en
e
fl
uo

ri
de

m
em

br
an
es

A
ce
ta
m
in
op

he
n

C
on

ce
nt
ra
tio

n,
10

μM
;2
0
U
L
-

1
of

im
m
ob

ili
ze
d
en
zy
m
e;

in
cu
ba
tio

n
at
ro
om

te
m
pe
ra
-

tu
re

fo
r
24

h
us
in
g
18

0
rp
m

>
85

Ja
ha
ng

ir
i

et
al
.[
75

]

P
ho

m
a

sp
.U

H
H
5–

1-
03

C
ro
ss
-l
in
ke
d
to

po
ly
vi
ny

lid
en
e
fl
uo

ri
de

m
em

br
an
es

M
ef
en
am

ic
ac
id

C
on

ce
nt
ra
tio

n,
10

μM
;2
0
U
L
-

1
of

im
m
ob

ili
ze
d
en
zy
m
e;

in
cu
ba
tio

n
at
ro
om

te
m
pe
ra
-

tu
re

fo
r
24

h
us
in
g
18

0
rp
m

>
85

Ja
ha
ng

ir
i

et
al
.[
75

]

T
ra
m
et
es

ve
rs
ic
ol
or

H
yb

ri
d
bi
or
ea
ct
or

co
ns
is
tin

g
of

a
co
m
bi
ne
d
cr
os
s-
lin

ke
d

la
cc
as
e
an
d
ty
ro
si
na
se

ag
gr
eg
at
es

A
ce
ta
m
in
op

he
n,

na
pr
ox

en
,

m
ef
en
am

ic
ac
id
,i
bu

pr
of
en
,

ke
to
pr
of
en
,i
nd

om
et
ha
ci
n,

tr
i-

m
et
ho

pr
im

,c
ip
ro
fl
ox

ac
in
,

ofl
ox

ac
in
,c
af
fe
in
e,
ca
rb
am

az
-

ep
in
e,
be
za
fi
br
at
e,
fe
no

fi
br
at
e,

at
en
ol
ol

P
ha
rm

ac
eu
tic
al
so
lu
tio

n
(1
0
m
g/
L
)
w
as

m
ix
ed

w
ith

th
e

co
m
bi
-C
L
E
A
s
to

a
fi
na
l
ac
tiv

-
ity

of
80

U
/L

of
L
ac

an
d
50

U
/

L
of

T
yr

T
he

ex
pe
ri
m
en
t
w
as

co
nt
in
u-

ou
sl
y
op

er
at
ed

5
da
ys

at
ro
om

te
m
pe
ra
tu
re

10
0

B
a
et
al
.

[7
6]

T
ra
m
et
es

ve
rs
ic
ol
or

P
ol
ya
cr
yl
on

itr
ile
-b
io
ch
ar

co
m
po

si
te
na
no

fi
br
ou

s
m
em

br
an
e

C
hl
or
te
tr
ac
yc
lin

e
C
hl
or
te
tr
ac
yc
lin

e
co
nc
en
tr
a-

tio
n
(2
00

pp
b)

in
w
at
er

w
as

pu
m
pe
d
at
th
re
e
di
ff
er
en
t

fl
ux

es
(1
,2

,a
nd

3
m
L
/c
m

2
∙h
)

in
to

th
e
te
st
se
tu
p
in

th
e
de
ad
-

en
d
co
nfi

gu
ra
tio

n

58
.3
%
,4

0.
7%

,a
nd

22
.6
%

ch
lo
rt
et
ra
cy
cl
in
e
re
m
ov

al
ef
fi
-

ci
en
cy

at
fl
ux

ra
te
s
of

1,
2,
an
d

3
m
L
/h
∙c
m

2

T
ah
er
an

et
al
.[
77

]

136 M. Bilal et al.



T
ra
m
et
es

ve
rs
ic
ol
or

O
xy

ge
n
fu
nc
tio

na
liz
ed

na
no

bi
oc
ha
rs

C
ar
ba
m
az
ep
in
e

50
m
g
im

m
ob

ili
ze
d
la
cc
as
e

w
as

di
sp
er
se
d
in

20
m
L
of

ca
rb
am

az
ep
in
e
so
lu
tio

n
(2
0
ng

/m
L
)
an
d
al
lo
w
ed

to
re
ac
t
at
25

� C
an
d
20

0
rp
m

fo
r

24
h

83
%

an
d
86

%
de
gr
ad
at
io
n
in

sp
ik
ed

w
at
er

an
d
se
co
nd

ar
y

ef
fl
ue
nt
,r
es
pe
ct
iv
el
y

N
ag
hd

i
et
al
.[
78

]

T
ra
m
et
es

ve
rs
ic
ol
or

M
em

br
an
e
hy

br
id

re
ac
to
r

C
ar
ba
m
az
ep
in
e

C
ar
ba
m
az
ep
in
e
so
lu
tio

n
w
ith

an
in
iti
al
co
nc
en
tr
at
io
n
of

20
μM

w
as

in
cu
ba
te
d
w
ith

im
m
ob

ili
ze
d
la
cc
as
e
af
te
r
96

h

60
Ji
et
al
.

[7
9]

T
ra
m
et
es

ve
rs
ic
ol
or

C
ro
ss
-l
in
ke
d
en
zy
m
e
ag
gr
e-

ga
te
s
on

am
in
e-

fu
nc
tio

na
liz
ed

m
ag
ne
tic

na
no

pa
rt
ic
le
s

A
ce
ta
m
in
op

he
n,

at
en
ol
ol
,

di
cl
of
en
ac
,e
po

xy
ca
rb
am

az
e-

pi
ne
,a
nd

m
ef
en
am

ic
ac
id

R
ea
ct
io
n
m
ix
tu
re

co
nt
ai
ni
ng

10
0
μg

/L
of

ea
ch

of
ph

ar
m
a-

ce
ut
ic
al
s
w
as

re
ac
te
d
w
ith

1,
00

0
U
/L

of
th
e
im

m
ob

ili
ze
d

en
zy
m
e
fo
r
6
h
us
in
g
0.
1
m
M

A
B
T
S
at
pH

7.
0
an
d
12

5
rp
m

10
0

K
um

ar
an
d

C
ab
an
a

[8
0]

A
sp
er
gi
llu

s
or
yz
ae

E
nz
ym

at
ic
m
em

br
an
e

re
ac
to
r

D
ic
lo
fe
na
c

L
oa
di
ng

ra
te
48

0
m
g/
L
d

(d
ic
lo
fe
na
c)
;
re
do

x-
m
ed
ia
to
r

sy
ri
ng

al
de
hy

de
(5

m
M
)

T
he

re
ac
to
r
w
as

op
er
at
ed

at
a

fl
ux

of
1.
1
L
/m

2
h
vi
a
a
pe
ri
-

st
al
tic

pu
m
p
w
ith

an
8
m
in

on
an
d
1
m
in

of
f
cy
cl
e

>
80

N
gu

ye
n

et
al
.[
81

]

Perspectives on the Feasibility of Using Enzymes for Pharmaceutical Removal in. . . 137



fluctuations [82]. Laccase enzyme produced by T. versicolor was subjected to
immobilization on an electrospun polyacrylonitrile-biochar composite membrane
and applied for the degradation of a commonly used chlortetracycline antibiotic from
aqueous solution. The newly developed immobilized biocatalyst catalyzed 58.3%,
40.7%, and 22.6% degradation of chlortetracycline continuously at flux rates of 1, 2,
and 3 mL/h∙cm2 [77]. Cross-linking of laccase from Phoma sp. UHH 5-1-03 to
polyvinylidene fluoride membranes by electron beam irradiation was employed to
remove a mixture of pharmaceutical pollutants including indomethacin, naproxen,
bezafibrate, acetaminophen, ketoprofen, and mefenamic acid in actual municipal
wastewater samples. Degradation profile of the immobilized laccase showed greater
removal efficiency (more than 80%) of acetaminophen and mefenamic acid in
wastewater in continuously eliminating operational mode.

6 Concluding Remarks and Outlook

In conclusion, based on the above-discussed literature with suitable examples,
environmental contamination with a range of anthropogenic pollutants of emerging
concern has become a global problem. This chapter is of particular interest, which
highlights the significant potential of numerous enzymes in pristine or immobilized
forms for efficient removal/degradation of ECs. The growing contamination of water
matrices with a controlled or uncontrolled discharge of incompletely or inadequately
treated hazardous industrial wastes harshly affects the whole living ecosystem.
Considering the above-discussed scenarios, there is a dire need to develop highly
efficient bioremediation strategies that are clean, green, sustainable, and
environmental-friendly and can replace the in-practice inefficient remediation
approaches. Various wastewater treatment technologies using crude (pristine), puri-
fied enzymes, and immobilized enzyme systems are discussed with a particular
emphasis on the degradation and detoxification of pharmaceutically active com-
pounds. This study emphasized that the enzyme-based biocatalytic treatment pro-
cesses have gained unprecedented importance in mitigating an array of ECs typically
present in wastewater effluents. Despite an effective technology with proven biore-
mediation potential, enzymes exploitability is currently far from being and has not
yet been incorporated in large-scale water treatment systems. Future studies should
be attentive to increase the application of enzymes under the actual treatment
environments. Moreover, an in-depth understanding of the extensive environmental
and commercial influences regarding the practical applicability of enzyme-based
biocatalytic agents to achieve efficient remediation of numerous contaminants of
emerging concern is critical to attaining the sustainability of immobilized enzyme
technology.
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Abstract The pharmaceutical occurrence in surface and ground water bodies is due
to low efficiency of the wastewater treatment plants in removing those pollutants.
Their biological transformation using white-rot fungi has been proposed due to their
unspecific intracellular and extracellular oxidoreductase enzymatic systems. This
chapter summarizes and analyzes the studies performed on pharmaceuticals removal
from urban and hospital wastewater using fungal reactors operating in batch or
continuous mode. Due to low fungal growth rate, all reactors are based on the
biomass reuse through the retention through the pellet morphology or membrane,
or by immobilization on a support. The treatment of real wastewater in non-sterile
conditions requires the assessment of effect of the native microorganism on the
fungal treatment. The chapter also offers an insight into fungal enzymatic systems,

J. A. Mir-Tutusaus and M. Sarrà (*)
Departament d’Enginyeria Química Biològica i Ambiental, Escola d’Enginyeria, Universitat
Autònoma de Barcelona, Barcelona, Spain
e-mail: jantonz@gmail.com; Montserrat.Sarra@uab.cat

Sara Rodriguez-Mozaz, Paqui Blánquez Cano, and Montserrat Sarrà Adroguer (eds.),
Removal and Degradation of Pharmaceutically Active Compounds in Wastewater
Treatment, Hdb Env Chem (2021) 108: 145–162, DOI 10.1007/698_2020_660,
© Springer Nature Switzerland AG 2020, Published online: 26 October 2020

145

http://crossmark.crossref.org/dialog/?doi=10.1007/698_2020_660&domain=pdf
mailto:jantonz@gmail.com
mailto:Montserrat.Sarra@uab.cat


types of reactors, and strategies to reduce bacteria effect and consequently
maintaining fungal activity during a continuous treatment during long periods.

Keywords Biomass retention, Immobilization, Non-sterile conditions, Real
wastewater

1 Introduction

Current wastewater treatment plants are not designed to remove pharmaceuticals; as
a consequence, their effluents are one of the main sources of this pollution in surface
and ground water bodies [1]. Although the concentration of those compounds is
usually low, ranging from ng/L to μg/L, there is an increasing concern due their high
activity even at a very low concentration. Among the many alternatives studied to
remove emerging pollutants, biological treatments are preferred because they are
regarded as a more environmentally friendly process. Nevertheless, not all biological
systems have evidenced the same efficiency in removing pharmaceuticals com-
pounds from wastewater. Among these eco-friendly treatments, the use of white-
rot fungi (WRF) is an interesting option because these fungi have demonstrated the
capacity to degrade a wide range of recalcitrant organic compounds, including
emerging pollutants, due to their unspecific enzymatic system. Despite their high
potential, an application at full scale does not exist. One of the drawbacks of the
technology is the difficulty in maintaining the fungal activity for a long period of
time since bacteria exert competitive pressure in fungal survival. So, the reactor
design and the operational strategies are key aspects to consider in achieving a scale-
up process to remove emerging pollutants using WRF.

This chapter shows some of the latest research efforts at improving fungal bio-
reactors for removing pharmaceuticals from urban and hospital wastewater. The first
section presents some general aspects of the WRF and their enzymatic systems,
focusing on pollutant biodegradation. The second section is devoted to describing
the type of reactors using fungi as retained biomass or as immobilized biomass.
Finally, the third section reviews treatments of urban and hospital wastewater with
fungi while focusing on the removal of pharmaceutically active compounds.

2 White-Rot Fungi

It is not uncommon in nature to find among fungal species the ability to break down
cellulose and hemicellulose, polysaccharides that together with lignin form the main
components of lignocellulose. This process is part of the primary metabolism and as
such, it yields a positive energy gain. However, the ability to depolymerize the third

146 J. A. Mir-Tutusaus and M. Sarrà



component, lignin, is much more scarce [2]. Lignin is a complex and heterogeneous
polyphenolic polymer, the degradation of which does not result in a net energy gain;
rather, it is a step used by few organisms to access polysaccharides inside lignin-
carbohydrate complexes and exploit this ecological niche. White-rot fungi (WRF)
are a group of fungal species that are able to do just that. In nature they achieve
depolymerization of lignin through a mixture of extracellular ligninolytic enzymes
and mediators and intracellular monooxygenases. This enzymatic system happens to
be very unspecific and has been studied for transforming a wide range of
micropollutants [3, 4].

WRF owe their name, white-rot, to the whitish aspect that a wood takes after
being attacked by these fungi. Most known WRF are basidiomycetes, but also
certain ascomycetes are able to produce white rot. Some relevant fungal species
that have been studied for their ability to remove pharmaceuticals include
Ganoderma spp., Phanerochaete chrysosporium, Pleurotus ostreatus, and Trametes
versicolor [5].

2.1 Enzymatic System of the Fungi

The enzymatic system of fungi is very complex and diverse. In regard to xenobiotic
transformation, it can be classified into extracellular and intracellular. However,
metabolites generated by either method may be catabolized extra- and intracellu-
larly, metabolites produced by intracellular enzymes may be excreted, and metabo-
lites produced by extracellular enzymes may be internalized. Additionally,
transformation products (TPs) may form conjugates, be further transformed, or result
in mineralization. TPs may be excreted at different oxidation stages or be
transformed by fungal, non-fungal, or abiotic oxidation (Fig. 1).

Fig. 1 Simplified schema of micropollutant transformation pathways in white-rot fungi
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2.1.1 Extracellular Enzymatic Mechanism

The extracellular enzymatic mechanism of WRF is composed mainly of oxidore-
ductases called lignin-modifying enzymes (LMEs) and mediators, all of which are
mainly active in the acidic pH range. Several LMEs have been described in the
literature, four of which are described below; however, they are not the only
enzymes involved in lignin transformation [6]:

• Lignin peroxidase (LiP). Monomeric glycosylated hemoproteins with relatively
low specificity, although their preferred substrates are non-phenolic compounds
[7]. Like most LMEs, LiP is involved in lignin transformation, but it is not
essential, as some fungi capable of lignin transformation do not produce this
enzyme. Their reaction mechanism is H2O2-dependent one-electron oxidation
and is usually mediated by redox mediator veratryl alcohol [8, 9].

• Manganese peroxidase (MnP). Heme glycosylated enzyme, its reaction mecha-
nism is H2O2-dependent, via one-electron oxidation of Mn2+ to Mn3+, which
subsequently oxidates the organic substrate [9, 10]. Mn3+ can diffuse into the
lignified cell wall and attack it from inside, sometimes with the help of some
organic acids such as oxalic acid that chelates Mn3+ and acts as redox mediator.

• Laccase (Lac). Laccases are multicopper enzymes and are produced by several
wood-transforming basidiomycetes and ascomycetes. Their active site contains
four copper atoms, and their reaction mechanism involves the reduction of
oxygen to water [11, 12]. Small organic compounds, known as mediators, can
be oxidized by laccases, and these molecules may further attack other substrates,
thus widening the range of compounds laccase can transform.

• Versatile peroxidase (VP). These enzymes, first described in Pleurotus and
Bjerkandera species, are peroxidases with MnP-LiP hybrid properties, capable
of transforming typical substrates of both previous peroxidases (Mn2+ and
veratryl alcohol, respectively) [7, 13]. Thanks to their distinct multiple binding
sites, they can also transform aromatic compounds not efficiently attacked by
MnP and LiP [14].

Mediators are small, low-molecular-weight redox molecules that are able to
diffuse through the lignocellulosic complex. They are especially important because
due to the molecular size of LMEs, interactions with lignin are improbable. The
mediators, once oxidized by LMEs, remain stable radicals that can oxidize com-
pounds that originally were not substrate of LMEs. Conveniently, these mediators
are often produced by fungal metabolism itself, notably 3-hydroxyanthranilic acid,
veratryl alcohol, oxalate, malate, and fumarate [15].

2.1.2 Intracellular Enzymatic Mechanism

The main intracellular enzymes involved in xenobiotic transformation are related to
the cytochrome P450 superfamily. They are intracellular monooxygenases typically
found in mammals that are involved in the metabolism of a wide range of

148 J. A. Mir-Tutusaus and M. Sarrà



compounds. The reaction mechanism involves the reduction of O2 to H2O, while
oxidizing the substrate. Cytochrome P450 can, therefore, transform aromatic or
aliphatic structures of many molecules, including organic pollutants.

In fungus, cytochrome P450 has been shown to play a role in the metabolism of
anti-inflammatory drugs, lipid regulators and analgesics, among other compounds
[16–19].

2.2 Bio-Oxidation/Redox-Mediated System

In addition to their extracellular oxidation potential, white-rot fungi show the ability
to reduce lignin depolymerization products, such as aromatic aldehydes, acids,
and quinones, through different intracellular and membrane-bound systems. So,
the simultaneous actions of both systems, extracellular oxidative enzymes and
intracellular reduction mechanism, lead to the establishment of redox cycles. One
of the functions of these cycles is the production of reactive oxygen species
(ROS), i.e., superoxide anion radicals (O2��), H2O2 and hydroxyl radicals (�OH)
depending on the fungus, the depolymerization product, and the oxidizing enzyme
[20]. Among the ROS produced by fungi, hydroxyl radical has the highest
redox potential, and it can be chemically generated by the Fenton reaction
(H2O2 + Fe2+ ! OH� + �OH + Fe3+). But the biological generation of the hydroxyl
radical involves lignin-oxidizing enzymes to produce H2O2, fungal mycelia, and its
metabolic products as metal chelating agents. Therefore, the use of mediators in
lignin and/or environmental pollutants degradation by ligninolytic enzymes per-
forms similarly to the advanced oxidation process in the generation of highly
reactive radicals. The process applied to evidence the degradation of several selected
pharmaceuticals through the quinone redox cycling mechanism can be achieved
from molecular oxygen, incubating fungi and chelated ferric ion. The advanced
bio-oxidation process can be achieved by incubating the fungi with a lignin-derived
quinone (2,6-dimethoxy-1,4-benzoquinone, DBQ) and chelated ferric ion (Fe3+-
oxalate) [21]. Under these conditions, DBQ are converted to hydroquinone
(DBQH2) by an intracellular quinone reductase; subsequently, extracellular lignin-
modifying enzyme (laccase or peroxidase) oxidizes DBQH2 to semiquinone radicals
(DBQ��). Then the Fenton’s reagent is formed by these radical’s autoxidation
catalyzed by Fe3+ (DBQ�� + Fe3+-oxalate ! DBQ + Fe2+-oxalate and Fe2+-oxalate
+ O2 $ Fe3+-oxalate + O2��). Finally, the O2�� dismutation produces H2O2 precur-
sor of hydroxyl radicals. This process was first evidenced by Gómez-Toribio et al.
[20], who established the conditions to enhance the radical production.

The unspecificity, the short reaction time required, and the high oxidation poten-
tial of •OH radicals are the main advantages of the process in removing recalcitrant
organic pollutants. Despite these advantages, reports of effluent treatment are scarce,
even at lab scale, due to quinone depletion probably due to radical attack. Recent
studies are focused in using gallic acid as a mediator because it is also a transfor-
mation product of the lignin and it can generate semiquinone compounds through the
fungal redox cycle [22].
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3 Type of Reactors with Fungi

3.1 Retained Fungi

Several strategies exist to retain fungal biomass inside the bioreactor. A prominent
one is the auto-immobilization of fungal mass in the form of pellets. This immobi-
lization allows for decoupling the solids retention time and the hydraulic retention
time (i.e., better separation of fungal biomass and liquid matrix). In addition to retain
the fungus inside the reactor, other advantages can be observed for pelleted biomass
versus free hyphae: improved settling, possibility of biomass reuse, low clogging
effect, high volumetric productivity, and lower adhesion to parts of the reactor [23–
25]. The fact that pellet formation is often separated from the treatment stage is also
an advantage. Different approaches for pellet growth can be found in the literature
[26–28]. In general, it can be acknowledged that pellet diameter can be controlled by
shear stress, often controlled by agitation/aeration speed, and inoculum concentra-
tion [29, 30]. However, pelleted biomass comes with some limitations, such as lower
nutrient and oxygen transfer inside the pellet, which can result in autolysis and
difficulty of maintaining fungal pellets during long-term operations [23, 29, 31].

Some representative reactors with pelleted biomass comprise stirred tanks, fluid-
ized beds, and airlift/bubble columns:

• Stirred tank reactor (STR). It consists of a tank with mechanical agitation that
provides both agitation and a mechanism to disperse air, which is usually supplied
at the bottom of the reactor. Agitation speed is a main variable in these systems,
which controls the diameter of the pellets, the stress of the cells, and the mass and
oxygen transfer. Increased shear stress and agitation may lead to the rupture of
pellets [32].

• Airlift reactor and bubble column reactor. The airlift reactor incorporates a
cylindrical baffle that separates the liquid moving down from the liquid rising.
This baffle provides an engineered path that air bubbles follow, therefore ensuring
proper aeration and mixing by recirculation. It does not need any mechanical
agitation. The bubble diameter and the flow rate of aeration control the diameter
and fluffiness of the pellets, the mass, and oxygen transfer. These systems
produce less shear stress than their mechanically stirred counterparts and require
less energy. Bubble column reactors similarly rely on aeration for oxygen transfer
and mixing purposes, but they do not use any baffle; instead, a gas distributor on
the bottom ensures (non-uniform) agitation [33].

• Fluidized bed reactor (FBR). The fungal pellets are suspended in the stream of air
and influent, both of which flow from the bottom of the reactor. The mixing does
not require mechanical agitation and similarly to airflit reactors; the airflow
controls pellet diameter and mass/oxygen transfer. Poor fluidization is a problem
in fluidized bed reactors using pelleted biomass due to pellet aggregation; partial
biomass purging helps in reducing this difficulty. Some improvements in the
system involve (1) fluidization by air pulses, which improves fluidization quality,
avoids conglomerates of mycelia, and maintains more uniform pellets [29, 34],

150 J. A. Mir-Tutusaus and M. Sarrà



and (2) reactor head with a diameter larger than the reactor column, which aids in
reducing foam formation, facilitates gas-liquid phase separation, and facilitates
pellet formation by allowing pellets to spin before descending through the
column [35].

The use of membrane bioreactors (MBRs) constitutes another important retention
strategy. MBRs have long been used both in urban and industrial wastewater
treatment [36–38], and there has been an increased interest in micropollutant
removal on these systems [39]. Fungal MBRs tend to take the form of a bubble
reactor coupled with a membrane stage and rely on air flow for mixing [40]. The
membrane enables the retention of fungal biomass while allowing the flow of
medium, thus allowing for shorter hydraulic retention times than other fungal
reactors. Additionally, depending on the membrane type and its pore size, the
retention of enzymes and other microorganisms is also possible [3, 41, 42]. Mem-
brane fouling and durability of the membrane are a concern in membrane reactors
(especially in fungal MBRs), which require more maintenance and monitoring
[43, 44].

3.2 Immobilized Fungi

A lot of diversity can be found in the literature about fungal reactors with
immobilized biomass. Some diversity comes from the fact that fungi can be
immobilized onto a wide variety of carriers, both inert, stainless steel mesh, poly-
amide fiber net, fiberglass net, polyurethane foam, polyurethane cubes, foam glass
beads, etc. [45, 46], and non-inert, some of which can also be partially used as a
carbon source: pine chips, pallet wood, pine bark, hazelnut shell, nutshell, etc.
[47, 48].

• Trickling packed bed reactors. Some particularly successful reactors using
immobilized fungi are trickling packed-bed reactors. They consist of a packed
bed full of packing material that may be already colonized by the fungus or rely
on the reactor operation to grow the fungus onto the material. The air is usually
pumped from the bottom of the reactor and the influent is fed from the top. Some
setups also include a recycling loop to recirculate the effluent [47–49].

• Packed bed reactor. Another alternative is a packed bed reactor. The operation of
such reactors may not require aeration (oxygen is supplied dissolved in the
influent), and they tend to be operated with an upflow of medium [50, 51].

• Moving packed bed reactor. A moving packed bed reactor is another option for
WRF, in which the packing material with the immobilized fungus is placed inside
a holed cylinder cage rotating inside the reactor container. The air is pumped from
the bottom of the reactor with an air diffuser [45].

• Rotating biological contactors (RBCs). These reactors consist of spaced disks
mounted on a rotating shaft, which is half submerged on an open container that
contains the influent. The reactor is first operated with growth medium until a
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biofilm of the target fungus is grown onto the disks [52]. A rotating suspension
cartridge reactor is a variation of the RBC that use holed cartridges filled with the
fungus immobilized onto packing material [53]. Another reactor inspired by the
RBC is the rotating drum reactor, which consists of an inner tube, filled with the
immobilized fungus, located in the center of the longitudinal axis of an open
polyvinylchloride channel [54]. These types of reactor do not need aeration
because the rotating shaft ensures that biomass is intermittently submerged in
the liquid and in contact with air.

4 Treatments of UWW and HWW with Fungi

Some prominent wastewater treatments are reviewed in this section. It is significant
to note that at the time of writing only a few studies can be found that use real
wastewater. And of the ones that do treat real wastewater, only some of them do so
mimicking real-world variables: environmentally significant micropollutant concen-
tration and non-sterile conditions. In addition, most studies are run at laboratory
scale, being few the experiments found at pilot-scale plants and none, to the best of
the authors’ knowledge, at full-scale WWTPs.

4.1 Batch System

Most of the white-rot fungal bioreactor batch treatments reviewed in this section
used fluidized bed bioreactors. Those studies can be now regarded as a stepping
stone needed to demonstrate the feasibility of white-rot fungal reactor treatments of
real wastewater, and put some light into the effect of sterility in the removal of
pharmaceutical active compounds from that matrix (Table 1).

Cruz-Morató et al. [56] demonstrated for the first time the degradation of phar-
maceuticals at pre-existent concentrations in a WRF bioreactor treating real urban
wastewater under non-sterile conditions. In subsequent experiments, they demon-
strated the possibility of removing a mixture of pharmaceuticals and endocrine
disruptor compounds in non-sterile hospital wastewater (HWW), with presumably
a higher micropollutant initial concentration [58]. They performed parallel experi-
ments with heat-sterilized and non-sterile hospital wastewater, and both operations
reduced the concentration and estrogenic activity of the influent. The non-sterile
treatment, however, performed substantially worse with a 53.3% removal of the
initial micropollutant load while the sterile operation showed a 83.2% removal.
T. versicolor, the WRF used in the study, played a major role in the pollutant
degradation.

A 10 L FBR was used to remove spiked micropollutants from non-sterile HWW.
The setup removed 87% of X-ray contrast agent iopromide and 98.5% antibiotic
ofloxacin in sterile HWW, while similar results were obtained for the non-sterile
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operation: 65.4% and 99%, respectively [55]. A similar pilot-scale reactor was used
to test the ability of T. versicolor to degrade recalcitrant anticancer drugs from
HWW, both raw and sterilized [59]. This paper highlighted the interesting case of
ciprofloxacin, which was more efficiently eliminated under non-sterile conditions.
This fact was attributed to a synergistic contribution between fungi and wastewater-
native bacteria, although no further discussion was offered.

That “synergistic contribution” was evaluated in a different study using DGGE
for microbial community assessment [57]. The experiment achieved a longer batch
operation, 15 days, using T. versicolor in a 1.5 L lab-scale fluidized bed bioreactor
treating veterinary hospital wastewater. Under non-sterile conditions, the treatment
showed a 66% removal of the micropollutants present at pre-existent concentrations,
while no removal was observed in the uninoculated control reactor. It was demon-
strated that the presence of WRF was mandatory for degradation to occur, and they
hypothesized that the synergistic effect was due to the native wastewater microor-
ganisms, especially bacteria, degrading fungal transformation products and metab-
olites. However, no direct relationship between detected non-WRF microorganisms
and degraded pollutants could be established. Finally, the study also highlighted the
necessity of adjusting nutrient addition in non-sterile treatments taking into account
the nutrient consumption of native microorganisms.

4.2 Continuous Treatment

It is known that a continuous wastewater treatment is preferred over batch treatment
unless the volume treated is very low. As a result, more continuous white-rot fungal
treatments can be found in the literature, although one could argue that they could
not have existed without prior reactor batch studies, seeing that all of them are more
recent (Table 2).

All operations reviewed in this section were conducted in non-sterile conditions
and can be classified by the reactors they used: fluidized bed reactors (FBR), rotating
biological contactors (RBC), and trickling bed reactors.

The fluidized bed reactor operations reviewed in this section all used pelleted
biomass. As discussed in Sect. 3, the use of pellets enables the retention of fungal
biomass while allowing the flow of liquid. However, attention must be paid to
oxygen and mass transfer inside the pellets. The need for optimizing the nutrients
addition in non-sterile continuous treatments, both carbon-to-nitrogen ratio and
quantity to reduce the cost of operation and the COD of the effluent, was highlighted
by Badia-Fabregat et al. [57]. It also identified some WRF-bacteria and WRF-other
fungi interactions and described the inactivation of the fungus T. versicolor, which
could be confirmed with DGGE. The operation lasted 26 days and removed a 44% of
overall pharmaceutical load, but the fungus was inactivated during some periods of
time. An experiment with a similar FBR, yet with spiked anti-inflammatories (at a
much higher concentration than the concentration found in the environment),
included the pre-treatment of influent through UV light, coagulation-flocculation
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and both strategies, and the operation of the same reactor in sequential batch and
continuous mode [62]. The study’s objective was to decrease the influent microbial
concentration in an attempt to increase the operation time. Specifically, the main
objective was to increase the time the white-rot fungus was active inside the reactor.
The best-performing strategy was the coagulation-flocculation pre-treatment step
coupled to a continuous fungal treatment, which led to an operation that lasted
28 days with an average removal of 80% of the spiked concentration. A similar study
with spiked anti-inflammatories was conducted by Torán et al. [48] using fungal
pellets with a wooden core, so as to avoid the addition of an external carbon and
nitrogen source. The operation ensured fungal viability up to day 21, when removal
performance degraded.

A 2-L FBR inoculated with pelleted T. versicolor was operated for 56 days
treating flocculated HWW at environmentally relevant concentration of pharmaceu-
tically active compounds [63]. A DGGE and sequencing approach was used to
evaluate the microbial community arisen in inoculated and uninoculated reactors,
and it revealed a possible inhibition of T. versicolor activity due to Candida. Further
studies with similar reactors but spiked pharmaceuticals identified an optimal
carbon-to-nitrogen ratio of 7.5 in regard to nutrient addition (i.e., glucose and
ammonium nitrate) and found that an aeration of 0.8 L�min�1 and a pellet diameter
of around 2 mm helped in extending the treatment length and fungal activity [29]. A
long-term continuous treatment of hospital wastewater was performed using the
nutrient addition, aeration, and pellet diameter values found previously [64]. The
study removed a 70% of influent pharmaceutical concentration for 91 days and
demonstrated the presence during the whole treatment of T. versicolor by means
of qPCR.

Del Álamo et al. [22] operated a 10 L rotating biological contactor with real
wastewater (collected after the primary treatment of a pilot scale WWTP) for
40 days. The white-rot fungus T. versicolor was grown in the form of biofilm into
the disks in the start-up period prior to the wastewater treatment. During the
treatment phase, the operation achieved a 40–95% removal of 12 micropollutants
spiked at 50 μg�L�1 each without the need of addition of nutrients (which can be
regarded as a mandatory requirement in FBRs). Additionally, RBCs do not typically
need an external aeration source, as the aeration is attained through rotation of the
reactor itself. However, the study does report the addition of promoters of advanced
bio-oxidation: metallic species in the form of Fe3+-oxalate and Mn2+-nitrate and
quinone-like compounds such as gallic acid. A similar experiment was conducted
with UWW at environmentally relevant micropollutant concentration, without spik-
ing of pharmaceutical compounds [52]. The operation also used promoters of
bio-oxidation and lasted 22 days when using the primary effluent of a full-scale
WWTP. A 2 L plate bioreactor was used for the treatment of the effluent of urban
WWTP with spiked carbamazepine [61]. The WRF P. chrysosporium was
immobilized in a sheet of polyether foam submerged in a recipient with the
WWTP effluent, placed in a water bath at 34–37�C. In this case no bio-oxidation
promoters were added, but the addition of carbon and nitrogen sources was needed
to maintain the removal of the spiked carbamazepine around 60%.
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The trickle bed reactors reviewed in this section used WRF immobilized or
grown on lignocellulosic substrates. The first experiment reviewed is a pilot-scale
study that used a reactor of 30 L working volume and treated the secondary effluent
of a WWTP [60]. The operation used the fungus Pleurotus ostreatus (an edible
industrial mushroom that can be cultivated in farms), and it decreased by 76% of the
concentration of the endocrine-disrupting compounds (EDCs) analyzed. The oper-
ation lasted 28 days, and it demonstrated the possibility of a fungal-based tertiary
treatment for the degradation of EDCs. Another study evaluated the ability of
T. versicolor immobilized in pallet wood of removing wastewater with spiked
pharmaceutical compounds in a lab-scale trickle packed-bed reactor [48]. This
study was not intended as a tertiary treatment but as an onsite treatment for hospital
wastewater in order to reduce pharmaceutical load. The experiment successfully
removed pharmaceutical compounds for 49 days in non-sterile flocculated waste-
water without the addition of carbon or nitrogen source (as it is needed in FBRs).

5 Conclusions

Biotechnology processes based on fungal systems at industrial scale have been
developed along the history, for example, antibiotic production. But, regarding
wastewater treatment, although the high degrading capacity of the fungi, particularly
to antibiotics and pharmaceutical compounds, treatment processes are still scarce
even at lab scale. In general, it seems that bacterial concentration in raw wastewater
hindered the robust operation of the batch and continuous treatments reviewed.
Nevertheless, the reduction of this microbiological load, either using a
pre-treatment (e.g., coagulation-flocculation) or by feeding the reactor a more
processed influent (e.g., effluent from primary or secondary treatment), helped
maintaining the fungus active for a longer period. The use of WRF immobilized
onto lignocellulosic substrates avoided the need of nutrients addition, although
systems with this type of biomass tend to need longer start-up periods for biomass
growth. So, the technology is mature enough for different pilot-scale reactor setups
to flourish soon, and such studies should be encouraged.
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Abstract Nature-based solutions such as constructed wetlands (CWs) are a cost-
effective option to perform wastewater treatment. Multiple studies have already
shown that common CW configurations can remove pharmaceutically active com-
pounds (PhACs) from wastewater mainly due to sorption, biodegradation, and
photodegradation processes. Even so, recent research has proposed novel CW
configurations to improve PhAC removal. This chapter will review existing studies
on the three following novel CW approaches: (1) CWs’ filling material modification,
(2) biodegradation enhancement, and (3) integration of CWs with intensive waste-
water treatment technologies. Waste-to-product filling materials such as biochar and
cork can be used to enhance CWs’ adsorption capacities. On the other side, biodeg-
radation can be improved by incorporating microbial fuel cells, forced aeration, or
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bioaugmentation technologies into CWs. Finally, combinations of CWs with inten-
sive wastewater treatments may offer a wider range of biodegradation pathways for
PhACs and a reduction of the resulting transformation products (TPs). Future
research on CWs should include the monitoring of TPs, a higher number of
PhACs, ecotoxicological effects, and antimicrobial resistance. In addition, one of
the main limitations of CW technology is still the high surface area required, which
may be solved by future studies combining novel CW technologies.

Keywords Bioaugmentation, Constructed wetlands, Filling material, Forced
aeration, Microbial fuel cells, Pharmaceuticals

1 Introduction

Constructed wetlands (CWs) are probably one of the clearest examples of a nature-
based solution for wastewater treatment. Wetlands have been involved in the
treatment of the wastewater since humans started to discharge sewage into the
environment [1]. However, it was not until the early 1950 that artificial wetlands
started to be built to treat wastewater [2]. During the last decades, CWs were
developed into fully engineered systems, and nowadays they are defined as a
sustainable, low-cost, robust, and efficient wastewater treatment technology which,
unlike other technologies, provides ecosystem services [1]. Among these ecosystem
services, CWs support animal biodiversity, which contributes to dampen the occur-
rence of zoonosis [3] and therefore can minimize the risk of future disease outbreaks.

CWs have been typically designed to remove biochemical oxygen demand
(BOD), nutrients (nitrogen and phosphorus), total suspended solids, and bacteria
[4–6]. Nevertheless, different studies have also reported their ability to remove the
so-called contaminants of emerging concern (CEC) from urban and domestic waste-
waters, which include pharmaceutically active compounds (PhACs) [7–11]. Further-
more, CWs are also capable of removing PhACs from livestock, swine [12], hospital
[13], and aquaculture [14] wastewaters. The removal of PhACs in CWs involves
different processes such as adsorption to the filling material, biodegradation by the
soil’s or rhizosphere’s microbial community, and plant uptake [11] but also
photodegradation, hydrolysis, and volatilization [15, 16]. According to this, the
efficiency of CWs to degrade PhACs from wastewater depends on their physico-
chemical properties, the characteristics of the filling material, the planted species, the
microbial populations, the wastewater characteristics, and the environmental condi-
tions [17]. As PhACs belong to different chemical families with very diverse
physicochemical properties, the removal mechanisms are complex and almost com-
pound-specific.

The main aim of this chapter is to provide a review of novel CW configurations
for the attenuation of PhACs from wastewater. Nevertheless, to understand the
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attenuation processes of PhACs in CWs, a general overview on common CW
configurations will also be included. Novel configurations will be classified on
three strategies: (1) modifying the filling material, (2) enhancing the biodegradation
mechanisms, and (3) combining CWs with other wastewater treatment technologies.
This chapter will also explain the challenges that novel CW configurations need to
overcome regarding the attenuation of PhACs and the derived future research trends.
Finally, conclusions about the removal of PhACs in novel CWs will be stated.

2 Common CW Configurations Used for the Removal
of PhACs

Typically, CWs can be designed as subsurface flow constructed wetlands
(SSFCWs), where the water level is maintained below the surface of the medium
placed in the beds [18], or as surface flow constructed wetlands (SFCWs), which are
flooded systems that expose the water to the atmosphere (Fig. 1) [2]. Based on water
flow direction, SSFCWs are subdivided into horizontal flow (HF) and vertical flow
(VF) systems [19] (Fig. 1). In addition, there are hybrid systems, which consist of
various types of those CW designs combined according to the wastewater treatment
needs (Fig. 1). Despite their design, all CWs work in a similar way: solids are
removed by filtration and settling, BOD declines due to consumption of organic
compounds by the microbial community, ammonia is oxidized by microorganisms
under aerobic conditions, nitrate is reduced under anaerobic conditions, and

Constructed Wetlands
(CWs)

Subsurface Flow
(SSFCWs)

Surface Flow
(SFCWs)

Horizontal Flow
(HF-SSFCWs)

Vertical Flow
(VF-SSFCWs)

Hybrid CWs

Fig. 1 Scheme of most common CW configurations used for the removal of PhACs
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phosphorus may be absorbed by sediments [4]. All these processes are facilitated by
plants, which maintain a favorable environment for microbial communities [20]. The
removal of these pollutants has been the main focus of research in CW configura-
tions [1], and several thorough reviews about this topic have been already written [4–
6].

2.1 Removal of PhACs by SSFCWs

SSFCWs are mainly performing as a secondary treatment with relatively high
organic matter loading rates [21]. However, HF-SSFCWs have successfully been
used for both secondary and tertiary treatment [6].

HF-SSFCWs can degrade organic matter by sedimentation and filtration as well
as by aerobic and anaerobic microbial processes [6]. In such systems, redox potential
measurements have confirmed that the environment is anoxic-anaerobic, but aerobic
microenvironments may exist around the plant roots, around algae blooms, or near
the surface [11]. It has been seen that aerobic conditions lead to more efficient
biodegradation pathways of PhACs than anoxic-anaerobic conditions [11]. There-
fore, shallower (and thus more aerobic) HF-SSFCWs have shown to be better at
degrading most PhACs [22]. However, not all PhACs are degraded under aerobic
conditions [11], and the presence of oxic, anoxic, and anaerobic environments offers
the possibility to degrade a wider range of PhACs. For example, the biodegradation
of diclofenac has been linked to anaerobic conditions or even to the combination of
oxic-anoxic conditions [23].

VF-SSFCWs, with unsaturated flow and therefore mainly with an aerobic envi-
ronment, appeared to consistently perform better in terms of PhAC removal com-
pared to HF-SSFCWs [24, 25].

2.2 Removal of PhACs by SFCWs

Generally, SFCWs are mostly used as a tertiary treatment of wastewater with low
organic matter loading rates [21] and can achieve similar CEC removal efficiencies
to those obtained by advanced wastewater treatment systems [26, 27].

SFCWs typically consist of a sequence of shallow basins and water control
structures that maintain water depth [2]. SCFWs allow water to flow on top of the
ground and to be exposed to the atmosphere and direct sunlight, allowing the
photodegradation of some PhACs [28]. As the removal of some PhACs depends
on sunlight irradiation (photodegradation) and temperature (biodegradation), differ-
ent removals may be obtained depending on site and season [26]. According to this,
an extended retention time of the water (i.e., 1 month) promotes photodegradation
and biodegradation reactions so removal efficiencies of PhACs can reach as high
values as those reported for HF-SSFCWs and conventional WWTPs [26]. In
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particular, SFCWs have shown to have the same capacity to remove antibiotics as
conventional activated sludge wastewater systems [29]. In addition, the short expo-
sure (25 days) to low levels of antibiotics (ng/L to μg/L) in SFCWs did not promote
the proliferation of antibiotic resistance genes (ARG), which were as abundant as in
natural wetlands [29]. However, the increase of ARG after longer exposure periods
should be assessed [29].

2.3 Removal of PhACs with Hybrid CW Systems

In the last years, the combined use of the abovementioned CW configurations has
been tested for removing PhACs. Depending on the nature of the compounds to be
degraded, some CW designs are better suited than others; so the combination of
different CW systems can considerably reduce the total discharge of PhACs
[30]. For example, three different real-scale hybrid treatment combinations (one
3-pond system and two different pond-SFCW-HF-SSFCW systems) obtained PhAC
removals mainly over 70% [31]. These systems had highest removal efficiency in the
first treatment step (pond, SFCW, or SSFCW) probably due to dependency on
concentration [31]. Another example is a study testing a full-scale hybrid CW,
consisting of a VF-SSFCW, a HF-SSFCW, and a SFCW [32]. This hybrid config-
uration achieved removals over 80% of all PhACs and other CEC, thanks to the
diversity of physicochemical conditions occurring in the different CW configura-
tions, which allowed synergies between biotic and abiotic removal mechanisms [32].

3 Novel CW Approaches for Pharmaceutical Removal

Multiple studies are exploring novel CW designs to boost the attenuation of PhACs
from wastewater (Fig. 2). These studies follow three strategies: (1) modification of
the filling material or support matrix, (2) enhancement of the biodegradation mech-
anisms, and (3) combination of CWs with other wastewater treatment technologies.
The use of these strategies for removing PhACs from wastewater will be the main
focus of this chapter.

3.1 Modifying the Filling Material of CWs

The choice of the filling material mainly influences the adsorption capacity of the
CWs for removing PhACs, but it can also promote biofilm growth [33], increase
residence time, and shape the microbial community, which will ultimately determine
the biodegradation of pollutants [34]. The latest years, alternative CW approaches
based on the replacement of the filling material (e.g., clays and biochar) as well as
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giving new usages to materials (e.g., waste products) have been studied for the
removal of carbon, nitrogen, and phosphorus content. However, these new
approaches have also shown to improve the removal of xenobiotic compounds
such as PhACs.

3.1.1 Clays and Zeolites

Clays can be used to enhance the removal of PhACs in CWs. Thermally processed
clay materials like lightweight expanded clay aggregate (LECA) (300 US dollars per
m3, 0.28 kg/L density1) or exfoliated vermiculite (117 US dollars per m3,
0.060–0.12 kg/L density2) have been successfully used for regular wastewater
treatment as filters or as filling material in CWs [35]. These materials have also
lately been tested for the removal of PhACs, and promising results have been
obtained in several studies. Among such materials, the use of LECA has shown
excellent results with the attenuation of several PhACs (Table 1) [35, 36, 38, 39,
42]. For example, the removals of ibuprofen and carbamazepine in planted LECA
were both over 82% in two separate studies [38, 39] (Table 1). Also, exfoliated
vermiculite may have some specific applications in CWs as it has shown higher and
faster adsorption capacities per unit mass than LECA, but, in general, its low density
makes it less efficient than LECA per unit of volume [35].

With the same composition as clays but with different crystallographic structure,
zeolites are another appealing material that can be applied in CWs. Zeolites are

Cathode e-

e-

MFCs

BioagumentationForced
Aeration

Modifications of
the filling material

Clays or
Zeolites

Solid
wastes

Wastewater Treated water... . .. .. .. . ...
Anode

Biochar

Fig. 2 Overview of novel CW configurations discussed in this chapter. Modifications of the filling
material (clays or zeolites, solid wastes, and biochar) are discussed in Sect. 3.1. Strategies for
enhancing biodegradation (microbial fuel cells (MFCs), forced aeration, and bioaugmentation) are
discussed in Sect. 3.2. A HF-SSFCW has been represented here, but novel CW configurations may
be applied to other types of CWs

1Data for bulk acquisition of Leca® LWA in https://www.specialistaggregates.com/ in May 2020.
2Data for bulk acquisition of exfoliated vermiculite in https://www.perlipol.com.pl/ in May 2020.
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natural or artificially produced aluminosilicate minerals which are normally used for
their adsorption, ion exchange, molecular sieve, and catalytic properties [44]. In
CWs, zeolites alone or applied together with other materials have shown to have a
successful removal of nitrogen from domestic, urban, and livestock wastewaters,
with a less satisfactory removal of chemical oxygen demand (COD) and phosphorus
[45]. Interestingly, the usage of zeolites in CWs has shown to improve the removal
efficiency of PhACs such as antibiotics as well as ARGs [41, 43] (Table 1).
Although natural zeolites are relatively affordable (1,000 US dollar per ton [46])
and abundant, they are still a limited natural resource and producing them artificially
implies energetic costs. This is a disadvantage compared to other available materials
that can be cheaply produced like LECA or obtained from waste products (e.g., cork
and biochar), but their efficiency in removing antibiotics and ARGs may pay off the
costs.

3.1.2 Solid Wastes

The use of solid wastes from agriculture, industry, and construction to fill CWs has
been explored as a way to reduce landfill disposal of those materials in the context of
circular economy [47]. Among the different tested materials, cork granulates showed
the ability to adsorb organic compounds [47]. Despite their selective adsorption
potential, cork-filled treatment wetlands appeared to be specifically an appropriate
technology to treat nitrate-polluted groundwater [48] and to adsorb some PhACs
[40, 42] (Table 1). It was also noted that cork allowed shorter equilibration times and
larger removal of PhACs per weight of sorbent than LECA materials [40]. In another
study, LECA reached greater removals of furosemide than cork (Table 1), but cork
granulates achieved higher adsorption in the first 24 h [42]. Therefore, cork granu-
lates were suggested as preliminary filter to retain most of the PhAC concentration
with a low hydraulic retention time (HRT), followed by a LECA filter [42]. In
addition, cork sorbents have become a potential low-cost choice (240–260 US
dollars per m3; 0.06–0.22 kg/L density3) as they can be obtained from cork industrial
wastes [49]. Nevertheless, no pilot or full-scale CW system based on cork material
has been built to demonstrate the real effectiveness of this material. Other solid
wastes like oyster shells were able to remove 17–60% of antibiotics, but COD and
nitrogen removals were not as satisfactory [41]. Similar results have also been
reported with other comparable materials (snail shells) [47].

3.1.3 Biochar

Biochar used as filling material in CWs seems to be a promising option to enhance
PhAC removal. Biochar is an interesting charcoal-like product obtained when

3Data for bulk acquisition of natural cork granulates in https://www.corklink.com/ in May 2020.

Novel Constructed Wetland Configurations for the Removal of Pharmaceuticals in. . . 173

https://www.corklink.com/


biomass (which can be a waste product) is heated at elevated temperatures with little
or no available oxygen (pyrolysis). Biochar price varies between 90 and 3,000 US
dollars per ton, mostly depending on the country of production [50]. When applied
to the soil, biochar enhances soil’s fertility and quality by increasing the moisture
retention capacity, attracting beneficial fungi and microbes, and retaining nutrients in
the soil [51]. Due to this, biochar is used as filling material in CWs, mainly to remove
nitrogen [52] but also COD, phosphorus [53], and even phenols and metals [54]. In
spite of this, there are currently no available studies on the effect of biochar applied
in CWs towards PhAC removal from wastewater. Nonetheless, trials in unplanted
biofilters based on biochar suggest that its usage may enhance degradation of PhACs
in CWs. Dalahmeh et al. [37] observed that filters based on biochar resulted in the
simultaneous biodegradation and adsorption of recalcitrant pharmaceuticals, like
carbamazepine (73–99%), and less recalcitrant compounds like metoprolol, caffeine,
and ranitidine (Table 1). In the case of the recalcitrant carbamazepine, the obtained
removals were achieved mainly by adsorption processes, but some biodegradation
still occurred (Table 1). Same authors suggested that as biofilm contributed to
biodegradation, biochar with biofilm could extend adsorbent lifetime.

All in all, the usage of different filling materials in CWs seems to improve the
removal of PhACs and seems especially useful to remove recalcitrant compounds,
which can only be removed by sorption. However, all reported studies (Table 1)
were conducted at laboratory, microcosm, or mesocosm scale. Therefore, further
studies should move towards testing such materials in pilot- and real-scale CWs,
with longer operation times. Future studies need to evaluate the applicability of these
materials under real wastewater conditions because clogging, material degradation,
and exhaustion of the sorption capacity (the main removal mechanism for some
PhACs) may eventually happen.

3.2 Enhancing the Biodegradation Capacity of CWs

Besides modifying the filling material, another approach to enhance the elimination
of PhACs from wastewater is to enhance the biodegradation capacity of CWs. This is
done by stimulating the microbiological activity through different mechanisms.

3.2.1 Microbial Fuel Cell

A new research line based on the integration of microbial fuel cells (MCFs) (Fig. 3)
into CWs (MFC-CWs) has recently been developed (Fig. 2). In a MFC,
exoelectrogenic bacteria oxidize organic and inorganic substrates, and electrons
are shifted from the anode, via a conductive material and a resistor, to a higher
redox electron acceptor, like oxygen, at the cathode [56]. These bioelectrochemical
systems and the related microbial electrolysis cell use the electric current to improve
pollutant degradation [1].
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Limited studies have been conducted applying MFC-CWs towards CEC degra-
dation. In a recent study, MFCs have been integrated into an upper-flow CW
(MFC-UCW) [57] (Table 2). In that study, at least 60% of 10 mg/L of ibuprofen
and bisphenol-A were removed from wastewater with a HRT of 0.7 days [57]. In an
even more recent study, MFC-CWs with different configurations were tested for the
removal of sulfadiazine, carbamazepine, naproxen, and ibuprofen [60] (Table 2).
These studies demonstrated that the operation of the MFC-CW system increased the
accumulation of PhACs (sulfadiazine, carbamazepine, naproxen, and ibuprofen) on
the electrode layers by electrosorption, which ended up selecting bacterial commu-
nities with enhanced xenobiotics metabolism. This resulted in an enhanced removal
of PhACs but also with an enriched number of sulfonamide ARGs [60]. Such
findings suggested that MFC-CW can be a promising technology for the removal
of PhACs, but potential risks due to the accumulation of ARGs should be assessed.

3.2.2 Aerated CWs

Oxygen availability in CWs results in improved biodegradation, reduced clogging,
enhanced removal of organic nutrients, and reduced land area requirement [8]. There-
fore, another way to enhance biodegradation of PhACs in CWs is the incorporation
of forced aeration in their design (Fig. 2). Forced aeration has been implemented in
both, HF- and VF-SSFCW to treat wastewater with very high organic loads, which
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Fig. 3 Scheme of a typical two-chambered MFC separated by an ion exchange membrane.
Electrons and protons are generated from organic matter oxidation via anaerobic respiration or
fermentation by microorganisms in the anode chamber. Electrons are transferred to the cathode
through an external circuit and produce electricity. Protons are transferred to the cathode through
the ion exchange membrane. Electrons and protons react with oxygen (aerobic cathode), nitrate, or
sulfate (anaerobic cathode). Adapted from [55]
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are oxygen limited and therefore achieve poor removal of nitrogen
[52, 65]. HF-SSFCWs particularly are often oxygen limited due to permanent
water clogging of the reed bed [66]. For regular pollutants, aeration can increase
the nitrification rate of such CWs, but the economic costs of this might not pay
off [66].

Regarding PhACs, it has been observed that aerated saturated CWs have a higher
microbial diversity than unsaturated systems [63], which might result in the biodeg-
radation of a wider range of compounds. Forced aeration has only been tested for a
few PhACs (Table 2). For ibuprofen, forced aeration achieved 65% removal in
unplanted HF-SSFCWs, a 20% higher than that found for equivalent saturated or
unsaturated systems; however, aeration had not much influence when comparing
equivalent planted systems [63]. Similar results were achieved in planted
VF-SSFCW with forced aeration, where ibuprofen and diclofenac removals (99%
and 58%, respectively) were not different from VF-SSFCWs operating with
non-aerated unsaturated flows [61]. Also, aeration in VF-SSFCWs has been tested
during municipal and hospital wastewater treatment [64]. In this study, aeration did
not enhance the removal of sotalol, carbamazepine, and diclofenac (less than 50%
removal in aerated and non-aerated systems); but it resulted in a complete removal
(99%) of valsartan and metformin, which were poorly removed in non-aerated
systems (17% and 68%, respectively). Finally, another study tested aerated and
non-aerated HF- and VF-SSFCWs and, while there were only small differences in
VF-SSFCWs (0–16% greater removals in aerated systems), HF-SSFCW aeration
improved the removal efficiencies of ibuprofen, naproxen, and diclofenac from 19 to
95%, from 23 to 84%, and from 17 to 24%, respectively [58]. According to those
studies, forced aeration seems to be useful to increase the biodegradation of PhACs
in systems with low dissolved oxygen levels such as HF-SSFCWs or unplanted
systems. Nonetheless, this is mostly valid for compounds that undergo aerobic
degradation or degradation in aerobic-anaerobic environments, and, depending on
the circumstances, the installation and maintenance costs might not pay off the
increased removals.

3.2.3 Bioaugmentation

Bioaugmentation consists in adding biological material to improve pollutant bio-
degradation and ecosystem function [67]. In wastewater treatment, this is usually
translated into adding the required cultured microorganisms into the media to
accelerate the degradation of contaminants (Fig. 2). To do so, microorganisms or
uncharacterized microbial consortiums isolated from the same media to be treated
are usually preferred, as they may persist longer and perform better than externally
obtained microorganisms [67].

Bioaugmentation has shown to be able to treat wastewater from different origins
(pharmaceutical factories, pulp mills, and other factories) containing different
organic and inorganic chemicals, but in CWs it has mainly been studied to enhance
nitrogen and phosphorus removal [68–70]. Regarding organic contaminants, one
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study demonstrated that bioaugmentation enhanced atrazine removal in CWs from
74.6 to 87.1% [71]. For PhACs, there is only one available study that tested the
addition of ibuprofen-degrading bacteria into CWs [62] (Table 2). In this study,
wastewater containing 11–92 μg/L of ibuprofen was incubated with 500 mg/L of
ibuprofen to isolate a bacterium living solely on ibuprofen. After that, a biofilm of
the selected bacteria (Sphingobium yanoikuyae) was artificially grown on gravel,
which was later on applied to a HF-SSFCW. The inoculated gravel improved the
removal efficiency of ibuprofen in the CW only by 5%. However, the key finding of
the study was that the addition of these bacteria reduced with more than 80 days the
stabilization time of the CW compared with the non-inoculated CWs [62]. In
addition, this study found that plants were important to maintain the ibuprofen-
degrading bacteria community because roots provided aerobic environments.

The limitation of this novel approach comes from the fact that inoculated micro-
organisms might be washed out, predated, or killed by environmental conditions;
periodic inoculation must be considered to maintain the biomass, which is translated
into costs and complex operation [68]. To avoid continuous inoculation, microor-
ganism immobilization has been pointed as a solution [72]. In this case, CWs are
especially well suited for it as bacteria could be immobilized in the filling material.

As it happens with the filling material approaches, most processes to enhance
biodegradation have been mainly tested at laboratory scale, and further testing in
pilot and real scale should be the next research step. This will be important to
evaluate the applicability of these technologies in terms of costs and efficiency.
Forced aeration is the only approach that has been tested on pilot-scale systems, and
it has shown to enhance PhAC removal. According to the results, forced aeration
seems to improve the attenuation of PhACs by 20–60% in comparison to conven-
tional HF-SSFCWs, but limited improvements have been observed in comparison to
conventional VF-SSFCWs.

3.3 CWs Combined with Other Wastewater Treatment
Technologies

Most of the times, solutions to remove PhACs from wastewater are thought in terms
of using one specific type of technology, and therefore limitations have to be
accepted. However, the combination of complementary treatment processes could
overcome some of those limitations. In this sense, intensive technologies such as
membrane bioreactors (MBRs), moving bed biofilm reactors (MBBRs), or advanced
oxidation processes (AOPs) combined with CWs should be taken into consideration.
The specific combination of these intensive technologies with CWs has barely been
explored in terms of PhACs elimination.

MBRs andMBBRs are intensive biological wastewater treatment techniques. The
combination of these techniques with CWs is not common, and, to the knowledge of
the authors, these combinations have not been tested to remove PhACs. So far, only
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common wastewater treatment studies have been conducted by using these combi-
nations. For example, a submerged MBR (SMBR) acting as a secondary treatment
step was coupled with an integrated VF-SSFCW which acted as a tertiary treatment
step and reached 97.5, 87.5, and 83.5% removals for COD, total nitrogen, and total
phosphorus, respectively, with HRTs of 7.5 h in the SMBR and 11.5 h in the
VF-SSFCW [73]. A CW combined with a MBBR has also been tested for the
removal of COD, total nitrogen, and total phosphorus and achieved removals of
85.9–97.5%, 46.1–84.5%, and 27.9–69.5%, respectively (HRT: 8–15 h) [74]. Even
though these combination systems were not tested for PhACs yet, they could be an
interesting solution to eliminate PhACs due to their capacity to develop different
microbial communities in each of the technologies and therefore diversifying the
possible degradation pathways of these compounds. In fact, MBBRs are able to
eliminate certain organic micropollutants in several stages of the wastewater treat-
ment [75–77].

The AOPs are techniques aimed at the production of hydroxyl radicals, one of the
most powerful oxidant species, capable of oxidizing a range of organic contaminants
[78]. Due to the oxidation process, these techniques generate transformation prod-
ucts (TPs) that can be more toxic than the parent compounds [79]. For this reason,
CWs could be added after AOPs to eliminate such products that, moreover, could be
more biodegradable than the parent compounds.

Among AOPs, photocatalysis is based on aqueous-phase hydroxyl radical chem-
istry that combines low-energy UV-A light with semiconductors like TiO2 that act as
photocatalysts [80]. As photocatalysis can be conducted with sunlight, it matches the
low-cost approach of CWs. In fact, Melián et al. [80] observed that the combination
of photocatalysis with CWs was capable of achieving a complete removal of
100 mg/L of phenol and the generated TPs over 1 day. This was also tested by
conducting the photocatalysis of several pesticides spiked into ultra-pure water,
mixing the photocatalyzed products with wastewater, and applying it to CWs
[81]. Like this, complete removals of most compounds and a reduction of at least
78% of toxicity were achieved, achievements that photodegradation or CWs could
not accomplish independently [81]. In the same way, mild photocatalysis combined
with sludge-based biological treatment achieved complete removal of recalcitrant
PhACs such as diclofenac and gemfibrozil [82]. Additionally, it has been shown that
natural organic matter released from CW plants allowed a higher photodegradation
kinetic rates of recalcitrant compounds like carbamazepine and paraxanthine
(ca. 0.001 min�1, both) than organic matter from a WWTP effluent
(ca. 0.00016 min�1, both) [83]. Therefore, photocatalysis combined with CWs
could be an interesting sustainable and low-cost solution to enhance the removal
of PhACs from wastewater.

Besides photocatalysis, ozonation has also been tested in combination with CWs.
In ozonation, oxidation occurs via the ozone itself or by the generated hydroxyl
radicals. The combination of HF-SSFCW followed by a polishing ozonation step
enhanced the removals of PhACs from real WWTP influent during a laboratory-
scale experiment, and ibuprofen and naproxen removals increased from 92 to 94%
and 83% to 96%, respectively [84]. In this case, the HF-SSFCW conducted a
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secondary wastewater treatment, while ozonation was established as a tertiary
wastewater treatment. Nonetheless, this CW-ozone combination could be also
used as a whole tertiary treatment unit. In this case, ozonation could be used as a
first polishing step, and afterwards CWs could biodegrade the remaining PhACs and
TPs. In any case, ozonation is an expensive technology, with a potential explosion
hazard and toxicity related to its generation [85]. Therefore, before using ozone,
other options to eliminate PhACs should be evaluated.

To summarize, the combined use of intensive biological wastewater treatment
(MBR and MBBR) or AOPs techniques with CWs is a promising solution to
eliminate PhACs. Until now, those combinations have not been yet investigated or
only tested at laboratory scale. Particularly, the combination of AOPs with CWs may
help to reduce the amount of energy needed to oxidize PhACs as well as to minimize
the presence of oxidized TPs generated by the former technology. Furthermore, the
water effluent from CWs has a greater ecological richness than that from AOPs,
comparable to that found in continental surface waters. Therefore further investiga-
tion is needed in this field.

4 Challenges and Future Trends

Despite CWs being a low-cost alternative to conventional WWTPs with a remark-
able capacity to remove PhACs, there are still some challenges to be overcome to
become a more competitive technology (Fig. 4). Therefore, future research trends
should address those challenges that, in several cases, are shared with other waste-
water treatment technologies.

Monitoring
• TPs

• Wider range of PhACs
• Ecotoxicological effects
• Antimicrobial resistance

Testing
• Novel CW configurations at 

real scale and conditions
• Combinations (CWs/intensive

technologies)

Research
• Root-microorganisms

symbiosis

Fig. 4 Overview of future research strategies to overcome the challenges of wastewater treatment
with CWs. Monitoring, research, and testing actions also relate to each other
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Monitoring: Firstly, most studies about PhAC degradation by CWs or other
wastewater treatment technologies have focused on the removal of the parent
compounds. However, PhAC degradation may result in TPs which may be more
or less toxic than the original compound. As an attempt to solve this, TP formation
assessment via toxicity tests has been proposed to complement chemical analysis
[86]. On the other side, limited studies in CWs, and only for a few compounds, have
demonstrated that several TPs are left after water treatment [8]. Further studies
should address the formation and toxicity of TPs [87]. For example, one TP of
diclofenac was identified after passing through filtration-UV-chlorination [88], but it
was not detected after a CW treatment [89, 90]. Thereafter, the same authors found
out that the presence of aquatic plants aided to enhance the removal of this TP from
water [91]. Second, PhACs include a large list of compounds, but only a few of them
have been studied repeatedly in CWs, hindering a deeper understanding of treatment
processes. This phenomenon, known as Matthew Effect, is generally occurring in the
study of PhACs in the environment [92]. Taking into account the recent advances in
analytical chemistry, future research should analyze a wider range and larger number
of compounds. In relation to that, the ecotoxicological effects of PhACs and their
TPs should also be monitored and assessed. While conventional toxicological
studies of a few compounds can be performed to complement chemical analysis
[86, 93], new in silico tools using big data, machine learning, and artificial intelli-
gence seem to be the future way to conduct ecotoxicological assessment studies in
CWs [94]. Finally, antimicrobial resistance is a raising threat in global health, and
wastewater treatment has been pointed out as one of the main sources of ARGs
[95]. Several authors have claimed that CWs are a potential spot for horizontal gene
transfer that could diffuse antimicrobial resistant bacteria and ARG to the aquatic
environment [96, 97]. This could be particularly significant when bacteria are
inoculated into CWs to enhance nutrient and PhAC removal (bioaugmentation). In
this case, it would be important to start characterizing the antimicrobial resistance
profile of the inoculated bacteria [96]. In contrast, some studies point towards the
potential of CWs to attenuate antimicrobial resistance [96, 98]. For example, SFCWs
have shown removals of 56–100% for 12 antibiotics without increasing the amount
of ARGs [29]. In addition, the usage of zeolites in a SSFCW mesocosm achieved
good ARG removal (85% for HLR ¼ 10 cm/days) [41]. Future research should
verify and explore the utility of CWs to fight antimicrobial resistance.

Research: An important challenge that CW technology needs to overcome is the
high surface area required for wastewater treatment. Besides adsorption, biodegra-
dation is the most important process in CWs, which is remarkably enhanced by the
symbiotic interactions between the plants and the microbial community [96]. These
interactions are mainly conducted through the release of chemical root exudates as it
has been observed in recent publications [99]. Therefore, this interaction is predom-
inantly happening within the root zone (rhizosphere), reducing the effective volume
of the CW. By enhancing the symbiotic interactions between plants and the sur-
rounding microbial communities, the surface area/volume demand of the CW could
be reduced [100]. This could be performed by the addition of synthetic chemical root
exudates to the CWs, as it has already been employed in the enhancement of the
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bioremediation of contaminated soils [101, 102]. Therefore, future research trends
on CWs will certainly need to focus on the understanding of the role of root exudates
on the biodegradation enhancement of PhACs.

Testing: Novel CW configurations have only been tested at laboratory scale.
Some novel CW configurations have shown promising results removing PhACs but
only on a laboratory scale and under controlled conditions (e.g., temperature and
synthetic wastewater). Future research should put efforts into testing these novel
configurations at pilot or full scale under real conditions. This will be essential to
evaluate the applicability of these technologies in terms of costs and efficiency. On
the other hand, nearly all novel CW configurations enhance only one removal
mechanism: sorption or biodegradation. This approach is favorable to study and
understand the efficiency of the technology, but it limits the type of PhACs that can
be removed. As a solution, recent studies have started to test combinations of the
available novel CW configurations. For example, a full-scale CW has been
constructed using LECA, which enhances sorption and biofilm growth, while it
operates with forced aeration, which enhances biodegradation [103]. With such
configuration, the system achieved removals over 78% of 10 out of 11 PhACs,
with high removal of recalcitrant compounds such as carbamazepine and diclofenac.
These types of approaches, as well as the combination of novel CWs with intensive
wastewater treatment technologies, should be further studied. Additionally, syner-
gies between different approaches have to be considered. For example, the nature of
the filling material of the CW determines the associated microbial communities, but
it could also be used to enhance the immobilization of bacteria when applying
bioaugmentation.

5 Concluding Remarks

CWs are sustainable, low-cost, robust, and efficient wastewater treatment systems
that can remove PhACs at least as effectively as conventional WWTPs. It is known
that most PhACs undergo biodegradation under aerobic conditions and only a few of
them are degraded under anoxic-anaerobic conditions. Nevertheless, lately, different
novel CW configurations have been developed to improve the attenuation of PhACs
from wastewater. First, novel filling materials offer enhanced adsorption capacities
which are, up to now, the only mechanism to remove recalcitrant compounds.
Besides PhACs, zeolites have shown capacity to remove ARGs. Interestingly,
novel filling materials can also be part of circular economy, as they can be obtained
from waste materials. Second, biodegradation processes can be boosted in CWs.
MCF-CWs have shown to increase removal of PhACs, but the accumulation of
antibiotics on the anode layer could trigger antimicrobial resistance processes.
Forced aeration enhanced the biodegradation rates of PhACs by 20–60% in com-
parison to HF-SSFCWs, but limited improvements were obtained in VF-SSFCWs.
Bioaugmentation for PhACs has only been tested for ibuprofen but has shown to be
effective for other types of organic contaminants like atrazine. Also,
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bioaugmentation may shorten the CW adaptation phase, starting to degrade PhACs
earlier. Third, the combination of CWs with intensive wastewater treatment tech-
nologies such as MBBR and MBR may offer a broader range of biodegradation
pathways, while CWs placed after AOPs may allow the biodegradation of generated
TPs. Finally, future research should assess TPs, expand the number of studied
PhACs, assess ecotoxicity, evaluate antimicrobial resistance processes, investigate
root-microorganism symbiosis, and test additional CW combinations to improve
CW wastewater treatment technology.
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Abstract Microalgae-based technologies deliver economic and effective treatment
for municipal and industrial effluents while also providing capacity for nutrient
recovery and the development of algae-derived products. In order to assess the
potential of microalgae-based technologies for the removal of pharmaceuticals
(PhACs) found in wastewater effluents, this chapter aims to (1) introduce microalgae
and their ecological significance; (2) describe the principle of pollutant removal in
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microalgae-based systems; (3) review the general mechanisms of pharmaceutical
removal occurring during wastewater treatment and discuss their potential signifi-
cance in microalgae-based systems; (4) describe the main photobioreactors used for
microalgae-based wastewater treatment; and (5) summarize recent progress on
microalgae-based PhACs removal with particular focus on efficiency and mecha-
nisms at pilot and full-scale systems. Overall, the data available demonstrate
microalgae based-systems providing capacities for PhACs removal via biodegrada-
tion, biosorption and bioaccumulation that are similar or higher than the capacities
commonly reported during conventional biological treatment. In addition,
microalgae-based wastewater system also provides the capacity for pollutant
photodegradation and volatilization. Full-scale demonstration during long-term
treatment remains needed.

Keywords Microalgae, Pharmaceuticals (PhACs), Photobioreactors, Wastewater
treatment

1 An Introduction to Microalgae and Microalgae-Based
Wastewater Treatment

1.1 Microalgae Biochemistry and Ecological Significance

Microalgae represent a phylogenetically diverse group of unicellular eukaryotes that
can be found grouped into chains. These microorganisms are found in almost any
environment (e.g. lakes, rivers, oceans, soil), including in extreme habitats (e.g. ice,
hypersaline environments), and can develop symbiotic relationships with other
organisms (e.g. with fungi in lichen). Prokaryotic cyanobacteria have similar abili-
ties and functions, and consequently, eukaryotic and prokaryotic microbial
phototrophs will henceforth be commonly referred to as microalgae for simplicity.

Microalgae carry out the photosynthetic reduction of carbon dioxide (CO2) into
biomass using sunlight as energy source. Briefly, light-dependent reactions
photolyse water into O2 and convert sunlight energy onto energy carrier ATP
(adenosine triphosphate) and NADPH (nicotinamide adenine dinucleotide phos-
phate). Light-independent reactions then use these ATP and NAPDH to reduce
CO2 into 3-carbon sugars that are then further processed into cellular components.
The conversion of sunlight energy into chemical energy is typically carried out by
chlorophyll, but other pigments can be involved. Beside carbon fixation, microalgae
must also access the minerals needed to build cell components and enzymes,
especially nitrogen (N) and phosphorus (P). N is found in amino acids (the compo-
nent of proteins) and nucleotides (the component of nucleic acids) and can represent
up to 10% of the total dry cell weight. N is generally obtained from ammonium
(NH4

+) or nitrate (NO3
�), and the latter must reduce the former before incorporation
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into amino acids. P is typically found in phospholipids, nucleotides and ATP and
represents approximately 1% of the total dry cell weight, although various
microalgae can intracellularly accumulate P as polyphosphate up to 3–4% of the
cell weight [1]. Interestingly, nutrient starvation (especially N) can trigger lipid
accumulation in microalgae cells, with interesting application for bioenergy
generation.

Microalgae have critical global ecological functions as primary producer
(converting carbon dioxide into organic matter) and oxygen producer and for
nitrogen fixation. Microalgae can however also generate ecological issues when
they have been introduced in new environments, or when nutrient pollution (N and/
or P) cause excessive algae growth leading to the eutrophication of water bodies. As
anthropogenic pollution causes massive eutrophication issues worldwide,
microalgae may also contribute to global anthropogenic N2O emissions [2] because
these microorganisms can synthetize this potent greenhouse gas, including during
wastewater treatment [3]. Fortunately, the ability of microalgae to effectively scav-
enge N and P from aquatic bodies also provides means of water treatment and
nutrient recycle [1], as further discussed below.

1.2 Microalgae Biotechnology

Industrial applications of microalgae currently focus on food production using a few
species (e.g. Chlorella vulgaris and Arthrospira platensis) cultivated in raceway
ponds, but there is considerable interest in also using microalgae to produce high-
value bioactive compounds such as pharmaceuticals, nutraceuticals or cosmetics. In
addition, and while microalgae cultivation for bioenergy (e.g. biodiesel) generation
has generated considerable interest in the past, this application is nowadays consid-
ered to be neither economic nor sustainable, and research in this area is now focusing
on combining microalgae-based wastewater treatment with bioenergy generation.

Microalgae are commonly found (at least periodically) in maturation and stabi-
lization ponds during wastewater treatment (WWT), but their growth in these
systems is opportunistic (and often problematic) rather than engineered. In contrast,
the high rate algal ponds (HRAPs) developed by Oswald and co-workers in the
1960s were specifically designed and operated to enhance microalgae activity by
optimizing light supply to these microorganisms (see Sect. 3). These systems rely on
the exchange of materials between microalgae and heterotrophic microorganisms to
remove pollutants: the microalgae carry out the photosynthetic fixation of CO2 into
biomass, thereby releasing O2 from the photolytic oxidation of water. This O2 is then
used as a final electron acceptor by heterotrophs converting organic pollutants into
biomass and CO2, the latter becoming available as a carbon source for microalgae
photosynthetic growth (Fig. 1). This in situ biological oxygen supply can signifi-
cantly reduce energy consumption in comparison to mechanically aerated treatment
alternatives (Box 1). Many microalgae can also carry out heterotrophic growth at
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night and even during daytime and therefore provide additional capacity (to strict
heterotrophs) for removing organic pollutants.

In addition to providing O2, photosynthesis occurring during microalgae-based
WWT produces additional biomass, which improves N and P removal by assimila-
tion. This additional biomass must however be harvested to achieve wastewater
discharge compliance, and sludge management can represent up to 50% of WWT
costs. Sludge can be anaerobically digested, and the additional algal biomass means
more biogas is produced per unit of wastewater treated than during ‘conventional’
treatment [5]. However, the algal biomass can be hard to digest anaerobically, and
digestion releases N and P into a stream (digestate) that must be further managed.
The digestate and/or undigested biosolids may be used as fertilizer [5], but this
practice is practically limited by logistic issues (fertilizers are only needed in certain
places at certain times) and the risks of pollutant spreading (e.g. pathogens or heavy
metals) onto agricultural products (this also limits the use of raw biomass as animal
feed). Sludge management is therefore especially critical in the context of hazardous
pollutants such as pharmaceuticals because sorption onto the sludge can cause the
potential release (or transfer) of these pollutants during sludge disposal. There is
currently considerable interest in developing biorefineries based on algae-based
WWT, but major risks remain when the end products are intended for animal or
human consumption, and these processes are difficult to control considering the
variability of wastewater.

Box 1 Microalgae-Based Wastewater Treatment: A Case Study
Posadas et al. [6] sized a HRAP for the treatment of secondary domestic
wastewater with a daily average flow rate of 920 m3/d representative of
2000 people equivalents (PE). The treatment system required to achieve
year-round bCOD (biodegradable chemical oxygen demand) and TN (total
nitrogen) compliance under temperate climate was estimated to 12.9 m2 per
PE, for an energy requirement for pond-mixing of 0.039 kWh per m3 of
wastewater treated. In comparison, treating the same effluent with an activated
sludge process would only require around 0.04 m2 per PE, but at an energy

(continued)

Fig. 1 Principle of organic pollutant removal in HRAP (adapted from [4])
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Box 1 (continued)
input of 0.23 kWh/m3 for combined bCOD/TN removal [7]. As can be seen,
biological oxygen supply can significantly reduce energy consumption com-
pared to mechanically aerated treatment alternatives, but the relatively low
photosynthetic efficiency of microalgae means large areas are required to
supply enough light to the microalgae. This large land requirement can be
limiting but land value generally appreciates over time, and the large treatment
volume thus provided buffers flow variations. Critically, Posadas et al. [6] also
showed that sizing an HRAP for N removals de facto provides enough
oxygenation capacity for bCOD removal, even without prior primary treat-
ment (preliminary treatment is still needed). Altogether, Posadas et al.’s [6]
analysis demonstrated HRAPs are best used when combined bCOD and TN is
needed at relatively small scale. This does not, however, exclude their inte-
gration within existing treatment systems to, as examples, provide nutrient
removal following secondary treatment [8], centrate treatment [9] or upgrade
biogas [10].

2 Pharmaceutical Removal Under Controlled Conditions
During Simulated Microalgae-Based Wastewater
Treatment

2.1 General Mechanisms of Pharmaceutical Removal During
Wastewater Treatment

The mechanisms driving pharmaceuticals (PhACs) removal during conventional
biological WWT are well-established and include hydrolysis, volatilization, biodeg-
radation, biosorption and bioaccumulation. During advanced WWT, the mecha-
nisms targeted include sorption (e.g. onto activated carbon) and chemical
oxidation with radicals generated chemically or photochemically. A distinction
should be made between ‘destructive’ mechanisms that (should) convert pollutants
into harmless substances (e.g. hydrolysis, biodegradation and chemical oxidation)
and mechanisms that only transfer these pollutants into another medium (e.g. a
sorbent that must be regenerated or safely disposed of). Destructive mechanisms
may however lead to the formation toxic and/or recalcitrant products: this must be
assessed and avoided.

The field efficiency of the mechanisms listed above depends on the chemistry of
pollutants (some being intrinsically more biodegradable or reactive than others),
their concentrations (the rate of removal generally increases with concentration),
wastewater composition and environmental conditions (e.g. temperature). Removal
is thus especially influenced by the presence of substances that can either enhance
(e.g. radical precursors or co-substrates for co-metabolism) or reduce
(e.g. substances competing for radicals or sorption sites) removal. The presence of
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interfering substances is especially challenging because emerging pollutants such as
PhACs are typically found at very low concentrations in wastewater, meaning they
are easily ‘outcompeted’ by other substances.

2.2 Relevance of Individual Mechanisms
to Microalgae-Based Wastewater Treatment

To establish the potential significance of a removal mechanism, pollutant removal
must often be assessed under specific conditions that ‘isolate’ this mechanism
against a negative control where no significant removal occurs. In the context of
microalgae-based WWT, hydrolytic removal is therefore typically assessed in dark-
ness in clean water (this test is often the negative control) and/or chemically
sterilized wastewater. Photodegradation is tested under light irradiation in either
clean (sometimes buffered) water, defined media (where known interfering sub-
stances are added at known concentrations) or sterilized wastewater (that can also be
spiked with interfering substances). Biodegradation can be tested under darkness
(under artificial aeration, if needed) or under light illumination (using UV filters
and/or controls to avoid/assess photodegradation) in defined media or wastewater
inoculated with active microalgae or microalgae consortium. Biosorption and
bioaccumulation can be tested with dead or live biomass (generally under darkness).
It can be difficult to distinguish between mechanisms (e.g. biosorption from
bioaccumulation), so several controls and advanced analytics will be needed. Var-
ious levels of reactants and/or combinations of conditions should also be tested
(e.g. incubation times, light intensity, biomass concentration), especially when
kinetics are quantified, and experiments must be replicated under controlled condi-
tions to demonstrate statistical significance. The need to conduct many experiments
under rigorously controlled conditions generally means that relevance must be
sacrificed for data quality (e.g. the pollutants are often spiked at relatively high
concentrations, and microcosms are incubated under constant artificial light, tem-
perature, etc.). The results can therefore statistically demonstrate the significance of a
mechanism under the conditions tested, but they may not evidence that the mecha-
nism investigated is also significant under real-life conditions (e.g. low pollutant
concentration, variable conditions, etc.). The following sections describe and dem-
onstrated mechanisms and discuss their full-scale potential during microalgae-based
treatment. Please refer to the reviews by Wang et al. [11], Leng et al. [12], [13] and
Norvill et al. [14] for more examples and in-depth discussion.

Biodegradation by heterotrophs is a major mechanism of PhACs removal during
conventional biological WWT and is generally best carried out under aerobic
conditions. This potential is also established for microalgae and microalgal consortia
for a broad range of PhACs. For example, Peng et al. [15] studied the biotransfor-
mation of progesterone and norgestrel by the microalgae Scenedesmus obliquus and
Chlorella pyrenoidosa. Using controls, these authors showed that hydrolysis and
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volatilization were negligible and that biosorption to dead algae cells or
bioaccumulation to live cells had little impact under the conditions studied. Instead,
they reported pollutant-dependent and species-dependent biodegradation and, based
on the transformation products detected, showed this biodegradation likely involved
hydroxylation, reduction and oxidation as main pathways.

While many PhACs can inhibit microalgae at very high concentrations found in
certain effluents (ppm), toxicity will typically not prevent biodegradation at the
concentration found in domestic wastewater (ppt). Instead, low pollutant concentra-
tions may limit biodegradation when the degrading microorganisms do not ‘recog-
nize’ a pollutant as a potential substrate below a certain threshold. For this reason,
co-metabolism is suspected to be the main mechanism for trace pollutant biodegra-
dation during biological WWT.

Biodegradation by microalgae and other microorganisms generally involves a
series of sequential steps catalysed by enzymatic systems such as cytochrome P450
[15, 16]. As most pharmaceuticals are relatively soluble in comparison to persistent
pollutants such as dioxins and PCBs, lack of catabolic ability and/or low bioavail-
ability is unlikely to prevent their biodegradation. Each reaction step also typically
yields products that are more soluble and readily biodegradable, meaning there is
little risk of metabolite accumulation. A high biodiversity is generally seen as
beneficial for the removal of hazardous pollutants as it increases the chance that
the required metabolic abilities are available and as it can provide alternative
pathways via synergetic interactions (although competition also occurs). In this
regard, microalgae-based WWT systems harbour microalgae as well as diverse
heterotrophic communities that are also likely to possess a high metabolic versatility
[6]. These systems can also harbour ammonia oxidizers with well-established
pollutants’ co-metabolic abilities.

Biodegradation efficiency typically increases with the mean cell retention time
(MCRT) during conventional biological WWT. A high MCRT is practically
achieved by recycling (e.g. activated sludge process), retaining (e.g. membrane
bioreactors) or attaching (e.g. trickling biofilter) cells during conventional WWT.
However, cells are typically not recycled, retained or attached in photobioreactors,
although these configurations have been successfully tested [17–19]. Instead, the
MCRT is increased via operation at high average hydraulic retention times (HRTs)
as the HRT equals the MCRT when cells are not retained or recycled. Hence,
biodegradation should also be considered as the major removal mechanism during
full-scale microalgae-based WWT, and the microalgae may either biodegrade the
pollutants or support other biodegrading species. Finally, HRAP broth conditions
can vary from supersaturated in O2 during daytime (when photosynthetic O2 output
> O2 demand) to anaerobic at night (if atmospheric O2 transfer < demand). This
variability may enhance biodiversity and enable anaerobic-aerobic degradation
pathways [20].

Adsorption onto bacterial and microalgal biomass is a well-established passive
mechanism for the removal of relatively hydrophobic PhACs. Biosorption efficiency
is highly dependent on pollutant structure (hydrophobicity and functional groups)
and sorbent properties (i.e. the hydrophobicity and functional groups found on algal
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cell walls and extracellular substances). For example, Santaeufemia et al. [21]
reported oxytetracycline maximum sorption capacities of 29.18 mg/d and 4.54 mg/
g for live and dead biomass of the microalga Phaeodactylum tricornutum, respec-
tively, while de Godos et al. [22] evidenced tetracycline sorption onto biomass
dominated by Chlorella vulgaris. At full scale, the significance of this mechanism
will also depend on interfering substances competing for binding sites and environ-
mental conditions impacting sorption equilibrium and/or kinetics (e.g. temperature,
water hardness, pH). A high biomass productivity is also critical, meaning photo-
synthetic growth should provide enhanced capabilities for pollutant removal via
adsorption.

Bioaccumulation involves the active (energy-demanding) transfer and storage of
pollutants inside the cells. Bioaccumulation efficiency is highly dependent on
pollutant structure and algae biology. For example, Stravs et al. [16] studied the
bioaccumulation of 15 fungicides and 9 PhACs (in various mixtures) in the
cyanobacteria Microcystis aeruginosa and Synechococcus sp. as well as the green
alga Chlamydomonas reinhardtii. These authors reported bioaccumulation factors
up to 1,000 and above and species-dependant correlations between the hydropho-
bicity of a pollutant and its bioconcentration factor. As for biosorption, enhanced
biomass productivity can increase the significance of bioaccumulation during
microalgae-based WWT.

Photodegradation is a well-established removal mechanism for many PhACs in
aquatic environments [23] and during certain advanced oxidation processes (AOPs).
This mechanism can involve direct photolysis, when the pollutant absorbs light
energy (generally UV-B or low UV-A) and is then converted into a new product,
and photooxidation when light irradiation causes the formation of radicals that then
oxidize the pollutants (these radicals can be formed from the irradiations of photo-
sensitizers, or they can be released by photosynthesizing microalgae). The potential
of these mechanisms is well demonstrated in laboratory studies: for example, Bai
and Acharya [24] evaluated the removal of seven endocrine-disrupting chemicals
(EDCs) in wastewater (WW) inoculated with the green microalga Nannochloris
sp. Using various inoculums, these authors demonstrated triclosan was removed by
photolysis, even in the presence of the microalgae, but this mechanism has little
impact on the other pollutants tested. Efficiency is therefore dependent on pollutant
structure (e.g. ability to absorb UV radiation) and broth characteristics (e.g. presence
of photosensitizers or competing compounds). Given that photobioreactors (PBs) are
specifically designed to optimize light supply (see Sect. 3), PhACs photodegradation
may be significant during microalgae-based WWT (unlike during conventional
WWT). It is however difficult to assess the full-scale potential of photodegradation
because the microalgae can ‘shade’ pollutants (or photosensitizers) from direct light
exposure. This effect may however be counteracted by mixing, enabling frequent
(but brief) exposure to high-light intensities at or near the reactor surface. Finally,
photodegradation can be incomplete but photodegradation products can be subse-
quently biodegraded [25].

Hydrolysis is generally not seen as a main route of PhACs removal during WWT
[26], although certain compounds such as β-lactam antibiotics can hydrolyse rapidly

198 P. Blánquez et al.



in microalgae microcosms [27]. In these cases, hydrolysis may initiate biodegrada-
tion. To our knowledge, this mechanism is often not tested under the combination of
high temperature and high pH that can occur during microalgae-based WWT,
meaning it may be underestimated during laboratory studies. Hydrolysis can be
enzymatically catalysed, but this mechanism should then be considered as
biodegradation.

Volatilization of pollutants has been evidenced during laboratory assays, but only
in the case of volatile substances with high Henry’s law constant (H) values. For
example, Matamoros et al. [28] reported the volatilization of non-ionized pollutants
with H values of 0.1234–0.323 Pa m3 mol�1 (4-octylphenol, galaxolide and tributyl
phosphate) in aerated 2.5 L microcosms containing green microalgae, whereas
ionized (e.g. ibuprofen) and low H pollutants (e.g. caffeine) were not removed by
this mechanism. The high surface-to-volume ratio of HRAPs may support significant
volatilization for high H-values of PhACs, but low concentration will strongly limit
mass transfer from the aqueous broth to the atmospheric phase.

To conclude, microalgae-based WWT design and operation enables the develop-
ment of diverse populations of phototrophic and heterotrophic microorganisms,
many of which harbour heterotrophic biodegradation capacities. Microalgae activity
may also support bacterial biodegradation via synergistic associations, and
phototrophic biomass production likely benefits PhACs removal via biosorption
and bioaccumulation (following biomass harvesting and disposal). Microalgae-
based WWT systems are also specifically designed to optimize light supply to
microalgae, which may enable PhACs photolysis and photodegradation and, in
specific cases, pollutant volatilization from open ponds. Photosynthetic activity
also drives daily variations in temperature, pH and dissolved oxygen
(DO) concentrations that may impact the kinetics of removal mechanisms, including
hydrolysis. High HRT operation will finally improve the quantitative significance of
all removal mechanisms considered.

Overall, the design and operation of microalgae-based WWT appears to support
the removal potential of all known mechanisms. This is especially important given
that the efficiency of individual mechanism depends on pollutant structure, meaning
microalgae-based WWT should be able to remove a broad range of contaminants
(from volatile to biodegradable and hydrophobic). Different removal mechanisms
may compete for pollutant removal and thus provide redundancy, and several
mechanisms may even be required for complete treatment: for example,
bioaccumulation may be required before cells can initiate biodegradation, and
biosorption/bioaccumulation may act as a buffer to maintain efficiency under rapidly
changing influent pollutant concentration or when the main removal process ceases.
This effect was demonstrated by Hom-Diaz et al. [29] who showed the removal of
the antibiotic ciprofloxacin was driven by photodegradation during daytime and
biosorption at night. Similar results were reported by Norvill et al. [30] for tetracy-
cline. Table 1 provides a summary of the removal mechanisms and their potential
significance.
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Table 1 Potential significance of main pharmaceutical removal mechanisms in HRAPs (see [14]
for further discussion and original references; volatilization is not considered as broadly significant
and is therefore not included)

Mechanism Critical parameters Relevance to HRAP

Pharmaceuticals are mainly
removed via biodegradation
and biosorption during con-
ventional WWT. Biodegrada-
tion is generally more efficient
for soluble pollutants, while
biosorption is more efficient
for hydrophobic pollutants, but
many other factors must be
taken into consideration

High biodiversity and aerobic
conditions are generally
beneficiala

A high MCRT can be achieved
by recycling, retaining, or
attaching cells, or by using a
large reactor volume (high
HRT)
A high MCRT increases bio-
diversity, which increases bio-
degradation potential

Microalgae can biodegrade
numerous pharmaceuticals
and indirectly support other
degrading species
The variability of HRAP
broth conditions may enable
new biodegradation
pathwaysb

HRAP are generally operated
at high MCRT (¼HRT) of 7–
10 days, which is comparable
to most WWT processesc

Sorption onto activated carbon
is commonly used for hazard-
ous pollutant removal. Alter-
native materials can be used,
including active biomass, but
costs and other issues have
hitherto prevented
commercialization

Biosorption and
bioaccumulation efficiency
depends on pollutant structure,
cell biology and biochemistry.
At constant biosorption affin-
ity/bioaccumulation ratio, bio-
mass productivity determines
the amount of pollutant
removed when biomass is
harvested

Microalgae can enhance
pharmaceutical removal via
biosorption and
bioaccumulation. Algae
activity also boosts the overall
biomass productivity

Photolysis and
photodegradation (direct or
indirect) are powerful mecha-
nisms of pollutant removal in
many aquatic environments

Removal kinetics and effi-
ciency are highly dependent
on wastewater chemistry
(interfering substance or sen-
sitizers), light attenuation and
individual pollutant chemistry

High HRT operation and
mixing increase the probabil-
ity of pollutant exposure to
UV and/or radicals. Algal
biomass causes rapid light
attenuation, but algal activity
may enhance
photodegradation via the pro-
duction of radicals and pho-
tosensitizers and/or by
increasing pH, DO and tem-
perature during daytime

Hydrolysis enables the break-
down of large biopolymers
prior to their biodegradation

Hydrolysis is highly depen-
dent on wastewater composi-
tion, pollutant chemistry and
HRT

Hydrolysis is only significant
for a few pharmaceuticals.
The combination of high HRT
operation, high pH and high
temperature may increase
hydrolysis

aReduced pollutants, such as pentachlorophenol, are often best biodegraded anaerobically by
serving as electron acceptor. Anaerobic degradation is however often incomplete and must be
completed by aerobic treatment
bFacultative ponds are stratified (from anaerobic in the sedimentation zone to aerobic near the
surface) and other stabilization ponds can be anaerobic or aerobic. Most ‘intensive’WWT processes
are operated aerobically, but certain activated sludge process configuration supports cell recycle
between anaerobic, anoxic and aerobic zones. Biofilm bioreactors are generally operated aerobi-
cally but anaerobic micro-zones can be found in deep biofilm (or biogranules)
cHigher MCRT are used in membrane and biofilm bioreactors targeting hazardous pollutants
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3 Algae Reactor Design for Wastewater Treatment

The geometry and operation of photobioreactors (PBs) determine how light is
supplied to the microalgae and, therefore, how efficient the microalgae use this
light during photosynthesis. The light source and its intensity are critical factors for
microalgal growth, and light must often be ‘diluted’ throughout the entire culture,
while excessive shading should be reduced by mixing. Several external factors affect
microalgae activity during cultivation outdoors, such as day/night cycles and sea-
sonal or geographic changes in climatic conditions. The pH of the culture medium
affects the biochemical reactions taking place and is often optimal around pH 7–9.
During daytime, pH can increase if the photosynthetic uptake of CO2 exceeds its
replenishment rate via atmospheric diffusion and microbial respiration, and in these
cases, the pH also decreases overnight as photosynthesis stops [31].

3.1 Photobioreactor Design

Works on large-scale algal cultures began in the United States in 1948–1950, and the
first significant outdoor pilot plant studies on the production of Chlorella were
carried out in 1951 (Massachusetts, USA). It was not until the 1950s that commercial
farming started in Germany. The potential of microalgae to provide oxygen and
capabilities for biomass valorization during wastewater treatment was also demon-
strated in the USA in the 1960s. Microalgae-based WWT indeed provides additional
capacities for nutrient and organic matter removal at a much lower energy require-
ment compared to conventional activated sludge systems relying on mechanical
aeration [32, 33]. Microalgae-based WWT has therefore been demonstrated to
deliver economic and efficient treatment [34, 35], and, from the perspective of
algae cultivation, domestic wastewater streams are readily available and cost-
effective substrates for microalgal biomass production [36–39]. Many bioreactors
can be used for the dual purpose of removing nutrients from wastewaters and
growing biomass, and several reviews have discussed these aspects in detail
[4, 40–44]. Algae cultivation systems are commonly classified as open and closed
systems as further discussed below.

3.1.1 Closed Systems

One of the first closed photobioreactors was built by Gudin [45] as a pilot plant with
a total working volume of 6.5 m3. This reactor was operated for several years to
cultivate Porphyridium cruentum (productivity: 20–25 g/ (m2�d)) for the production
of an exocellular sulphated polysaccharide used as a thickening agent. Many designs
have been tested at the laboratory or pilot scale since this pioneer work (Fig. 2),
including vertical reactors, flat plate, plastic bags, green wall panel and annular and
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tubular reactors. The use of closed photobioreactors prevents direct evaporation,
minimizes contamination risks and CO2 losses and potentially enables high light
utilization efficiencies boosting biomass productivity; all these attributes also lead to
more reproducible conditions. The disadvantages of closed PBs include high con-
struction costs, biomass fouling, sedimentation, leakage [46] and difficulties in
economically controlling temperature during outdoor cultivation. In addition, the
scale-up of closed systems can be limited by high respiration losses at high cell
density operation [47]. Consequently, closed PBs are currently best used for the
cultivation of pure strains and high-value algal products [48], and their design seeks
to optimize light supply, mixing and mass transfer according to the unique physio-
logical and growth characteristics of the strain cultivated.

In order to reduce equipment costs, transparent bags (i.e. plastic) have been
located on rigid frames [49]. Tubular systems are widely used and made of trans-
parent pipes with small internal diameters (the working volume can be increased by
extending the tube length). The main disadvantage of tubular PBs is the high mixing
energy consumption in long continuous tubes [44]. Vertical column PBs are made of
vertical tubing equipped with a gas sparging system installed at the bottom of the

Fig. 2 Microalgal closed photoreactors. Top: vertical column; Bottom left: flat panel; Bottom right:
horizontal tubular
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reactor as agitation system. Bubble column and airlift reactors are examples of
vertical column PBs [44]. The configuration of column PBs is simple as these
reactors contain no moving parts. Hence, microalgae only experience mild shear
stresses. This configuration also support efficient gas-liquid mass transfer, and
bubble behaviour plays an important role in CO2 transfer in the microalgae solution,
which in turn affects microalgal growth and CO2 uptake efficiency. Flat panel PBs
are simple and advantageous in terms of biomass production and energy consump-
tion as large illumination surface areas can improve light supply. Mixing is achieved
using rising air bubbles.

3.1.2 Open Systems

Open ponds are the most common platform used for large-scale outdoor microalgae
cultivation due to their relatively low capital and operational costs. They are also the
most suitable for WWT, where they are usually known as high rate algal ponds
(HRAPs). In these systems, microalgae are cultivated in 0.2–0.5 m deep open
channels stirred with a paddle wheel, which is economic and easy to build and
operate. On the downside, open ponds are prone to contamination, due to constant
exposure to atmospheric pollutants, and prone to low productivity resulting from
poor mixing, low light penetration and difficult control. Evaporation losses can also
be considerable.

Microalgae can be found in three main types of ponds used for wastewater
treatment: facultative ponds, maturation ponds and HRAPs (Fig. 3). Facultative

Fig. 3 Microalgal open system: high rate algal pond
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and maturation ponds are often collectively referred to as waste stabilization ponds
(WSP) or WWT lagoons and are widely used by farms and small communities [50–
52]. While facultative ponds are 1–2 m deep and receive rawWWor anaerobic waste
effluent, maturation ponds are 1–1.5 m deep and receive secondary effluents from
conventional WWT: maturation ponds are therefore used for tertiary WWT with the
main objective of pathogen removal [14]. A major disadvantage of WWT ponds is
the relatively large land requirement compared with electromechanical treatment
systems [5]. HRAPs retain most of the advantages of conventional ponds (simplicity
and economy) but overcome many of their drawbacks (poor and highly variable
effluent quality, limited nutrient removal). Critically, HRAPs also recovers waste-
water nutrients as a harvestable algal/bacterial biomass that can be used as fertilizer
or biofuel [5]. The effluent can be partially recycled in order to compensate evap-
oration losses [53]. HRAPs require low power input and are relatively easy to
maintain [47]. They can be constructed of concrete, glass fibre or membrane [54]
and can receive raw wastewater, primary effluent or effluent from a previous waste
treatment pond [14]. A HRAP combined with gravity settling pretreatment
(to remove suspended solids) and followed by secondary clarification (to remove
algal/bacterial biomass) would fit within the footprint of an existing two-pond
oxidation pond system [5]. HRAPs are operated under long HRT (8–14 d) to enable
sufficient phototroph growth to provide oxygen for aerobic biodegradation. Daily
variations in pH and dissolved oxygen (DO) occur due to photosynthetic activity,
and pond temperature has a direct influence on cell density [55]. Pond performance
and ecology (e.g. algal/bacterial dominance) can also be affected by environmental
conditions.

HRAPs have now also been studied for emerging contaminant (EC) removal
[55, 56]. Although single-species microalgae cultures have been applied for nutrient
and EC removal [15, 57–59], it is difficult to maintain a microalgal monoculture in
open processes. Accordingly, several studies have reported the advantages of
co-cultivated photosynthetic microorganisms during WWT. Koreivienė et al. [60]
thus reported high nutrient removal efficiencies from municipal WW using a
non-native consortium composed by Chlorella sp. and Scenedesmus sp. Renuka
et al. [61] described the potential of using a consortium of non-native and native
species to obtain a self-flocculating culture in the treatment of a primary-treated
sewage effluent. Most of the consortia reported involve Chlorella and Scenedesmus
species [60–63] (Box 2).

Box 2 Full-Scale Wastewater Treatment Plant: A Case Study
An important example of full-scale wastewater treatment plant is the All-Gas
project in the El Torno treatment plant in Chiclana, supported by the European
Union. It was initiated to demonstrate the sustainable large-scale production of
biofuels based on the low-cost cultivation of microalgae. It is the largest site in
the world for the production of biofuel from algae harvested using wastewater.
Pretreated wastewater is transformed into an algae biofuel which provides four
times the distance of conventional biofuels such as sugar ethanol or palm oil

(continued)
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Box 2 (continued)
diesel per L. The complete process chain is designed for a cultivation area of
up to 10 ha, making wastewater treatment energy self-sufficient, and recycling
the nitrogen and phosphorus from wastewater into microalgal biomass. The
full process chain at demonstration scale has been implemented, consisting of:

• A cultivation area composed of four raceway ponds with a surface area of
200 m2 each in which an average of 100 ton/ha-year biomass can be
produced (Fig. 4).

• A separation and thickening system based on dissolved air flotation
(3 units). At this stage, the algae broth is concentrated 100 times at very
low energy requirement.

• A 750 m3 anaerobic digester in which more than 200 L of biomethane per
kg of added volatile solid can be produced.

• The demo operation showed that each hectare of algae culture has a
wastewater treatment capacity of around 1,000 m3/d, producing
biomethane above 13,000 kg CH4/year – enough to fuel 20 cars
(at 4.5 kg/100 km and 15,000 km/year). This represents four times more
than what is achieved with conventional biofuels, such as bioethanol from
sugarcane or biodiesel from palm oil, both yielding about 5,000 L/ha/year.

All-Gas project is an example of circular economy, since a waste is
converted sustainably into raw materials with added value, providing an
innovative and environment-friendly process.

Fig. 4 Raceway ponds of All-Gas project in the El Torno treatment plant in Chiclana, Spain
(EU FP7 All-Gas project). Source: AQUALIA
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4 Removal of Pharmaceutical Compounds from
Wastewaters in Microalgae Reactors

The mechanisms for pollutant removal involved during conventional or advanced
treatments cannot be directly extrapolated to algae-based wastewater
(WW) treatment because algae photosynthesis causes specific environmental and
ecological conditions to occur [14]. Unfortunately, PhACs removal has not yet been
extensively studied during microalgae-based WWT, and Table 2 summarizes
published results on the elimination of PhACs in algae photobioreactors in synthetic
WW and real WW. Some of these studies are also discussed in recently published
reviews on organic micropollutant removal [13, 44, 72, 73].

4.1 Pharmaceutical Removal in Synthetic WW

The first specific study on PhACs removal during microalgal WWT treatment was
published by de Godos et al. [22] who reported the removal of the antibiotic
tetracycline from synthetic WW using a pilot-scale HRAP (14 L). Tetracycline
was added after 46 days of operation and reached a stable value of
0.79 � 0.02 mg/L. Active removal was confirmed with an efficiency increasing
from 60 � 1% on day 61 to 69 � 1% on day 76. The main mechanisms involved
were photodegradation and biosorption.

Another antibiotic was selected by Hom-Diaz et al. [29] who evaluated the
removal of ciprofloxacin (CPX) in indoor and outdoor HRAPs. These microalgae
systems were fed with primary wastewater effluent. When spiked at 2 mg/L, CPX
was efficiently removed from photobioreactors continuously operated under various
conditions of artificial illumination and hydraulic residence times (7–3 d). These
findings were confirmed in a 1,000 L pilot HRAP operated outdoors (Fig. 5) and
laboratory batch assays performed using HRAP microcosms incubated under the
same outdoor conditions. Spiked experiments were conducted by stopping the
wastewater influent supply during 24 h and immediately adding CPX to an initial
concentration of 2 mg/L. HRAP was also monitored throughout the day to assess
photodegradation and sorption. CPX removal occurred immediately after spiking in
all assays, independent of the time of the day. There was a pollutant removal of 15%
during daytime and 18–22% at night time. The final CPX removal percentage was
38% after 24 h. Photodegradation also took place during continuous CPX removal,
and it was not strongly influenced by the suspended biomass concentration.
Hom-Diaz et al. [29] concluded that the main CPX removal mechanisms were
sorption and photodegradation, although biodegradation may also occur.

Some ECs can be transformed into metabolites that are even more detrimental to
human health and natural ecosystems than their parent compounds. Ismail et al. [64]
therefore studied the degradation of a mixture of the analgesics ketoprofen, paracet-
amol and aspirin by focusing on toxicity reduction and the elimination of the
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Fig. 5 Concrete 1,000 L HRAP located in Palmerston North, New Zealand. Courtesy of Dr. Andrea
Hom-Diaz

Fig. 6 1,200 L semiopen multitubular PB located on the roof of the Chemical, Biological and
Environmental Engineering Department at the Universitat Autònoma de Barcelona, Spain. Courtesy
of Dr. Andrea Hom-Diaz
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metabolites formed. An artificial microalgal-bacterial consortium was used in a
stirred-tank photobioreactor. The toxic paracetamol metabolite p-aminophenol was
formed at a HRT of 3 days, and increasing the HRT to 4 days enhanced

Fig. 7 470 L HRAPs located outdoors at the laboratory of the GEMMA research group
(Universitat Politècnica de Catalunya – BarcelonaTech, Spain). Courtesy of Dr. Ivet Ferrer

Fig. 8 Full-scale semi-closed tubular PBR located in Agropolis, Barcelona, Spain. Courtesy of
Dr. Ivet Ferrer
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bioremediation efficiency. After acclimatization under continuous illumination, both
the analgesics and p-aminophenol were removed by 95%.

Kang et al. [65] employed periphyton to treat a synthetic wastewater spiked with
the pharmaceuticals and personal care products (PPCPs) carbamazepine (CBZ),
ibuprofen (IBU), hydrochlorothiazide (HCT) and gemfibrozil (GEM) as well as
the industrial chemical bisphenol A (BPA). The photobioreactor was made of acrylic
glass and divided into five channels. The reactors were illuminated using LED
lamps, and four treatments with different illuminances (7,000–5,000 lx) and HRT
(4-2d) were carried out. After 10 d of pollutant-free operation, standard solutions of
the PPCPs were added to the storage tanks resulting in a concentration of 10 μg/L for
each compound. CBZ and GEM were poorly removed (6.45–20.6%), HCT and IBU
were moderately removed (26.2–48.7%), and BPA was effectively removed
(72–86.4%). High HRT operation enhanced nutrient and PPCP removal, but change
in illumination period had contrasting effects on the nutrients and PPCP removals,
suggesting that dark/light illumination cycles supported the development of micro-
bial communities with high PPCP removal capacity. These results agree with the
findings by Hom-Diaz et al. [68] who reported that there is no correlation between
the removal of PhACs and biomass concentration in the photobioreactor. Kang et al.
[65] thus suggested that changes of dark/light illumination periods could be a
strategy to improve micropollutant removal in periphyton photobioreactors.

Few publications have studied the evolution of bacteria and microalgae
populations and their influence on pollutant removal in photobioreactors. Kang
et al. [65] identified algae belonging to 4 phyla and 11 genera in their study. The
cyanophyta Phormidium accounted for over 94% of the total algae DNA extracted.
As Phormidium was therefore likely the dominant algal genus in all treatments, the
differences in nutrient and PPCP removal efficiencies observed should be more
related to the bacterial composition. Kang et al. [65] reported that a high bacterial
diversity favoured nutrient removal but that a lower bacterial diversity was associ-
ated with better PPCP removal.

The hormone 17β-estradiol (E2) is a widespread emerging contaminant
(EC) detected in urban and industrial WW [74]. Due to their environmental fate
and toxicological effects, the EU commission has proposed to list E2, diclofenac and
17-α-ethinylestradiol (EE2) as priority substances. Although the concentrations
currently detected in WW are in the range of ng to μg/L, E2 and EE2 can induce
adverse ecological effects and can act as endocrine disruptors [75]. High E2 removal
has been achieved inmicroalgal monocultures in spiked experiments [59, 76]. Parladé
et al. [66] later aimed to assess how E2 was removed and how microbial community
changed during 1 year of photobioreactor operation for treating toilet wastewater.
Briefly, the system was designed as a 1,200 L semiopen multitubular PR (Fig. 6).
Two distribution chambers were placed at each end of the tubes to transfer and
distribute the culture evenly between the tubes. The PB was operated at HRTs of
8 and 12 days. E2 spiking experiments were conducted during steady-state operation
corresponding to different seasons of the year.

Complete E2 removal was achieved during the first assay (8d HRT) and 81% of
the removal took place during the night. Two assays conducted at 12 d HRT showed
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lower final removal (77% and 55%), but the behaviour was similar as rapid removal
took place during the first 10–13 h followed by a slower removal rate. Complete
removal of the hormone could thus be attained under favourable seasonal conditions
at temperatures between 10 and 25�C, and more than 50% of the pollutant was still
removed in 24 h at low temperature and under low solar irradiation. Estrone (E1) has
been reported as an E2 biodegradation product from the microalgae Chlorella
vulgaris [77], although it can also be formed during E2 oxidation processes. In the
study of Parladé et al. [66], E1 was formed at the same rate as E2 disappeared, and a
rapid conversion occurred at the beginning of the experiment. The transformation
rate decreased after 5 h, and E1 formation was still taking place at the end of the
experiment since E2 was not completely removed. E1 was formed in the presence of
active algal biomass but was not detected in the killed controls, under either light or
dark conditions, demonstrating that E1 was a product from biodegradation. Sorption
ranged from 8% to 50%, suggesting that E2 sorption varied with biomass compo-
sition. As earlier reported by Hom-Diaz et al. [59], algal biomass composition has a
direct effect on the adsorption of pollutants. Parladé et al. [66] concluded that both
adsorption and biodegradation were fast both in light and in darkness.

Parladé et al. [66] also evaluated the effect of bioaugmentation with a pure
Scenedesmus culture on E2 removal. Eukaryotic diversity was assessed using
denaturing gradient gel electrophoresis, and samples were taken immediately before
and after 24 h of each E2 spike. No changes occurred after E2 addition, suggesting
that the oestrogenic compound did not have any effect on populations. The analysis
revealed the presence of five different phyla within the Eukarya domain and two
unclassified sequences. Briefly, the PB microalgae flora was dominated by Chlorella
species which remained present at all stages, followed by Pseudospongiococcum in
less abundance. Other abundant phylotypes, which were only present episodically,
included protozoa, rotifer or parasitic chytrid species that fed on the algae. It is likely
that changes in the microbial community were partially responsible for the differ-
ences in E2 removal reported. Bioaugmentation with Scenedesmus could not out-
match the native PB community in terms of biomass yield. The PB community was
composed of transient species that appeared and disappeared over time and stable
microalgae like Chlorella, which remained unaffected by seasonal variations.
Parladé et al. [66] concluded that a high biodiversity with some well-established
species was preferable to a high biomass concentration for E2 removal.

In addition to supporting satisfactory WWT efficiency, the biomass accumulated
during microalgae-based WWT can be valorized as, for example, animal feed, soil
conditioners, plant fertilizers or biofuel [72]. Ismail et al. [64] extensively analysed
the biomass harvested and reported total crude protein, carbohydrate and lipid levels
of 50%, 16% and 7%, respectively. According to Brown et al. [78], the levels of
protein, carbohydrate and lipid can range from 6% to52%, 5% to 23% and 7% to
23%, respectively, in microalgal biomass. The high level of crude protein reported
by Ismail et al. [64] is likely a consequence of the high nitrogen supply. Moreover,
the total protein concentration of the harvested biomass was rich in essential
(65.5%), nonessential (29%) and conditional amino acids (5.5%), which suggests
a ‘high-quality protein-rich’ biomass suitable for use as animal feed. Interestingly,
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the harvested biomass contained a good blend of medium and long-chain fatty acids
that make it a good biodiesel-producing candidate. The water-extractable fraction of
the biomass possessed a high phenolic content and antioxidant capacity. Ismail et al.
[64] concluded that microalgae-based WWT could provide an integrated
eco-friendly and cost-efficient strategy for remediating pharmaceutical wastewater.

4.2 Pharmaceutical Removal in Real WW

Matamoros et al. [56] studied the effect of HRT and meteorological conditions on
the removal efficiencies of 26 ECs (pharmaceuticals, fragrances, fire retardants and
pesticides, among others) in two HRAP pilot plants fed with urban wastewater. The
pilot plant was located outdoors at the laboratory of the GEMMA research group
(Universitat Politècnica de Catalunya – BarcelonaTech, Spain). Urban wastewater
was pumped from a municipal sewer to a homogenization tank. From there, the
wastewater was screened and conveyed to two identical parallel lines, each equipped
with a primary settler, a pilot high-rate algal pond and a secondary clarifier for
biomass separation (Fig. 7). The experimental HRAPs were made of PVC raceway
ponds equipped with a paddle wheel for stirring the mixed liquor. Each HRAP had a
nominal volume of 0.47 m3 at a water depth of 0.3 m and a surface area of 1.54 m2.

The concentration of ECs in the HRAP influent ranged from undetected to 24 μg/
L. Caffeine, acetaminophen and ibuprofen were usually detected at >9 μg/L in the
influent, and these pollutants were efficiently removed (>90%). Ketoprofen and
naproxen were removed by 60–90%, diclofenac and diazinon were removed by
40–60%, while carbamazepine was poorly removed by <40%. The results showed
removal efficiencies varied greatly with pollutant chemistry. The most abundant
pollutants in the biomass were the most hydrophobic ones, such as musk fragrances,
but adsorption did not seem to be a quantitatively significant removal mechanism for
any PhACs. No significant differences in removal performance were observed at the
two HRTs tested during the warm season, but significant differences were found
during the cold season for those compounds previously known to be affected by
biodegradation (i.e. caffeine, ibuprofen and naproxen), photodegradation
(i.e. ketoprofen and triclosan) and sorption or volatilization (i.e. musk fragrances).
Most of the compounds were nevertheless removed at 4 d HRT in both seasons. In
contrast to other authors, Matamoros et al. [56] reported that the effect of seasonality
on pollutant removal performance was low or null (i.e. for caffeine, acetaminophen
and ibuprofen) for the most abundant compounds. To assess the potential for
detoxification, Matamoros et al. [56] computed the hazard quotients (HQs) based
on the chemical composition of water samples and predicted non-effect concentra-
tions (PNECs) for different aquatic organisms. Acetaminophen, ibuprofen and
oxybenzone exhibited high HQs in influent wastewater samples (HQ > 1), mainly
due to their high concentrations. After treatment in the HRAP system, all the studied
ECs had an HQ < 1. Matamoros et al. [56] thus concluded that HRAPs were at least
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as efficient as conventional activated sludge, constructed wetlands and waste stabi-
lization ponds for EC removal and detoxification.

While algae can be simultaneously used for WWT treatment, CO2 abatement and
bioenergy production, few studies have considered the potential use of cultivating
algae to simultaneously treat flue gases and municipal wastewater containing phar-
maceuticals. Gentili and Fick [67] investigated the removal of pharmaceuticals in
urban WW in a 650 L open outdoor photobioreactor supplied with flue gas. The
photobioreactor was constructed following the open-pond principle, where water
flow was generated by a mechanical device. It was supported by a metal frame and
constructed of thin fibreglass to allow light penetration from the top (as in a
traditional open pond), sides and bottom. The reactor also had an empty space in
its centre to improve illumination. Municipal wastewater was treated during 1 week
in several batches. Flue gas (9% CO2) from a combined heat and power plant
incinerating municipal and industrial solid wastes (Umeå Energi, Umeå, Sweden)
was bubbled through the algal culture at a flow rate of approximately 3 L/min. The
pH in all batches was 8.3 � 0.9. Bubbling was stopped at night to prevent medium
acidification in the absence of light. Experiments were conducted from April to May
2012 to study the performance of the algae under different environmental conditions
of light and temperature (10–32�C). The concentrations of the 52 pharmaceuticals
detected ranged from 0.16 to 2.9 μg/L. Removal efficiencies were very high (>90%)
for atenolol, bisoprolol, metoprolol, clarithromycin, bupropion, atracurium, diltia-
zem and terbutaline, moderate (50–90%) for 14 PhACs and very low or
nonquantifiable for 18 PhACs. These results agreed with past studies on different
biological WW treatment processes [79, 80]. Many pharmaceuticals were metabo-
lized and excreted as glucuronides or other conjugated metabolites that can be
converted back to their parent compounds by enzymatic processes. Deconjugation
can indeed occur in sewage treatment processes and fungal WW treatment, showing
negative removal efficiencies for macrolide antibiotics, carbamazepine and other
pharmaceuticals. Several pharmaceuticals were degraded more efficiently in the
algal photobioreactor than in the influent treated without microalgae. On average,
only 8 pharmaceuticals were not removed nor had negative removal rates in the
presence of microalgae compared to 20 without microalgae. The reduction in
pharmaceuticals content was positively correlated with light intensity inside the
culture, dissolved oxygen concentration and the reduction in nitrogen content.
Some authors have suggested that photolysis is a critical removal pathway for
several micropollutants including pharmaceuticals [56, 81]. However, and although
Gentili and Fick [67] recognized the importance of this mechanism in the elimination
of PhACs, the removal of PhACs was lower in a control PB free-of-algae than in the
inoculated system.

Hom-Diaz et al. [68] studied the removal of PhACs in an outdoor pilot tubular PB
treating toilet WW at HRTs of 8 days and 12 days (Period I and Period II,
respectively). The experimental set-up was previously described (Fig. 6). Toilet
WW was collected from the toilet drain of the Chemical, Biological and Environ-
mental Engineering Department (Universitat Autònoma de Barcelona) and settled.
The supernatant was conducted to a second settler from which the WW was pumped
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into the microalgal PB. The HRT of the settlers (also used as homogenization tanks)
was 48 h. The PB treated 150 L/day (8 d HRT) in Period I and 100 L/day (12 d HRT)
in Period II. The PBR performance was monitored from September to December
2015. Nutrient removal efficiency was very high but slightly different for the two
periods. No large differences in the influent PhAC levels were observed between
October and December. Five anti-inflammatory compounds (acetaminophen, ibu-
profen, naproxen, salicylic acid and ketoprofen) were detected: acetaminophen
(paracetamol) was found at the highest concentrations (50.2–58.7 μg/L) in both
sampling periods and was removed by >98%. Ibuprofen, the second most abundant
compound detected in the influent WW during both operating periods (39.0–52.8 μg/
L), was also removed by >98%, evidencing again a high biodegradability noted in
past studies. The antibiotics ciprofloxacin and ofloxacin were detected at concentra-
tions of 2,629–294 ng/L and 5,662–65 ng/L, respectively. Azithromycin was only
detected in Period I (385 ng/L), and erythromycin was only detected in Period II
(661 ng/L). Antibiotic removal efficiencies varied between periods, but remained
>48%. Higher removal efficiencies were reported during Period II despite the lower
temperature and light irradiation. Hom-Diaz et al. [68] stated this could be a
consequence of the HRT increase from 8 to 12 days, in agreement with the study
by Matamoros et al. [56]. Hom-Diaz et al. [68] also studied the harvesting of the
algal biomass since its separation from the treated effluent is essential for discharge
compliance and biomass valorization.

Villar-Navarro et al. [69] studied the efficacy of PhACs removal from urban
wastewater by comparing a conventional treatment using activated sludge against a
nonconventional treatment scheme involving HRAPs. This research was performed
at the WWTP of Cadiz (Spain). The nonconventional treatment line was a pilot-scale
installation within the WWTP (Fig. 4) consisting of three upflow anaerobic sludge
blanket (UASB) reactors followed by six HRAPs. These were open shallow ponds
(9.6 m3 each) equipped with a paddle wheel. After grit and grease removal, the
WWTP influent was diverted from the conventional to the nonconventional line. The
wastewater was either treated through the UASB reactors before entering the HRAPs
(February to April 2015) or directly directed onto the HRAPs (May to July 2015).
The HRT in the HRAPs was between 72 and 216 h (144 h average). The HRAPs
removed 74% and 92% of dissolved nitrogen and phosphorous respectively, while
the conventional treatment only satisfactorily removed phosphorus, probably due to
insufficient HRT in the biological reactor. Sixty-four out of 81 target PhACs were
detected in the WW influent, at an average total concentration of 223 mg/L.
Analgesics and anti-inflammatories were the predominant group in the influent
(>100 mg/L) and were removed above 85% during both conventional and
nonconventional treatments. The average removal efficiency of diclofenac in the
conventional line was 19%, where it was never exceeding 30%. In comparison, this
pollutant was removed between 55 and 71% following HRAP treatment. These
results agreed with past demonstrations of the influence of light on diclofenac
removal. Removal from the HRAP was also higher for antibiotics (63%) and other
PhACs (77%). The average removal efficiencies were however similar
(94% vs. 92%) for both treatment lines when comparing total PhACs concentrations.
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The research by García-Galán et al. [70] focused on the treatment of agricultural
runoff water for biomass production. Agricultural runoff can contain a wide variety
of hazardous contaminants including pesticides, heavy metals and numerous veter-
inary PhACs (mainly antibiotics and their metabolites). This study was performed
over two different periods (December and April) in batch and continuous (16 d
HRT) modes. The PB was a full-scale (8.5 m3) semi-closed hybrid tubular horizontal
photobioreactor (HTH-PB, Fig. 8), similar to the reactor used by Hom-Diaz et al.
[68], located at the Universitat Politècnica de Catalunya facilities (Barcelona, Spain).
The feed for the HTH-PB was pumped from a drainage channel that runs through
different cropped fields in the area, and it also received the discharge from an urban
WWTP.

PhACs removal was evaluated during four consecutive days at the end of the
continuous experiment. Carbamazepine was detected at the highest concentration in
the influent (average 510 ng/L) followed by diclofenac (average 150 ng/L). The poor
removal efficiency obtained for carbamazepine (<40%) agrees with prior results in
microalgae systems [56, 67]. The best removal efficiency was achieved with
diclofenac (61%). Diclofenac removal rates can range from 0% to 90% during
municipal wastewater treatment, but Villar-Navarro et al. [69] concluded diclofenac
removal was higher in algae systems (55–71%) than during conventional treatment
with activated sludge. These results agree with findings from Zhang et al. [82] who
reported that the removal of diclofenac can be mostly attributed to photodegradation,
while carbamazepine could not be photodegraded, biodegraded or adsorbed. The
removal of ibuprofen achieved by García-Galán et al. [70] was low when compared
to removals obtained in HRAP studies [56, 69] and in a similar tubular PB [68].

García-Galán et al. [71] recently published a new research related to PhACs
removal in microalgal systems using the set-up described by Matamoros et al.
[56]. Two HRAP systems (Fig. 7) were tested with and without primary treatment
during the beginning of summer (high solar irradiation). The aim was to assess the
effect of primary treatment on the removal of 12 PhACs and 26 of their main
metabolites in urban wastewater. Each HRAP had a volume of 470 L and was
operated continuously at 4.5 d HRT. The concentration of the 12 PhACs and their
transformation products detected (15) before and after primary treatment was not
statistically different. The analgesic ibuprofen (IBU) was detected at the highest
concentrations (330–23,811 ng/L). Diclofenac (DCF) and acetylsalicylic acid
(AcSAc) were detected in all influent samples at 271–2126 ng/L and
166–5,428 ng/L, respectively. Acetaminophen (ACM) was detected up to
7,800 ng/L, and the antibiotic sulfamethoxazole (SMX) was detected in all influent
samples at 70–900 ng/L. This compound is considered ubiquitous in natural systems
and has been identified as the main responsible for the increase of sulfonamide
resistance genes in WWTPs [83]. The antidepressant venlafaxine (VFX) and the
antiepileptic carbamazepine (CBZ) were present in all the influent samples at
average concentrations ranging between 664 and 702 ng/L and at concentrations
<33 ng/L, respectively. The very low concentration of CBZ detected is not surpris-
ing since CBZ can be found in conjugate form in wastewater and therefore its
concentration is often underestimated. Some PhACs metabolites were already

216 P. Blánquez et al.



detected in the influents, including metabolites of IBU, CBZ and SMX, as reported
by Jelic et al. [84] who noted degradation may occur in sewer networks. The results
showed pretreatment had no impact on PhACs removal from the HRAPs. SMX and
metronidazole (MTZ) removal averaged 80% and > 89% respectively, but these
pollutants were not detected in biomass algae, which suggests that sorption did not
cause their removal. García-Galán et al. [71] therefore concluded that biodegradation
should be considered as the main elimination route of the antibiotics during
microalgae treatment. High removals were also obtained for ACM (100%) and
IBU (79%), in agreement with past studies early cited. DCF was removed around
53%, which is much lower than reported by Matamoros et al. [56] using the same
experimental HRAPs during the warm/summer season. DCF was however detected
at quite high concentrations in biomass samples, so bioadsorption/bioaccumulation
could partly account for its elimination. CBZ was not removed, confirming the low
biodegradability of this drug, although other authors obtained removals of 23–60%
in HRAPs [56, 69]. García-Galán et al. [71] concluded that HRAPs could be
operated without primary treatment and provided high removal efficiencies for a
broad range of PhACs, including metabolites and transformation products.
Bioadsorption/bioaccumulation to microalgal biomass was needed to remove
non-biodegradable compounds such as venlafaxine.

5 Concluding Remarks

Overall, nearly all studies conducted at laboratory to full scale and using synthetic
media or real wastewater converge in demonstrating that microalgae-based waste-
water technologies support efficient removal of pharmaceutical compounds during
WWT, with the added advantage of removing more nutrients, producing potentially
valuable biomass and reducing energy demand in comparison to mechanically
aerated treatment systems. Biodegradation is often suspected as the main removal
mechanism, but biosorption/bioaccumulation and photodegradation can also be
important. Because pollutant removal by specific removal mechanisms is highly
dependent on pollutant chemistry, the broader range of pollutant-removing mecha-
nism potentially taking place during microalgae-based WWT should provide more
efficient and resilient pharmaceutical removal.

The HRT is a key design parameter for the removal of microcontaminants
during microalgae-based WW treatment (as in the absence of cell retention or
recycling, the HRT is also the mean cell residence time). The relative long HRTs
used during microalgal-based treatment systems should therefore favour all
removal mechanisms, including especially photodegradation and hydrolysis.
Experimental data indeed confirm high HRT operation is generally beneficial to
pollutant removal.

Microalgae-Based Processes for the Removal of Pharmaceuticals in Wastewater 217



References

1. Shilton AN, Powell N, Guieysse B (2012) Plant based phosphorus recovery from wastewater
via algae and macrophytes. Curr Opin Biotechnol 23(6):884–889. https://doi.org/10.1016/j.
copbio.2012.07.002

2. Plouviez M, Shilton A, Packer MA, Guieysse B (2019) Nitrous oxide emissions from
microalgae: potential pathways and significance. J Appl Phycol 31:1–8. https://doi.org/10.
1007/s10811-018-1531-1

3. Plouviez M, Chambonniere P, Shilton A, Packer M, Guieysse B (2019) Nitrous oxide (N2O)
emissions during real domestic wastewater treatment in an outdoor pilot-scale high rate algae
pond. Algal Res 44. https://doi.org/10.1016/j.algal.2019.101670

4. Muñoz R, Guieysse B (2006) Algal-bacterial processes for the treatment of hazardous contam-
inants: a review. Water Res 40:2799–2815. https://doi.org/10.1016/j.watres.2006.06.011

5. Craggs R, Sutherland D, Campbell H (2012) Hectare-scale demonstration of high rate algal
ponds for enhanced wastewater treatment and biofuel production. J Appl Phycol 24:329–337.
https://doi.org/10.1007/s10811-012-9810-8

6. Posadas E, Alcántara C, García-Encina PA, Gouveia L, Guieysse B, Norvill Z, Acién FG,
Markou G, Congestri R, Koreiviene J, Muñoz R (2017) Microalgae-Based Biofuels and
Bioproducts. 3 - Microalgae cultivation in wastewater, 67–91. From Feedstock Cultivation to
End-products. Woodhead Publishing Series in Energy. https://doi.org/10.1016/B978-0-08-
101023-5.00003-0

7. Metcalf and Eddy, Inc (2011) In: Franklin LM, David Stensel H (eds) Wastewater engineering.
Treatment and reuse, 4th edn. George Tchobanoglous

8. Arbib Z, Ruiz J, Álvarez-Díaz P, Garrido-Pérez C, Barragán J, Perales JA (2013) Effect of pH
control by means of flue gas addition on three different photo-bioreactors treating urban
wastewater in long-term operation. Ecol Eng 57:226–235. https://doi.org/10.1016/j.ecoleng.
2013.04.040

9. Ledda C, Romero Villegas GI, Adani F, Acién Fernández FG, Molina Grima E (2015)
Utilization of centrate from wastewater treatment for the outdoor production of
Nannochloropsis gaditana biomass at pilot scale. Algal Res 12:17–25. https://doi.org/10.
1016/j.algal.2015.08.002

10. Bahr M, Díaz I, Domínguez A, González-Sánchez A, Muñoz R (2014) Microalgal-
biotechnology as a platform for an integral biogas upgrading and nutrient removal from
anaerobic effluents. Environ Sci Technol 48:573–581. https://doi.org/10.1021/es403596m

11. Wang Y, Liu J, Kang D, Wu C, Wu Y (2017) Removal of pharmaceuticals and personal care
products from wastewater using algae-based technologies: a review. Rev Environ Sci
Biotechnol 16:717–735. https://doi.org/10.1007/s11157-017-9446-x

12. Leng L, Wei L, Xiong Q, Xu S, Li W, Lv S, Lu Q, Wan L, Wen Z, Zhou W (2020) Use of
microalgae based technology for the removal of antibiotics from wastewater: a review.
Chemosphere 238:124680. https://doi.org/10.1016/j.chemosphere.2019.124680

13. Xiong J-Q, Kurade MB, Jeon B-H (2018) Can microalgae remove pharmaceutical contaminants
from water? Curr Opin Biotechnol 36(1):30–44. https://doi.org/10.1016/j.tibtech.2017.09.003

14. Norvill ZN, Shilton A, Guieysse B (2016) Emerging contaminant degradation and removal in
algal wastewater treatment ponds: identifying the research gaps. J Hazard Mater 313:291–309.
https://doi.org/10.1016/j.hazmat.2016.03.085

15. Peng F-Q, Ying G-G, Yang B, Liu S, Lai H-J, Liu Y-S, Chen Z-F, Zhou G-J (2014)
Biotransformation of progesterone and norgestrel by two freshwater microalgae (Scenedesmus
obliquus and Chlorella pyrenoidosa): transformation kinetics and products identification.
Chemosphere 95:581–588. https://doi.org/10.1016/j.chemosphere.2013.10.013

16. Stravs MA, Pomati F, Hollender J (2017) Exploring micropollutant biotransformation in three
freshwater phytoplankton species. Environ Sci Process Impacts 19(6):822–832. https://doi.org/
10.1039/c7em00100b

218 P. Blánquez et al.

https://doi.org/10.1016/j.copbio.2012.07.002
https://doi.org/10.1016/j.copbio.2012.07.002
https://doi.org/10.1007/s10811-018-1531-1
https://doi.org/10.1007/s10811-018-1531-1
https://doi.org/10.1016/j.algal.2019.101670
https://doi.org/10.1016/j.watres.2006.06.011
https://doi.org/10.1007/s10811-012-9810-8
https://doi.org/10.1016/B978-0-08-101023-5.00003-0
https://doi.org/10.1016/B978-0-08-101023-5.00003-0
https://doi.org/10.1016/j.ecoleng.2013.04.040
https://doi.org/10.1016/j.ecoleng.2013.04.040
https://doi.org/10.1016/j.algal.2015.08.002
https://doi.org/10.1016/j.algal.2015.08.002
https://doi.org/10.1021/es403596m
https://doi.org/10.1007/s11157-017-9446-x
https://doi.org/10.1016/j.chemosphere.2019.124680
https://doi.org/10.1016/j.tibtech.2017.09.003
https://doi.org/10.1016/j.hazmat.2016.03.085
https://doi.org/10.1016/j.chemosphere.2013.10.013
https://doi.org/10.1039/c7em00100b
https://doi.org/10.1039/c7em00100b


17. Ferrando L, Matamoros V (2020) Attenuation of nitrates, antibiotics and pesticides from
groundwater using immobilised microalgae-based systems. Sci Total Environ 703
(10):134740. https://doi.org/10.1016/j.scitotenv.2019.134740

18. Muñoz R, Köllnera C, Guieysse B (2009) Biofilm photobioreactors for the treatment of
industrial wastewaters. J Hazard Mater 161(1):29–34. https://doi.org/10.1016/j.jhazmat.2008.
03.018

19. Park JBK, Craggs RJ, Shilton AN (2011) Recycling algae to improve species control and
harvest efficiency from a high rate algal pond. Water Res 45:6637–6649. https://doi.org/10.
1016/j.watres.2011.09.042

20. Ronen Z, Abeliovich A (2000) Anaerobic-aerobic process for microbial degradation of
tetrabromobisphenol A. Appl Environ Microbiol 66:2372–2377. https://doi.org/10.1128/
AEM.66.6.2372-2377.2000

21. Santaeufemia S, Torres E, Mera R, Abalde J (2016) Bioremediation of oxytetracycline in
seawater by living and dead biomass of the microalga Phaeodactylum tricornutum. J Hazard
Mat 320:315–332. https://doi.org/10.1016/j.jhazmat.2016.08.042

22. de Godos I, Muñoz R, Guieysse B (2012) Tetracycline removal during wastewater treatment in
high-rate algal ponds. J Hazard Mater 229-230:446–449. https://doi.org/10.1016/j.jhazmat.
2012.05.106

23. Challis JK, Hanson ML, Friesen KJ, Wong CS (2014) A critical assessment of the
photodegradation of pharmaceuticals in aquatic environments: defining our current understand-
ing and identifying knowledge gaps. Environ Sci Process Impacts 16(4):672–696. https://doi.
org/10.1039/c3em00615h

24. Bai X, Acharya K (2019) Removal of seven endocrine disrupting chemicals (EDCs) from
municipal wastewater effluents by a freshwater green alga. Environ Pollut 247:534–540. https://
doi.org/10.1016/j.envpol.2019.01.075

25. Poirier-Larabie S, Segura PA, Gagnona C (2016) Degradation of the pharmaceuticals
diclofenac and sulfamethoxazole and their transformation products under controlled environ-
mental conditions. Sci Total Environ 557–558:257–267. https://doi.org/10.1016/j.scitotenv.
2016.03.057

26. Monteiro SC, Boxal ABA (2010) Occurrence and fate of human pharmaceuticals in the
environment in: reviews of environmental contamination and toxicology. In: Reviews of
Environmental Contamination and Toxicology, vol 202. Springer, New York. https://doi.org/
10.1007/978-1-4419-1157-5_2

27. Längin A, Alexy R, König A, Kümmerer K (2009) Deactivation and transformation products in
biodegradability testing of ß-lactams amoxicillin and piperacillin. Chemosphere 75
(3):347–354. https://doi.org/10.1016/j.chemosphere.2008.12.032

28. Matamoros V, Uggetti E, Garcia J, Bayona JM (2016) Assessment of the mechanisms involved
in the removal of emerging contaminants by microalgae from wastewater: a laboratory scale
study. J Hazard Mater 301:197–205. https://doi.org/10.1016/j.jhazmat.2015.08.050

29. Hom-Diaz A, Norvill ZN, Blanquez P, Vicent T, Guieysse B (2017) Ciprofloxacin removal
during secondary domestic wastewater treatment in high rate algal ponds. Chemosphere
180:33–41. https://doi.org/10.1016/j.chemosphere.2017.03.125

30. Norvill ZN, Toledo-Cervantes A, Blanco S, Shilton A, Guieysse B, Muñoz R (2017)
Photodegradation and sorption govern tetracycline removal during wastewater treatment in
algal ponds. Bioresour Technol 232:35–43. https://doi.org/10.1016/j.biortech.2017.02.011

31. Sutherland DL, Howard-Williams C, Turnbull MH, Paul A, Craggs RJ (2015) Enhancing
microalgal photosynthesis and productivity in wastewater treatment high rate algal ponds for
biofuel production. Bioresour Technol 184:222–229. https://doi.org/10.1016/j.biortech.2014.
10.074

32. Park JBK, Craggs RJ, Shilton AN (2011) Wastewater treatment high rate algal ponds for biofuel
production. Bioresour Technol 102:35–42. https://doi.org/10.1016/j.biortech.2010.06.158

33. Romero-Villegas GI, Fiamengo M, Acién-Fernández FG, Molina-Grima E (2018) Utilization of
centrate for the outdoor production of marine microalgae at the pilot-scale in raceway

Microalgae-Based Processes for the Removal of Pharmaceuticals in Wastewater 219

https://doi.org/10.1016/j.scitotenv.2019.134740
https://doi.org/10.1016/j.jhazmat.2008.03.018
https://doi.org/10.1016/j.jhazmat.2008.03.018
https://doi.org/10.1016/j.watres.2011.09.042
https://doi.org/10.1016/j.watres.2011.09.042
https://doi.org/10.1128/AEM.66.6.2372-2377.2000
https://doi.org/10.1128/AEM.66.6.2372-2377.2000
https://doi.org/10.1016/j.jhazmat.2016.08.042
https://doi.org/10.1016/j.jhazmat.2012.05.106
https://doi.org/10.1016/j.jhazmat.2012.05.106
https://doi.org/10.1039/c3em00615h
https://doi.org/10.1039/c3em00615h
https://doi.org/10.1016/j.envpol.2019.01.075
https://doi.org/10.1016/j.envpol.2019.01.075
https://doi.org/10.1016/j.scitotenv.2016.03.057
https://doi.org/10.1016/j.scitotenv.2016.03.057
https://doi.org/10.1007/978-1-4419-1157-5_2
https://doi.org/10.1007/978-1-4419-1157-5_2
https://doi.org/10.1016/j.chemosphere.2008.12.032
https://doi.org/10.1016/j.jhazmat.2015.08.050
https://doi.org/10.1016/j.chemosphere.2017.03.125
https://doi.org/10.1016/j.biortech.2017.02.011
https://doi.org/10.1016/j.biortech.2014.10.074
https://doi.org/10.1016/j.biortech.2014.10.074
https://doi.org/10.1016/j.biortech.2010.06.158


photobioreactors. J Environ Manag 228:506–516. https://doi.org/10.1016/j.jenvman.2018.08.
020

34. de la Noüe J, Laliberté G, Proulx D (1992) Algae and waste water. J Appl Phycol 4:247–254.
https://doi.org/10.1007/BF02161210

35. Oswald WJ (1988) Micro-algae and wastewater treatment. In: Borowitzka MA (ed) Microalgal
biotechnology. Cambridge University Press, Cambridge, pp 691–707

36. Batstone DJ, Hülsen T, Mehta CM, Keller J (2015) Platforms for energy and nutrient recovery
from domestic wastewater: a review. Chemosphere 140:2–11. https://doi.org/10.1016/j.
chemosphere.2014.10.021

37. Kong QX, Li L, Martinez B, Chen P, Ruan R (2010) Culture of microalgae Chlamydomonas
reinhardtii in wastewater for biomass feedstock production. Appl Biochem Biotechnol
160:9–18. https://doi.org/10.1007/s12010-009-8670-4

38. Seco A, Aparicio S, González-Camejo J, Jiménez-Benítez A, Mateo O, Mora JF, Noriega-
Hevia G, Sanchis-Perucho P, Serna-García R, Zamorano-López N, Giménez JB, Ruiz-
Martinez A, Aguado D, Barat R, Borrás L, Bouzas A, Martí N, Pachés M, Ribes J, Robles A,
Ruano MV, Serralta J, Ferrer J (2018) Resource recovery from sulphate rich sewage through an
innovative anaerobic-based water resource recovery facility (WRRF). Water Sci Technol 78
(9):1925–1936. https://doi.org/10.2166/wst.2018.492

39. Wang L, Min M, Li Y, Chen P, Chen Y, Liu Y, Wang Y, Ruan R (2010) Cultivation of green
algae Chlorella sp. in different wastewaters from municipal wastewater treatment plant. Appl
Biochem Biotechnol 162:1174–1186. https://doi.org/10.1007/s12010-009-8866-7

40. Carvalho AP, Meireles LA, Malcata FX (2006) Microalgal reactors: a review of enclosed
system designs and performances. Biotechnol Prog 22:1490–1506. https://doi.org/10.1021/
bp060065r

41. Chisti Y (2007) Biodiesel from microalgae. Biotechnol Adv 25:294–306. https://doi.org/10.
1016/j.biotechadv.2007.02.001

42. Rawat I, Kumar R, Mutanda T, Bux F (2011) Dual role of microalgae: phycoremediation of
domestic wastewater and biomass production for sustainable biofuels production. Appl Energy
88:3411–3424. https://doi.org/10.1016/j.apenergy.2010.11.025

43. Shen Y, Yuan W, Pei ZJ, Wu Q, Mao E (2009) Microalgae mass production methods. Trans
ASABE 52:1275–1287

44. Vo HNP, Ngo HH, Guo W, Minh T, Nguyen H, Liu Y, Liu Y, Nguyen DD, Chang SW (2019)
A critical review on designs and applications of microalgae-based photobioreactors for pollut-
ants treatment. Sci Total Environ 651(1):1549–1568. http://dx.doi.org/10.1016 /j.scitotenv.
2018.09.282

45. Gudin C (1976) Method of growing plant cells. US Patent 3,955,317
46. Huang Q, Jiang F, Wang L, Yang C (2017) Design of photobioreactors for mass cultivation of

photosynthetic organisms. Engineering 3(3):318–329. https://doi.org/10.1016/J.ENG.2017.03.
020

47. Ugwu CU, Aoyagi H, Uchiyama H (2008) Photobioreactors for mass cultivation of algae.
Bioresour Technol 99:4021–4028. https://doi.org/10.1016/j.biortech.2007.01.046

48. Chen CY, Yeh KL, Aisyah R, Lee DJ, Chang JS (2011) Cultivation, photobioreactor design and
harvesting of microalgae for biodiesel production: a critical review. Bioresour Technol
102:71–81. https://doi.org/10.1016/j.biortech.2010.06.159

49. Tredici MR, Rodolf L (2004) Reactor for industrial culture of photosynthetic microorganisms
2004/074423 A2

50. Crites RW, Middlebrooks EJ, Reed SC (2006) Natural systems for wastewater treatment
methods, vol 96. https://doi.org/10.1016/S0026-0576(98)80320-6

51. Heaven S, Lock AC, Pak LN, Rspaev MK (2003) Waste stabilisation ponds in extreme
continental climates: a comparison of design methods from the USA, Canada, northern Europe
and the former Soviet Union. Water Sci Technol 48:25–33. https://doi.org/10.2166/wst.2003.
0078

220 P. Blánquez et al.

https://doi.org/10.1016/j.jenvman.2018.08.020
https://doi.org/10.1016/j.jenvman.2018.08.020
https://doi.org/10.1007/BF02161210
https://doi.org/10.1016/j.chemosphere.2014.10.021
https://doi.org/10.1016/j.chemosphere.2014.10.021
https://doi.org/10.1007/s12010-009-8670-4
https://doi.org/10.2166/wst.2018.492
https://doi.org/10.1007/s12010-009-8866-7
https://doi.org/10.1021/bp060065r
https://doi.org/10.1021/bp060065r
https://doi.org/10.1016/j.biotechadv.2007.02.001
https://doi.org/10.1016/j.biotechadv.2007.02.001
https://doi.org/10.1016/j.apenergy.2010.11.025
http://dx.doi.org/10.1016%20/j.scitotenv.2018.09.282
http://dx.doi.org/10.1016%20/j.scitotenv.2018.09.282
https://doi.org/10.1016/J.ENG.2017.03.020
https://doi.org/10.1016/J.ENG.2017.03.020
https://doi.org/10.1016/j.biortech.2007.01.046
https://doi.org/10.1016/j.biortech.2010.06.159
https://doi.org/10.1016/S0026-0576(98)80320-6
https://doi.org/10.2166/wst.2003.0078
https://doi.org/10.2166/wst.2003.0078


52. Shilton A, Walmsley N (2005) Introduction to pond treatment technology. In: Shilton A
(ed) Pond treatment technology. IWA Publishing, London, p 479

53. Handler RM, Canter CE, Kalnes TN, Lupton FS, Kholiqov O, Shonnard DR, Blowers P (2012)
Evaluation of environmental impacts from microalgae cultivation in open-air raceway ponds:
analysis of the prior literature and investigation of wide variance in predicted impacts. Algal Res
1:83–92. https://doi.org/10.1016/j.algal.2012.02.003

54. Brennan L, Owende P (2010) Biofuels from microalgae-a review of technologies for produc-
tion, processing, and extractions of biofuels and co-products. Renew Sustain Energy Rev
14:557–577. https://doi.org/10.1016/j.rser.2009.10.009

55. García J, Green BF, Lundquist T, Mujeriego R, Hernández-Mariné M, Oswald WJ (2006) Long
term diurnal variations in contaminant removal in high rate ponds treating urban wastewater.
Bioresour Technol 97:1709–1715. https://doi.org/10.1016/j.biortech.2005.07.019

56. Matamoros V, Gutierrez R, Ferrer I, García J, Bayona JM (2015) Capability of microalgae-
based wastewater treatment systems to remove emerging organic contaminants: a pilot-scale
study. J Hazard Mater 288:34–42. https://doi.org/10.1016/j.jhazmat.2015.02.002

57. Escapa C, Coimbra RN, Paniagua S, García AI, Otero M (2015) Nutrients and pharmaceuticals
removal from wastewater by culture and harvesting of Chlorella sorokiniana. Bioresour Technol
185:276–284. https://doi.org/10.1016/j.biortech.2015.03.004

58. Escapa C, Coimbra RN, Paniagua S, García AI, Otero M (2016) Comparative assessment of
diclofenac removal from water by different microalgae strains. Algal Res 18:127–134. https://
doi.org/10.1016/j.algal.2016.06.008

59. Hom-Diaz A, Llorca M, Rodríguez-Mozaz S, Vicent T, Barceló D, Blánquez P (2015)
Microalgae cultivation on wastewater digestate: b-estradiol and 17a ethynylestradiol degrada-
tion and transformation products identification. J Environ Manag 155:106–113. https://doi.org/
10.1016/j.jenvman.2015.03.003

60. Koreivienė J, Valčiukas R, Karosienė J, Baltrėnas P (2014) Testing of Chlorella/Scenedesmus
microalgae consortia for remediation of wastewater, CO 2 mitigation and algae biomass
feasibility for lipid production. J Environ Eng Landsc Manag 22:105–114. https://doi.org/10.
3846/16486897.2013.911182

61. Renuka N, Sood A, Ratha SK, Prasanna R, Ahluwalia AS (2013) Evaluation of microalgal
consortia for treatment of primary treated sewage effluent and biomass production. J Appl
Phycol 25:1529–1537. https://doi.org/10.1007/s10811-013-9982-x

62. Qin L, Wang Z, Sun Y, Shu Q, Feng P, Zhu L, Xu J, Yuan Z (2016) Microalgae consortia
cultivation in dairy wastewater to improve the potential of nutrient removal and biodiesel
feedstock production. Environ Sci Pollut Res 23:8379–8387. https://doi.org/10.1007/s11356-
015-6004-3

63. Su Y, Mennerich A, Urban B (2012) Coupled nutrient removal and biomass production with
mixed algal culture: impact of biotic and abiotic factors. Bioresour Technol 118:469–476.
https://doi.org/10.1016/j.biortech.2012.05.093

64. Ismail MM, Essam TM, Ragab YM, El-Sayed AE-kB, Mourad FE (2017) Remediation of a
mixture of analgesics in a stirred-tank photobioreactor using microalgal-bacterial consortium
coupled with attempt to valorise the harvested biomass. Bioresour Technol 232:364–371.
https://doi.org/10.1016/j.biortech.2017.02.062

65. Kang D, Zhao Q, Wu Y, Wu C, Xiang W (2018) Removal of nutrients and pharmaceuticals and
personal care products from wastewater using periphyton photobioreactors. Bioresour Technol
248:113–119. https://doi.org/10.1016/j.biortech.2017.06.153

66. Parladé E, Hom-Diaz A, Blánquez P, Martínez-Alonso M, Vicent T, Gaju N (2018) Effect of
cultivation conditions on ß-estradiol removal in laboratory and pilot-plant photobioreactors by
an algal-bacterial consortium treating urban wastewater. Water Res 137:86–96. https://doi.org/
10.1016/j.watres.2018.02.060

67. Gentili FG, Fick J (2017) Algal cultivation in urban wastewater: an efficient way to reduce
pharmaceutical pollutants. J Appl Phycol 29:255–262. https://doi.org/10.1007/s10811-016-
0950-0

Microalgae-Based Processes for the Removal of Pharmaceuticals in Wastewater 221

https://doi.org/10.1016/j.algal.2012.02.003
https://doi.org/10.1016/j.rser.2009.10.009
https://doi.org/10.1016/j.biortech.2005.07.019
https://doi.org/10.1016/j.jhazmat.2015.02.002
https://doi.org/10.1016/j.biortech.2015.03.004
https://doi.org/10.1016/j.algal.2016.06.008
https://doi.org/10.1016/j.algal.2016.06.008
https://doi.org/10.1016/j.jenvman.2015.03.003
https://doi.org/10.1016/j.jenvman.2015.03.003
https://doi.org/10.3846/16486897.2013.911182
https://doi.org/10.3846/16486897.2013.911182
https://doi.org/10.1007/s10811-013-9982-x
https://doi.org/10.1007/s11356-015-6004-3
https://doi.org/10.1007/s11356-015-6004-3
https://doi.org/10.1016/j.biortech.2012.05.093
https://doi.org/10.1016/j.biortech.2017.02.062
https://doi.org/10.1016/j.biortech.2017.06.153
https://doi.org/10.1016/j.watres.2018.02.060
https://doi.org/10.1016/j.watres.2018.02.060
https://doi.org/10.1007/s10811-016-0950-0
https://doi.org/10.1007/s10811-016-0950-0


68. Hom-Diaz A, Jaén-Gil A, Bello-Laserna I, Rodríguez-Mozaz S, Vicent T, Barceló D, Blánquez
P (2017) Performance of a microalgal photobioreactor treating toilet wastewater: pharmaceu-
tically active compound removal and biomass harvesting. Sci Total Environ 592:1–11. https://
doi.org/10.1016/j.scitotenv.2017.02.224

69. Villar-Navarro E, Baena-Nogueras RM, Paniw M, Perales JA (2018) Removal of pharmaceu-
ticals in urban wastewater: high rate algae pond (HRAP) based technologies as an alternative to
activated sludge based processes. Wat Res 139:19–29. https://doi.org/10.1016/j.watres.2018.
03.072

70. García-Galán MJ, Gutiérrez R, Uggetti E, Matamoros V, García J, Ferrer I (2018) Use of full-
scale hybrid horizontal tubular photobioreactors to process agricultural runoff. Biosyst Eng
166:138–149. https://doi.org/10.1016/j.biosystemseng.2017.11.016

71. García-Galán MJ, Arashiroa L, Santos LHMLM, Insa S, Rodríguez-Mozaz S, Barceló D,
Ferrer I, Garfí M (2020) Fate of priority pharmaceuticals and their main metabolites and
transformation products in microalgae-based wastewater treatment systems. J Hazard Mater
390:121771. https://doi.org/10.1016/j.jhazmat.2019.121771

72. Garrido-Cardenas JA, Manzano-Agugliaro F, Acien-Fernandez FG, Molina-Grima E (2018)
Microalgae research worldwide. Algal Res 35:50–60. https://doi.org/10.1016/j.algal.2018.08.
005

73. Tolboom SN, Carrillo-Nieves D, Rostro-Alanis M, Quiroz R, Barceló D, Iqbal HMN, Parra-
Saldivar R (2019) Algal-based removal strategies for hazardous contaminants from the
environment – a review. Sci Total Environ 665:358–366. https://doi.org/10.1016/j.scitotenv.
2019.02.129

74. Santos LHMLM, Araújo AN, Fachini A, Pena A, Delerue-Matos C, Montenegro MCBSM
(2010) Ecotoxicological aspects related to the presence of pharmaceuticals in the aquatic
environment. J Hazard Mater 175:45–95. https://doi.org/10.1016/j.jhazmat.2009.10.100

75. Jobling S, Nolam M, Tyler CR, Brighty G, Sumpter JP (1998) Widespread sexual disruption in
wild fish. Environ Sci Technol 32:2498–2506. https://doi.org/10.1021/es9710870

76. Shi W, Wang L, Rousseau DPL, Lens PNL (2010) Removal of estrone, 17a ethinylestradiol,
and 17b-estradiol in algae and duckweed-based wastewater treatment systems. Environ Sci
Pollut Res Int 17:824–833. https://doi.org/10.1007/s11356-010-0301-7

77. Lai KM, Scrimshaw MD, Lester JN (2002) Biotransformation and bioconcentration of steroid
estrogens by Chlorella vulgaris. Appl Environ Microbiol 68:859–864. https://doi.org/10.1128/
AEM.68.2.859

78. Brown MR, Jeffrey SW, Volkman JK, Dunstan GA (1997) Nutritional properties of microalgae
for mariculture. Aquaculture 151:315–331. https://doi.org/10.1016/S0044-8486(96)01501-3

79. Gros M, Petrović M, Ginebreda A, Barceló D (2010) Removal of pharmaceuticals during
wastewater treatment and environmental risk assessment using hazard indexes. Environ Int
36:15–26. https://doi.org/10.1016/j.envint.2009.09.002

80. Mir-Tutusaus JA, Parladé E, Villagrasa M, Barceló D, Rodriguez-Mozaz S, Marinez-Alonso M,
Gaju N, Sarrà M, Caminal G (2019) Long-term continuous treatment of non sterile real hospital
wastewater by Trametes versicolor. J. Biol Eng 13:47. https://doi.org/10.1186/s13036-019-
0179-y

81. de Wilt A, Butkovskyi A, Tuantet K, Hernandez Leal L, Fernandes TV, Langenhoff A, Zeeman
G (2016) Micropollutant removal in an algal treatment system fed with source separated
wastewater streams. J Hazard Mater 304:84–92. https://doi.org/10.1016/j.jhazmat.2015.10.033

82. Zhang N, Liu G, Liu H, Wang Y, He Z, Wang G (2011) Diclofenac photodegradation under
simulated sunlight: effect of different forms of nitrogen and kinetics. J Hazard Mater 192
(1):411–418. https://doi.org/10.1016/j.jhazmat.2011.05.038

83. Guo X, Pang W, Dou C, Yin D (2017) Sulfamethoxazole and COD increase abundance of
sulfonamide resistance genes and change bacterial community structures within sequencing
batch reactors. Chemosphere 175:21–27. https://doi.org/10.1016/j.chemosphere.2017.01.134

84. Jelic A, Rodriguez-Mozaz S, Barceló D, Gutierrez O (2015) Impact of in-sewer transformation
on 43 pharmaceuticals in a pressurized sewer under anaerobic conditions. Water Res
68:98–108. https://doi.org/10.1016/j.watres.2014.09.033

222 P. Blánquez et al.

https://doi.org/10.1016/j.scitotenv.2017.02.224
https://doi.org/10.1016/j.scitotenv.2017.02.224
https://doi.org/10.1016/j.watres.2018.03.072
https://doi.org/10.1016/j.watres.2018.03.072
https://doi.org/10.1016/j.biosystemseng.2017.11.016
https://doi.org/10.1016/j.jhazmat.2019.121771
https://doi.org/10.1016/j.algal.2018.08.005
https://doi.org/10.1016/j.algal.2018.08.005
https://doi.org/10.1016/j.scitotenv.2019.02.129
https://doi.org/10.1016/j.scitotenv.2019.02.129
https://doi.org/10.1016/j.jhazmat.2009.10.100
https://doi.org/10.1021/es9710870
https://doi.org/10.1007/s11356-010-0301-7
https://doi.org/10.1128/AEM.68.2.859
https://doi.org/10.1128/AEM.68.2.859
https://doi.org/10.1016/S0044-8486(96)01501-3
https://doi.org/10.1016/j.envint.2009.09.002
https://doi.org/10.1186/s13036-019-0179-y
https://doi.org/10.1186/s13036-019-0179-y
https://doi.org/10.1016/j.jhazmat.2015.10.033
https://doi.org/10.1016/j.jhazmat.2011.05.038
https://doi.org/10.1016/j.chemosphere.2017.01.134
https://doi.org/10.1016/j.watres.2014.09.033


Removal of Pharmaceuticals from
Wastewater by Membrane Bioreactors:
Factors, Mechanisms, and Perspectives

Faisal I. Hai and William E. Price

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224
2 Pharmaceuticals Removal by MBR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224
3 Factors and Mechanisms Affecting Pharmaceuticals Removal by MBR . . . . . . . . . . . . . . . . . . 226

3.1 Characteristics of the Pharmaceuticals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
3.2 Operating Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

4 Bioaugmented MBR for Pharmaceutical Removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232
5 Conclusion and Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

Abstract This chapter reviews the performance of membrane bioreactors (MBR)
for the removal of pharmaceuticals from wastewater. Many factors affect pharma-
ceuticals removal by MBR. The factors include physicochemical characteristics of
the pharmaceuticals and MBR operational parameters. The presence of a membrane
allows various adsorption mechanisms for pharmaceuticals. Conceptually MBRs
can deliver better removal of pharmaceuticals than conventional activated sludge
(CAS) processes because of operation under longer solids retention times (SRTs),
higher mixed liquor suspended solids (MLSS) concentrations, and complete reten-
tion of suspended solids. However, the available reports from lab and full-scale
plants are sometimes conflicting. Further work is required to improve our under-
standing of the overall fate and degradation pathways of pharmaceuticals in MBRs.
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1 Introduction

The conventional wastewater treatment plants were not designed to remove emerg-
ing contaminants such as pharmaceuticals. The ineffective removal of pharmaceu-
ticals from wastewater is a significant concern because pharmaceuticals are
biologically active and can present detrimental effects to the aquatic environment.
The effects include acute and chronic toxicity to aquatic organisms, accumulation in
the ecosystem, and various adverse effects on human health [1]. Membrane bio-
reactors (MBR) are an advancement over the conventional activated sludge pro-
cesses. It combines biodegradation and membrane separation in a single step. Details
on the basic principle, design, and operation of MBRs are available elsewhere
[2]. This chapter provides a brief overview of the factors and mechanisms of
pharmaceuticals removal by MBR.

2 Pharmaceuticals Removal by MBR

Compared to the conventional activated sludge (CAS) processes, MBRs can operate
under longer solids retention times (SRTs), higher mixed liquor suspended solids
(MLSS) concentration, and complete retention of suspended solids. Hai et al. [3]
noted that MBRs may offer additional removal mechanisms for pharmaceuticals as
follows: (1) the membrane is an effective barrier to solids, onto which pharmaceu-
ticals may adsorb [4–6]; (2) pharmaceuticals may also adsorb on membrane surface
[7]; and (3) the longer SRT in MBR may enhance pharmaceuticals biodegradation.

Compared to CAS, better and/or more stable removal by MBR has been reported
for pharmaceuticals which have moderate to high biodegradability. On the other
hand, similar to CAS, low and unstable removal performance by MBR has been
observed for biologically persistent hydrophilic pharmaceuticals [8–10]. In some
cases, similar removal efficiency has been observed for CAS and MBR. Examples of
such pharmaceuticals include naproxen, acetaminophen, ibuprofen, and paroxetine
[11, 12]. Some pharmaceuticals, namely, carbamazepine and hydrochlorothiazide
have been widely reported to be poorly removed by both CAS and MBR
[13, 14]. Thus based on the extent of their removal, pharmaceuticals can be catego-
rized into (1) better removal by MBR (e.g., ketoprofen, mefenamic acid, and
naproxen); (2) easy removal by both CAS and MBR (e.g. ibuprofen); and (3) poor
removal by either of them (e.g., carbamazepine, clofibric acid, dichlorprop, and
diclofenac) [3].

Gonzalez et al. [15] observed similar high removal (over 95%) of linear
alkylbenzene sulfonates compounds by CAS and MBR processes. However, MBR
performance was more stable and independent of the influent concentrations. Fur-
thermore, MBR effluent quality in terms of chemical oxygen demand (COD), NH4

+

concentration, and total suspended solids (TSS) was consistently better. Radjenovic
et al. [13] reported better removal of the pharmaceutical compounds investigated, for
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example, bezafibrate, diclofenac, ketoprofen, gemfibrozil, pravastatin, ranitidine,
and ofloxacin. Better or more uniform removal of pharmaceutical compounds by
MBR may be due to the smaller sludge flocs which improve mass transfer, and thus
removal efficiency increases [13]. Gobel et al. [16] reported 20% better removal of
sulfamethoxazole by MBR. Compared to unstable removal of trimethoprim,
clarithromycin, and dehydro-erythromycin by CAS, MBR achieved up to 90%
removal of these pharmaceuticals at SRTs over 60 days [16]. Radjenovic et al.
[13] reported better removal by MBR of a range of pharmaceuticals including β-
blockers (atenolol and metoprolol), lipid regulators, and cholesterol-lowering med-
icine (gemfibrozil, bezafibrate, clofibric acid, and pravastatin), antibiotics (ofloxacin
and erythromycin), anti-ulcer agent (ranitidine), and some analgesics and anti-
inflammatory drugs (propyphenazone, mefenamic acid, and diclofenac). In a pilot
scale study by Radjenovic et al. [14] compounds such as mefenamic acid,
diclofenac, indomethacin, pravastatin, propyphenazone, and gemfibrozil were
poorly removed by CAS. However, they were better removed by MBR.

Post-treatment by ultrafiltration following CAS treatment was reported to
increase antibiotics removal by around 30% [6]. This improvement was attributed
to adsorption of the antibiotics on suspended biomass and on the biomass attached to
membrane surface. Boonyaroj et al. [4] reported a similar observation. Urase et al.
[17] note that in MBRs additional removal of hydrophobic pharmaceuticals may
occur due to the extra retention of the pharmaceuticals on suspended solids deposited
on the membrane. Li et al. [18] reported that dosing of powdered activated carbon to
MBR can lead to significant additional removal of pharmaceuticals. However, for
hydrophilic pharmaceuticals, such additional removal by MBR may not occur [19].

It appears that MBR performs better than CAS for pharmaceuticals with moderate
biodegradability, while the removal performance of CAS and MBR may be similar
for easily biodegradable and resistant compounds. For example, in batch experi-
ments with MBR and CAS sludge, similar kinetic biodegradation constant (kbiol) of
� 0.1 L/(g SS. d) for diclofenac was observed by Joss et al. [20]. Clara et al. [21]
reported on the importance of SRT on pharmaceuticals removal by both CAS and
MBR. They noted that when operated at comparable SRT, no significant differences
in the treatment efficiency between CAS and MBR may be observed. It is, however,
noteworthy that pharmaceuticals removal by MBR is more stable (Figs. 1 and 2)
[22]. While MBR may not lead to higher removal efficiencies, it shows a more
consistent performance and stable response to fluctuating pharmaceuticals load in
wastewater. Additionally, MBR installations are more compact and offer more
flexibility to fine-tune biological performance.
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3 Factors and Mechanisms Affecting Pharmaceuticals
Removal by MBR

The mechanisms of pharmaceuticals removal do not follow a general rule since their
relative contribution depends on the physicochemical properties of the pharmaceu-
ticals, the origin and composition of the wastewater, and the operating parameters of
the wastewater treatment facility [11].
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3.1 Characteristics of the Pharmaceuticals

Removal of pharmaceuticals even from the same therapeutic group may be different
[23]. Indeed Tadkaew et al. [10] observed no general trend for any of the six
therapeutic classes of pharmaceuticals investigated: their removal efficiencies by
MBR treatment varied widely (10–98%) even within the same class of compounds.
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Thus it may not be possible to predict removal based on the therapeutic group of
pharmaceutical. This is because compounds within the same pharmaceutical group
can possess significantly different chemical composition. For example, among the
antibiotics, while the macrolides have one ring with side chains or sugars, every
sulfonamide has two relatively small rings connected by a sulfur atom and C–N
bonds. Thus sulfonamides are more polar and hydrophilic in nature compared to the
macrolides (log Kow < 1 and log Kow > 3, respectively). This has important
implications for their removal by MBRs [6]. On the other hand, Onesios et al. [23]
observed antiseptic removals of greater than 70% in majority of the studies reviewed
in their article.

Four broad mechanisms govern pharmaceuticals removal from aqueous phase:
photolysis, volatilization, sorption, and biodegradation. The relative contribution of
these mechanisms depends on the physicochemical properties of the compounds and
the operating condition of MBR. Because of the high MLSS concentration in the
bioreactor, removal by photolysis may be limited. If sufficiently volatile, pharma-
ceuticals can be transferred from the aqueous phase to the gas phase. Similarly, if
they are sufficiently hydrophobic, they can partition to the solid phase.

LogD or the effective octanol-water partitioning coefficient can be used to denote
the hydrophobicity of pharmaceuticals. This can be calculated as log D(pH) ¼ log
Kow – log (1+10(pH-pKa)). In general, when log D of a pharmaceutical is about 3 or
higher, sorption to biosolids can be a major removal mechanism. In addition to
hydrophobic interactions, a number of other reactions can influence the partition of
the organic compound between the solid and the liquid phase. These include
complex formations with metal ions, ion exchange, and hydrogen bonding
[24]. The hydrophobic and non-hydrophobic interactions can occur simultaneously.
For example, fluoroquinolone antibiotics are very hydrophilic, but they adsorb onto
sludge significantly via electrostatic interactions [25]. Stevens-Garmon et al. [26]
reported that the positively charged pharmaceutically active compounds they studied
had the highest sorption potential (log Kd ¼ 2.8–3.8), as compared to the neutral and
negatively charged chemicals.

For compounds with low biosorption, removal mainly occurs by biodegradation
[27]. Suarez et al. [28] proposed that compounds could be classified according to
their kbiol into very highly (kbiol > 5 L/(g SS. d)), highly (1 < kbiol < 5 L/(g SS. d)),
moderately (0.5 < kbiol < 1 L/(g SS. d)), and hardly (kbiol < 0.5 L/(g SS. d))
biodegradable. Available reports show the relationship between the molecular struc-
ture and/or functional moieties of pharmaceutical and their biodegradability during
MBR treatment [10, 19, 29]. For example, compounds with complex structure (e.g.,
alkyl chain branch) [30] and toxic groups (e.g., halogens groups [31]) show higher
resistance to complete biodegradation. Tadkaew et al. [10] systematically studied the
influence of electron withdrawing groups (EWGs) and electron donating groups
(EDGs) on pharmaceuticals removal: hydrophilic and moderately hydrophobic (log
D < 3.2) compounds possessing strong electron withdrawing functional groups
showed removal efficiency of less than 20%. By contrast, high removal efficiencies
were observed with most compounds bearing electron donating functional groups
such as hydroxyl and primary amine groups.

228 F. I. Hai and W. E. Price



3.2 Operating Parameters

3.2.1 Mixed Liquor Suspended Solids Properties

When biosorption is significant, higher MLSS concentration can result in better
removal of pharmaceuticals from the aqueous phase [32]. On the other hand, a
minimum level of MLSS must be maintained to sustain biodegradation. For exam-
ple, Li et al. [33] found that the biodegradation of hormones depended significantly
on the level of mixed liquor volatile suspended solids (MLVSS) concentration which
varied between the low levels of 0.435 and 1.75 g/L. In a study by Shariati et al. [34],
the removal of acetaminophen improved from 20 to 40% when the MLSS concen-
tration increased from 2 to 15 g/L. This performance improvement can be attributed
to biodegradation improvement as acetaminophen is a hydrophilic compound. Better
acclimatization of the microorganisms to the influent can improve biodegradation.
For example, naproxen removal performance of a pilot plant increased from 27 to
99% during the first 300 days, possibly due to acclimation of bacteria to this
pharmaceutical [35].

3.2.2 Solids Retention Time (SRT)

With increasing SRT, the microbial population in an MBR may become more
diversified (e.g., slow-growing bacteria eventually reaching effective population
numbers). The microorganisms may also diversify their metabolic activity in
response to the lower food to microorganism (F/M) ratio in MBR under long
SRT [36].

A survey conducted in some full-scale CAS plants revealed better removal of
gemfibrozil and diclofenac under SRTs over 30 days than below 15 days [37]. Sim-
ilarly Kimura et al. [38] reported better removal of ketoprofen and diclofenac by
MBR at an SRT of 65 days compared to that at an SRT of 15 days. Tambosi et al.
[39] also observed roxithromycin removal to increase when SRT was doubled from
the initial SRT of 15 days.

The minimum SRT required for effective removal depends on the compound.
Caffeine and oxybenzone are well removed from the aqueous phase by MBR. They
showed a critical SRT of less than 5 d [40]. On the other hand, compounds
categorized as showing poor removal (e.g., galaxolide and tris(2-chloroethyl) phos-
phate) were reported to require an SRT greater than 15 d. For compounds such as
macrolide antibiotics azithromycin, erythromycin, and clarithromycin, a clear
increase in removal was observed when SRT exceeded 60 days, whereas, in the
same study, higher reduction of roxithromycin was observed already at a SRT of
33 days [16].

Figure 3 indicates that there is no universal relationship between SRT and
pharmaceuticals removal by MBR. Nevertheless, the removal of a few pharmaceu-
ticals such as diclofenac, sulfamethoxazole, and mefenamic acid could improve
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significantly with the increase in SRT. On the other hand, SRT did not influence the
removal of easily biodegradable as well as resistant hydrophilic compounds
[22]. Notably, in MBRs, SRT is independent of HRT. Therefore most MBR studies
report no obvious effect of HRT on pharmaceuticals [3]. For example, no discernible
influence of HRT (3.9–8 h) on BPA removal was observed in an MBR [41].

Fig. 3 Effect of SRT on the aqueous phase removal of the selected compounds by MBRs.
Reproduced with permission from Asif, Ansari, Chen, Nghiem, Price, and Hai [22]
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3.2.3 Pharmaceutical Loading

The concentration of pharmaceuticals in wastewater is usually in microgram to
nanogram per liter level. At such low concentrations, biodegradation of pharmaceu-
ticals can happen only if a primary substrate is available for the corresponding
bacteria to grow on. Thus cometabolism may be the main removal mechanism of
pharmaceuticals, meaning that in presence of other substrate, bacteria break down
the pharmaceuticals but do not use them as carbon source. For instance, in batch
biodegradation tests, bezafibrate, naproxen, and ibuprofen were degraded only via
cometabolism [42]. On the other hand, in a lab-scale sequencing batch reactor study,
sulfamethoxazole was biodegraded in presence of acetate, but there was an indica-
tion that the microorganisms used the degraded antibiotic as a nitrogen source [43].

3.2.4 Mixed Liquor pH

Wastewater pH can influence pharmaceuticals removal by influencing the physiol-
ogy of the microorganisms (i.e., optimum pH for enzymatic activity) and the
solubility of pharmaceuticals in wastewater [11]. Depending on the pH, pharmaceu-
ticals can exist in different protonation states. This can affect the hydrophobicity (log
D) at different pH values [11, 44]. For example, during sludge dewatering and
conditioning with lime, the pH is increased to over 9. This can cause desorption of
pharmaceuticals. On the other hand, compared to neutral pH, at an acidic pH, Urase
et al. [17] observed improved removal of several pharmaceuticals, such as ibuprofen,
fenoprofen, naproxen, and diclofenac. The removal of the neutral compounds
remained unchanged. Despite the possibility of enhanced adsorption of certain
ionizable pharmaceuticals on sludge at acidic pH, it may have detrimental impact
on microbial groups that are involved in removal of TOC, TN, and/or total phos-
phorous (TP) removal [45, 46].

3.2.5 Mixed Liquor Temperature

Temperature fluctuation can cause deterioration of treated water quality and disrupt
the treatment system [11, 47]. This is because temperature conditions significantly
affect microbial growth and activity as well as solubility and other physicochemical
properties of organics [11]. Relatively high effluent concentrations of certain phar-
maceuticals during low winter temperature are observed [48, 49]. On the other hand,
in lab-scale MBR experiments, Hai et al. [50] observed that compared to the
operation in the temperature range of 10–35�C, operation at 10 and 45�C led to
significantly reduced removal efficiency of the hydrophilic pharmaceuticals
investigated.
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3.2.6 Mixed Liquor Dissolved Oxygen Concentration

Biodegradation of organics can occur under aerobic (molecular oxygen available),
denitrifying (no molecular oxygen available, nitrate available), or anaerobic (neither
molecular oxygen nor nitrate available) conditions. Different removal efficiencies of
pharmaceuticals have been observed for anaerobic, anoxic, and aerobic conditions
[51]. For example, when DO level was high, Thompson et al. [52] observed
biodegradation to be responsible for the majority of triclosan removal, while sorption
became the dominant removal mechanism when the DO level was low. Suarez et al.
[28] classified pharmaceuticals as follows: (1) highly biodegradable under aerobic
and anoxic conditions, e.g., ibuprofen, fluoxetine; (2) highly biodegradable under
aerobic conditions but persistent in the anoxic reactor, e.g., diclofenac, naproxen,
roxithromycin, and erythromycin; (3) moderately biodegradable under aerobic and
anoxic conditions, e.g., citalopram; and (4) resistant to biological transformation, for
example, sulfamethoxazole, trimethoprim, carbamazepine, and diazepam.

A few studies have recommended combining aerobic/anoxic/anaerobic treatment
sequences. Zwiener and Frimmel [53] observed better degradation of diclofenac in
an anoxic biofilm reactor. Park et al. [54] reported high removal of carbamazepine
removal by a constructed wetland under anoxic conditions. In a study by Suarez
et al. [35], several pharmaceuticals such as fluoxetine, trimethoprim, and erythro-
mycin showed significant biodegradation during anoxic treatment, while the
remaining pharmaceuticals were only removed during the aerobic treatment [35].

In addition to the studies on the effect of anoxic/aerobic operation regimes on
pharmaceuticals removal by MBR, some studies have highlighted the relationship
between achievement of nitrification and/or denitrification and pharmaceuticals
removal. There is circumstantial evidence that micropollutant biodegradation can
be cometabolically mediated under operating conditions that allow for enrichment of
nitrifiers [55, 56].

4 Bioaugmented MBR for Pharmaceutical Removal

Bioaugmentation can be implemented by adding special microbes which either use
micropollutant as the main carbon source or can degrade micropollutants due to
“cometabolism.” Only a few bioaugmentation studies involving MBR are available.
Pure culture of white-rot fungi (WRF) can degrade micropollutants effectively in
absence of contamination from other microbes [57]. WRF secrete enzymes such as
laccase and different kinds of peroxidases [58–62]. However, in non-sterile envi-
ronment, which is common for wastewater conditions, the performance of WRF
usually diminishes over time. Yang et al. [63] tested a fungal MBR. The MBR was
first inoculated with the WRF Trametes versicolor, but over time a mixed bacteria-
fungi community developed within the bioreactor. A synthetic wastewater compris-
ing bisphenol A and diclofenac was treated by the MBR. It is noteworthy that
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diclofenac is recalcitrant to bacterial degradation. In batch pure cultures, the fungus
degraded both micropollutants effectively. However, during MBR operation,
diclofenac removal was not as effective, possibly because of continuous loss of
the extracellular enzymes with treated effluent and contamination by bacteria.
Nevertheless at a micropollutant loading of around 400 μg/L d, steady removal of
bisphenol A (80–90%) and diclofenac (~55%) was observed. Nguyen, Hai, Yang,
Kang, Leusch, Roddick, Price, and Nghiem [64] investigated the performance of a
fungal MBR for the removal of 30 micropollutants from synthetic wastewater. When
compared to a conventional bacterial MBR, the bioaugmented MBR showed
30–55% better removal for some micropollutants, namely, pentachlorophenol,
fenoprop, naproxen, clofibric acid, ketoprofen, and diclofenac. Importantly, contam-
ination by bacteria significantly reduces the performance of fungal MBR during
operation over long term [65–70]. Such contamination can (1) reduce the growth and
enzyme secretion by WRF and (2) consume/destabilize the produced enzymes
[63, 71, 72]. Bacteria are fast-growing prokaryotes. Thus they can outperform
WRF and dominate in fungal MBR [72, 73]. Some strategies to mitigate bacterial
contamination have been reviewed by Asif, Hai, Singh, Price, and Nghiem [74]. The
strategies include biomass replacement, immobilized fungal growth, influent
pretreatment, and use of micro-screen for fungal retention within the bioreactor,
while allowing passage of bacteria. An alternative MBR is enzymatic membrane
bioreactor (EMBR) which combines an enzymatic bioreactor with a membrane
which can retain the enzyme [75–78].

5 Conclusion and Perspective

This chapter critically discusses the potential advantages of the MBR process over
conventional CAS process for the biodegradation and removal of pharmaceuticals.
MBR offers some advantages for a range of pharmaceuticals because of its operation
under longer SRT, higher biomass concentrations, and complete retention of
suspended solids. Additionally, pharmaceuticals are adsorbed either by the mem-
brane directly or onto the retained solids. The longer SRT in MBR may enhance
biodegradation of pharmaceuticals. Nevertheless, in reality, performance of MBR
over CAS depends on the operating conditions and the particular pharmaceutical
being investigated. Additionally, there are a number of probable reasons why
laboratory-scale studies do not exactly match removals reported from their full-
scale counterparts. Such reasons include the use of arbitrarily chosen pharmaceuti-
cals concentrations that are much higher than those encountered in wastewater and in
the environment.
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Abstract This chapter provides some fundamental aspects on adsorption of phar-
maceutically active compounds in wastewater treatment scenarios, with a strong
focus on actual practicality and the most recent scientific output. It discusses the key
properties of adsorbing substances and adsorbent materials impacting the associated
removals. The text demonstrates how adverse competitive effects by dissolved
organic matter substantially impact adsorption of targeted compounds. This chapter
further highlights possibilities for efficiently exploiting the available capacities of
powdered and granular adsorbents. It introduces several practical and easily appli-
cable means for prediction of the occurring adsorptive processes. In addition, the text
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provides some insights into available adsorbents and new material developments,
comparing their advantages, downsides, and overall potentials for successful appli-
cation. The last section gives a short overview on the associated environmental
impacts and costs of adsorptive stages when installed on wastewater treatment
plants. The conclusion summarizes the main findings and relates them to open
research questions and additional future needs beyond strictly scientific disciplines.

Keywords Activated carbon, Adsorbent, Adsorption, Advanced wastewater
treatment, Dissolved organic matter, Pharmaceutically active compound

1 Introduction

To address the problem of pharmaceutically active compounds (PhACs) in the water
cycle (e.g., [1, 2]), authorities are exploring managerial and regulative measures
[3, 4], ultimately implying advanced technological solutions [5, 6]. A major goal of
all approaches is to diminish PhAC emissions into the aquatic environment from
point sources – of which wastewater treatment plants (WWTPs) are by far the most
relevant [7]. In comparison to PhAC treatment in drinking water works, removing
PhACs in WWTPs protects the entire water cycle (rivers, lakes, groundwaters) and
thus also drinking water resources [8].

The variety of available techniques in advanced wastewater treatment for PhAC
removal includes, among others, improved biological stages, oxidative-reductive
approaches, membrane processes, and adsorption. When compared to the other
techniques, adsorption stands out due to a multitude of features leading to several
advantages:

• Broad effect, since many adsorbent materials are highly heterogeneous and can
adsorb compounds with largely varying chemical properties

• True removal of contaminants, since contaminant molecules attach onto the
adsorbent and therefore literally exit the aqueous phase (in contrast to chemical
transformation in oxidative-reductive processes and brine production in mem-
brane processes)

• Low-tech and robust, since reactors must primarily assure good contact between
water and adsorbent (no temperature or chemical reaction control, etc.)

• Renewable resources-based, since manifold organic carbon-based raw materials
are suitable as adsorbents (e.g., plant detritus)

• Cheap, since adsorbents can be produced from otherwise unused materials (e.g.,
organic waste)

• Safe, since many adsorbent materials are not harmful for the environment or for
humans
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However – despite these advantages – adsorption of PhACs in wastewaters or
WWTP effluents involves several peculiarities and difficulties. In addition, the
substantiality of the above-listed advantages strongly depends on the adsorbent
material considered and the application settings (water type, PhAC, etc.). Acknowl-
edging these specificities of adsorption in wastewater treatment for PhAC removal,
this chapter gives an overview on current knowledge, applications, and assessment
tools.

2 Challenges of PhAC Adsorption in Wastewaters

2.1 Properties of PhACs and Adsorbents

2.1.1 PhACs

Refractory PhACs that remain in the liquid phase during wastewater treatment are
often relatively polar, hydrophilic molecules [1, 2, 9]. This is undesirable because
many adsorbent materials such as activated carbon generally target compounds with
overall low polarity and low hydrophilicity (e.g., [10]). Accordingly, efficient adsorp-
tive removal of polar/hydrophilic compounds often requires comparatively high
adsorbent doses [11–13]. Increased hydrophilicity or decreased hydrophobicity of
a PhAC, as indicated by low distribution coefficients logD, can lead to dramatically
reduced loadings on activated carbons; polarizability similarly can affect adsorptive
PhAC removals [14]. Poor removability generally occurs for extremely polar com-
pounds such as charged ions like gabapentin (cf. Table 1) which typically occurs as a
zwitterion in aqueous phases (e.g., [15]).

However, hydrophobic or aromatic systems within PhAC molecules can over-
compensate adverse charge effects; such PhACs are still removed very well – as in
the case of diclofenac or bezafibrate [16, 17]. Moreover, certain charge effects can
even increase PhAC removal, for example, in the case of metoprolol [18]. This
substance carries a positive charge around typical real water pHs (6–8), allowing it to
interact very well with negatively charged adsorbent surfaces as those of most
activated carbons [19]. The overall affinity of aromatic structures toward many
adsorbents is underlined by the typically high adsorptive removals of PhACs
carrying aromatic electron systems, like carbamazepine (cf. Table 1).

In addition to hydrophobicity/charge/aromaticity, molecular size of target PhACs
can strongly affect their removal by different adsorbents. Many materials used for
aqueous adsorption treatment are extremely porous (e.g., [20]), and targeted com-
pounds must be able to enter the pore structure. Otherwise, they cannot adequately
access adsorption sites and would suffer from size-exclusion effects [21–23]. An
example for a comparatively large PhAC is clarithromycin with a molecular weight
of 748 g/mol, shown in Table 1, right. Besides the large molecular size of
clarithromycin, its low aromaticity, high polarizability, and proton-donating groups
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are good examples for manifold molecular properties of PhACs, ultimately deter-
mining a PhAC’s overall adsorbability by intricate interactions.

Despite adverse effects of very large molecular sizes, PhACs which are too small
in relation to the average pore size of an adsorbent may not be removed well, either.
For example, very small water contaminants like nitrobenzene adsorb very poorly
onto activated carbons with a relatively large average pore size and otherwise
extremely high specific internal surfaces [11, 19]. This may appear unexpected but
probably results from poor overall interactions with the adsorbent surface inside
pores that are too large. Despite such potentially detrimental effects, PhACs of low
molecular size have the advantage of rapid diffusion within an adsorbent’s porous
system, allowing them to reach adsorption sites rapidly [24].

2.1.2 Adsorbents

The pore size of adsorbents logically influences the involved transport phenomena as
well [24, 26, 27]. Large average pore sizes of adsorbents allow for rapid establish-
ment of near-equilibrium conditions, whereas this takes longer for adsorbents of low
average pore size [19]. Similarly, the particle size of adsorbents strongly influences
the velocity of the overall process. Small particle sizes help in reducing the travel
distances of PhACs within adsorbent particles and often lead to substantially
improved performance [28]. Since intraparticle diffusion is generally the slowest
mass transfer step in adsorptive systems, super-fine adsorbents can improve the
overall process dramatically [29]. However, reducing the average particle size of

Table 1 Examples for typical PhACs found in wastewaters and WWTP effluents, with names,
medical application, and some major molecular properties [25]

Name Gabapentin Carbamazepine Clarithromycin

Medical
application

Analgesic, antiepileptic, vet-
erinary drug

Anticonvulsant/
antiepileptic

Antibiotic

Molecular
structure

Molar mass
(g/mol)

171.2 236.3 748.0

Solubility
(mg/L)

4,490 17.7 0.342

Log D at pH 7 �1.1 2.45 1.25

Charge at
pH 7

+-(zwitterion) Neutral +

Aromatic
rings

0 2 0
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adsorbents can also have detrimental effects on adsorbent capacities [30] and particle
removal (cf. Sect. 4.1.1).

As indicated, the surface chemistry of adsorbents plays a crucial role in removing
PhACs from aqueous solutions. In particular, charged PhACs can be repulsed from
identical charges on adsorbent surfaces, or attracted by opposite charges [20]. In
addition, a large variety of charge interactions, like dispersive/van der Waals forces,
H-bonds, electron donor-acceptor interactions, and electrostatic attraction/repulsion,
largely impact the adsorption of PhACs [31]. It is noteworthy that the surface
chemistry of adsorbents strongly depends on, and can be adjusted by, the respective
production approach [32]. An often unnoticed effect of carbonaceous adsorbents is
their ability to induce redox reactions of PhACs, depending on the chemical surface
composition of the adsorbent [33].

2.2 Competitive Adsorption Phenomena

2.2.1 Concentration Aspects

Most organic contaminants in raw wastewater normally occur in concentrations in
the low to medium μg/L range. This concentration range is a combined result of
(1) use and discharge of PhACs by polluters (households, industry) and (2) dilution
and degradation/transformation processes in sewers. In WWTP effluents, the con-
centrations are lower, usually in the range of ng/L or μg/L [34]. Thus, the concen-
trations of PhACs are some 1,000 to >100,000 times lower than those of bulk
dissolved organic matter (DOM), whose concentration usually ranges within
10–30 mg/L in WWTP effluents (~5–15 mg/L dissolved organic carbon, DOC).
Since both PhACs and DOM are attracted toward adsorbent surfaces, they compete
for the available adsorption sites, with substantial adverse effects on PhAC removal.
The vast concentration difference of PhACs and DOM makes competitive adsorp-
tion phenomena appear quite unsurprising. The severity of competitive adsorption is
related to DOM concentrations of treated waters in most cases [35], which makes
wastewaters and WWTP effluents particularly unfavorable, due to overall very high
DOM concentrations [36].

An example for adverse competitive DOM impacts on PhAC adsorption is shown
in Fig. 1 via isotherms of carbamazepine adsorbing onto activated carbon from
different waters. For pure water, the carbamazepine loading amounts to ~22 μg/mg
at a liquid-phase concentration of 1 μg/L. At the same liquid-phase concentration,
the loading declines to ~2.6 μg/mg in WWTP effluent at an initial carbamazepine
concentration c0 ¼ 58 μg/L and ~0.27 μg/mg at c0 ¼ 2.5 μg/L, respectively. Given
that typical WWTP effluents contain carbamazepine concentrations around 1–3 μg/
L, loadings are thus ~100-fold decreased compared to pure water. Note that in real
waters like the WWTP effluent shown in Fig. 1, the PhAC initial concentration has a
direct impact on the position of the isotherm [37]. At increased initial PhAC
concentrations, more PhAC molecules are present and can compete against DOM,
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leading to overall higher loadings. In contrast, isotherms in pure water – without
competing DOM – are mostly independent of the initial PhAC concentration.

2.2.2 Properties of Competitive DOM

DOM encompasses ubiquitously present background organic water constituents,
originating from (1) microbes/plants/fungi/animals, (2) various anthropogenic appli-
cations, and (3) physical/chemical/biological transformation/degradation of sub-
stances from the former two groups. For these origins, DOM can have vastly
variable molecular compositions, and the diversity of DOM constituents in a single
water sample is enormous. The adsorption of DOM and therefore the competitive-
ness of DOM against PhAC adsorption relate to the large variability of DOM
constituents [36–40].

To understand the underlying physical-chemical phenomena of DOM competi-
tive adsorption, model substances can be helpful [19, 31, 41–46]. Nevertheless,
despite the important fundamental insights of such studies, the actual mechanisms of
competitive DOM adsorption in real waters remain partly unknown: The major
complexity of DOM cannot be comprehensively simulated by model compounds.
The only way to obtain manageable analytical information on DOM is to use
“overall” characteristics from sum parameters like DOC or optical properties (e.g.,
ultraviolet/visual (UV-vis) light absorption). More advanced analytical techniques
provide vastly more information but simultaneously lead to increased complexity of
the data that we have to understand (e.g., [47, 48]).
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Fig. 1 Isotherms of carbamazepine (loadings q vs liquid-phase concentrations c after 48 h contact
time, modeled as pseudo single-solute Freundlich isotherms based on real data) on powdered
activated carbon (Norit SAE Super) in pure water and WWTP effluent (Berlin, Germany,
DOC ¼ 10–12 mg/L) at two different initial concentrations (c0), depicted concentrations limited
to ranges typically found in WWTP effluents for carbamazepine; unpublished data by the author
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Advanced DOM characterization by liquid size-exclusion chromatography with
online organic carbon and UV254 detection (LC-OCD-UV or LC-OCD) appears to
provide a balance of increased analytical information and data manageability with
respect to competitive adsorption. LC-OCD-UV demonstrates that different DOM
fractions impose variable competitive stress on PhACs [49–53]. In particular, low
molecular weight (LMW) constituents of DOM exert strong adverse impacts on
PhAC adsorption [54–56]. These LMW DOM compounds have molecular weights
of ~100–1,000 g/mol, thus in the range of most PhACs. Obviously, PhACs and
LMW DOM target similar adsorption sites on many adsorbent materials and there-
fore compete with each other, leading to negative outcomes on PhAC removal.
Exemplary LC-OCD chromatograms for Berlin WWTP effluent and drinking water
(for comparison) are given in Fig. 2, with indicators for the typical DOM fractions
encountered in real waters. LC-OCD bases upon size-exclusion chromatography
which is why the largest DOM fractions (biopolymers/polysaccharides) elute the
earliest and the smallest fractions (LMW acids and neutrals) elute the latest. Regard-
ing competitive adsorption, the LMW acids and neutrals are the fractions that cause
the strongest adverse effects against PhAC adsorption [52, 54, 55]. Relative to the
total DOM, WWTP effluent contains higher amounts of these LMW compounds
than drinking water (cf. Fig. 2).

2.2.3 Practical Implications

For the large majority of adsorbents, competitive adsorption is the most important
phenomenon when considering PhAC removal in real waters, particularly in
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Fig. 2 LC-OCD chromatograms for Berlin (Germany) WWTP effluent (DOC ¼ 10.9 mg/L) and
drinking water (DOC ¼ 5.1 mg/L) with indicators for typical DOM fractions according to [57];
unpublished data by the author
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wastewaters. Obviously, this has substantial impacts on operation of adsorptive
treatment stages in practice, e.g., in reactor dimensioning, or experimental tests for
performance assessments. The following important aspects have to be considered for
correct practical application, particularly for carbonaceous adsorbents as the most
widely used material:

(a) The position of PhAC adsorption isotherms in typical loading-vs-concentration
diagrams moves upward with increasing initial concentration of the PhAC
(Fig. 1). This is a direct result of the increased amount of PhAC able to compete
with DOM for adsorption sites [37]. Therefore, the adsorbent capacity for a
PhAC is linearly proportional to the PhAC initial concentration in a given real
water [58].

(b) This leads to constant relative PhAC removals for fixed doses of powdered
adsorbents in a given real water, independent of the PhAC initial concentration
[35, 58–61].

(c) In granular adsorbent applications, adsorbent capacities are linearly correlated to
PhAC initial concentrations, meaning that relative breakthrough curves
(depicted over specific throughputs, e.g., bed volumes) are independent of the
PhAC initial concentration [52, 62, 63].

(d) The linear proportionality between adsorbent capacities and initial PhAC con-
centration in real waters is sometimes falsely described as “linear isotherm.” This
becomes obvious when considering the ideal adsorbed solution theory (IAST)
equivalent background compound (EBC) model for variable initial PhAC con-
centration at constant EBC concentrations [36, 37, 58].

(e) Besides impacts on adsorption isotherms, competitive DOM constituents ham-
per the mass transfer/kinetics, resulting in increased contact times in real waters
compared to pure/synthetic waters [51]. The slower mass transfer occurs in
powdered and granular applications and has substantial effects on reactor design,
residence times, and invest as well as operational costs.

(f) Competitive adsorption affects weak adsorbates more severely than strong
adsorbates, and operators/practitioners should meticulously check if adsorptive
removals of weak adsorbates are sufficient [15, 28, 64].

(g) Different types of wastewaters induce varying adverse effects on PhAC adsorp-
tion due to the variable competitiveness of different DOM fractions; WWTP
effluents are generally preferable as compared to raw wastewaters or
influents [40].

(h) The importance of the above-listed aspects for PhAC adsorption from real waters
can strongly depend on the type of adsorbent. Non-carbonaceous adsorbents
may behave differently to a large extent. For example, zeolites usually suffer far
less from competitive adsorption but usually are only effective for specific
PhACs [65].
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2.3 Inorganic Water Composition

The pH and salt composition of a solution can have strong effects on adsorptive
mechanisms. It is normally not feasible to adjust these parameters in practical
applications; but knowing their influences can help in understanding the occurring
phenomena. This can lead to improved adsorbent choices, e.g., by increasing the
point of zero charge (pHPZC) aiming at predominantly protonated adsorbent sur-
faces, alleviating adsorption of negatively charged PhACs [19, 31]. Since pH or
ionic composition normally does not vary strongly for most wastewaters, potential
favorable or adverse effects are usually relatively stable for a given treatment
location/wastewater. However, some WWTPs are partially or strongly influenced
by dilution, intermittent industrial discharges, or other factors inducing much vari-
ation to the treated waters. In such cases, variable inorganic wastewater composition
should be considered regarding potential effects on PhAC adsorption.

3 Adsorbent Materials

The variety of adsorbent materials for PhAC removal is very large. A rough
overview on research output related to various adsorbent materials for wastewater
purification is given in Fig. 3, comparing yearly scientific publications, as obtained
by searching for a fixed set of terms relating to PhACs, wastewater, and adsorption,
combined with different material classifications. The search for “activated carbon”
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clearly returns the highest numbers of hits each year, but publications on new
adsorbents are certainly on the rise during the last 5 years or so.

3.1 Carbon-Based Materials

3.1.1 Activated Carbon

Activated carbon (AC) is by far the most commonly used adsorbent for the removal
of organic contaminants (including PhACs) from impacted waters. Its ratio of
performance to costs is still unrivalled, and besides water purification, AC has
additional applications in hundreds of industries. Thus, the overall availability is
vast, resulting in a rapidly growing global market projected to pass 3.3 � 109 kg in
2021 [67]. Theoretically, this amount would allow for the treatment of ~1.7� 1014 L
of water at a typical AC dose of 20 mg/L, thus enough for treating 50 L of water per
person per day year-round at a world population of 9� 109. With manifold different
production techniques [20, 68], the product diversity is enormous.

This diversity results in strongly variable PhAC removals, as demonstrated in
Fig. 4 which compares the removals of 2 PhACs and a metabolite, as achieved with
18 different powdered activated carbons (PACs). Almost all PACs demonstrate the
highest removal for carbamazepine, followed by 4-formylaminoantipyrine and
gabapentin. The results in Fig. 4 further underline that there are large differences
between the performances achieved with the various products tested here. For
example, product “B” reaches >95% carbamazepine, ~70%
4-formylaminoantipyrine, and ~25% gabapentin removal, respectively. In contrast,
product “K” achieves <5%, 5–10%, and ~10%, respectively. These data highlight
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the importance to assess the respective scenario prior to application, especially
regarding targeted PhACs and available products.

3.1.2 Low-Cost Carbonaceous Adsorbents

An extensive amount of studies examines low-cost adsorbents for PhAC removal;
several reviews provide detailed overviews on the tested materials [69–71] and
production techniques [72, 73]. Despite the plenty of studies on alternative adsor-
bents, two fundamental shortcomings often jeopardize their practical applicability:
(1) use of de-ionized/pure/synthetic water instead of real (waste)water and (2) unre-
alistically high PhAC concentrations in mg/L range (instead of ng/L or μg/L range) –
leading to substantially overestimated potentials (cf. Sect. 2.2.1). Under more
realistic conditions, low-cost adsorbents may only reach similar performance as
activated carbons of moderate quality [73, 74]. Nonetheless, from environmental
and economical perspectives, less efficient low-cost adsorbents like biochar can still
be a better choice than activated carbons due to their reduced global warming and/or
health effects [75] and reduced costs [76].

3.1.3 Special Carbonaceous Materials

Special carbonaceous adsorbent materials cover a niche for applications where the
required amounts are low or where the costs play a subordinate role. In wastewater
treatment both conditions are seldomly met, and such adsorbents are normally not
applied unless production techniques can be transferred to a larger scale and thus be
reduced in costs. The materials often have special properties, e.g., they are partly
magnetic, allowing for alleviated removal from treated waters and reuse [77], or
highly activated with specific internal surfaces up to >3,000 m2/g [78], or contain
doping elements such as nitrogen leading to modified internal surface
chemistries [79].

3.2 Other Materials

3.2.1 Zeolites and Clays

Clays are silicate-based inorganic minerals of highly variable composition, and
zeolites are a subgroup of silicates, with aluminum replacing silicon in defined
positions within the mineral framework. The overall costs are usually cheap as
compared to commercially available high-grade activated carbons. Clay/zeolitic
minerals have defined symmetrical pores, resulting in highly specific adsorptive
behavior. For example, the cage-like pore structure of zeolites allows for specific
removal of substances that fit into the cages, reducing the proneness to competitive

Adsorptive Removal of Pharmaceutically Active Compounds from Wastewater 249



adsorption [65]. However, zeolites may be less effective when a multitude of PhACs
shall be removed simultaneously [59]. For some PhACs like the antibiotic sulfa-
methoxazole, zeolites can reach relatively good removals from real WWTP effluent
in the range 43% to 76% with 10 mg/L dosages [80], thus comparable to removals
achieved with ACs [12]. A general peculiarity of adsorption onto zeolites can be
S-shaped isotherms because of increased adsorbate-adsorbate interactions at high
concentrations/loadings [81]. Despite these examples for ongoing research activity,
there is still a lack of widespread insights into PhAC adsorption onto clay-based
materials under realistic conditions [82].

3.2.2 Oligo- and Polysaccharides, Metal-Organic Frameworks,
and Molecularly Imprinted Polymers

Cyclodextrins are natural circular oligosaccharides whose application as adsorbents
for PhAC removal from contaminated waters is relatively new [83, 84]. The appli-
cation on practical scales is still challenging since cyclodextrins swell upon contact
with water, making controlled usage delicate. β-Cyclodextrins appear to be less
prone to DOM adsorption competition than ACs but also demonstrate less overall
adsorption capacity; doped onto cellulose microcrystals, they achieved some prom-
ising granular applications on the lab scale [18]. Other saccharide-based adsorbents
include chitosans [85] and various chitosan-containing composite materials. Metal-
organic frameworks (MOFs) are a new class of highly tailored synthetic material
combinations of inorganic building blocks and organic linkers. Their application for
(waste)water purification appears promising [86] but is strongly limited due to the
elaborate synthesis of MOFs. Similarly, molecularly imprinted polymers are a new
class of potential adsorbents [87], but selectivity for certain PhACs and elaborate
production are bottlenecks for wider application.

3.3 Comparison

Despite the above-given examples for new developments, the choice of adsorbent
base material is still relatively straightforward, since carbonaceous adsorbents are
clearly the most widespread. A fundamental factor is the related costs, which range
from 1 €/kg to 5 €/kg for bulk activated carbons, e.g., 1.60 €/kg for GAC and 1.80 €/
kg for PAC [88]. Most “high-end” adsorbent materials cannot easily compete with
such prices. Furthermore, the capacities for production need to be in the range of
several tons per day for supplying a single large-scale WWTP (e.g., 250,000 m3/
day � 20 g/m3 ¼ 5 t/day).

In addition, the choice strongly depends on the respective goal. In most cases,
broad effects are sought with the aim of removing a multitude of PhACs, some of
which might not even be in the scope of analytical monitoring. This aspect, again,
favors carbonaceous adsorbents over more specialized materials like zeolites or
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cyclodextrins. Due to their highly defined internal structure, especially zeolites have
strong affinities for very specific PhACs, e.g., regarding size or charge, while
blocking out non-suitable PhACs. Logically, a wide range of PhACs with largely
variable structural/chemical properties suffers from such exclusive material
characteristics [59].

4 Practical Aspects

4.1 Powdered Applications

Powdered adsorbents such as powdered activated carbon (PAC) are fine particles in
the low to medium μm range. They are mixed to the treated water either in dry form
or as concentrated slurries, at variable locations within WWTPs. After the desired
contact time, powdered adsorbent and water are separated by flocculation, sedimen-
tation, filtration, centrifugation, or combinations thereof.

4.1.1 Process Options

The primary goal in powdered adsorption process optimization is to exploit the
available adsorbent capacity to the fullest extent possible while minimizing the
required contact time. To achieve these goals, contact between adsorbents and
treated water should be intensified where possible. However, competitive adsorption
by DOM impedes rapid exploitation of adsorbent capacities and decelerates mass
transfer (cf. Sect. 2.2.3). Therefore, several means for improved/prolonged
adsorbent-water contact have been developed, resulting in different options for
powdered adsorbent processes:

(a) Direct dosage into existing biological stages on WWTP, with continuous
integration of the powdered adsorbent into sludge flocs, subsequent separation
of the adsorbent with the sludge, and recirculation of the sludge-adsorbent slurry
into the biology influent [88, 89]. Realization of this design is relatively straight-
forward since WWTPs have to be modified only marginally (installation of
adsorbent dosage). However, increased DOM concentrations and competitive-
ness in early WWTP stages can reduce the overall efficiency to a considerable
extent [40].

(b) Direct dosage into advanced wastewater treatment stages like clarifiers or
filtration. Separation of the powdered adsorbent is usually achieved by
coagulation-sedimentation and/or rapid/deep-bed filtration. If existing filtration
stages are used for adsorbent separation, the filtration regimes (i.e., backwash
intervals) are usually affected due to the increased loads to the filter material
[90, 91]. Even distribution of the powdered adsorbent over the filter bed can
substantially increase the performance [92].
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(c) Implementation of separate advanced slurry contactors/reactors, followed by
separation by sedimentation/filtration/centrifugation with recirculation of the
adsorbent slurry for repeated usage of the adsorbent and increasing adsorbent
concentrations in the system. This setup requires extensive additional modifica-
tions to wastewater treatment trains but normally rewards the efforts with
superior adsorbent exploitation [15, 93–95].

Independent of the kind of powdered adsorbent process, separation of the adsor-
bent from the slurry is always necessary to avoid discharge of loaded adsorbents into
receiving waters [96]. This is particularly important for very fine adsorbent materials
like super-fine PAC and therefore demands for well-adjusted coagulation [97]. None-
theless, super-fine PAC can have substantial improvements regarding adsorption
capacities and required contact times as compared to conventional PAC [98],
resulting in reduced slurry adsorber sizes and shorter contact times [29]. Additional
improvements regarding adsorbent-water separation can be achieved by membrane
filtration which usually allows for complete retention of adsorbent particles [99].

A general drawback of PAC as compared to GAC is that PAC normally cannot be
reactivated equally well because of the following factors: (1) the overall burn-off
during thermal reactivation is higher for PAC, (2) used PAC is usually mixed with
various wastewater sludge components which cause interferences, and (3) the
adsorptive qualities of PAC decrease more severely at the relatively high tempera-
tures needed [100]. However, examples exist of pilot-scale thermal reactivation and
vacuum regeneration [100, 101]. For adsorbents like zeolites, which can withstand
strongly oxidizing agents, regeneration by in situ oxidation, e.g., using ozone, of
adsorbed PhACs appears to be an interesting option [102].

4.1.2 Performance Prediction

Predicting the adsorptive performance is important for efficient operation and
reduced costs; however, various factors influence the process efficiency. For exam-
ple, variable incoming flows can increase/reduce contact times of adsorbent and
water, and variable water composition, e.g., regarding competitive DOM concentra-
tions, can influence PhAC removal. In addition, different grades of delivered adsor-
bent batches can induce variations of the overall adsorptive removal as well. Last but
not least, it is important to realize that the relationship between PhAC removal and
adsorbent dosage is strongly nonlinear in most cases and therefore the effects of
variable dosages are not always easy to estimate [103].

Theoretical predictions of adsorption performance involve various concepts, e.g.,
quantitative structure-activity relationships (QSARs) relating adsorbent, PhAC, and
water characteristics to performance indicators like PhAC removal [14, 104]. An
important shortcoming of such semi-descriptive methods for performance predic-
tions is that they often lack the integration of water quality parameters. Thus, they do
not account for competitive adsorption, and the associated models usually have to be
empirically corrected for influences of DOM [105]. This can be overcome by
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initializing competitive adsorption models in an integrated fashion, additionally
using water quality characteristics such as the concentration of LMW DOM [36].

Despite the usefulness of the above-given examples of performance prediction for
powdered adsorbents in lab-based studies, these approaches are seldom useful on
truly practical scales. The problem is that they require a relatively large amount of
analytical information on the adsorbent, the PhAC, and the water composition – all
of which are not always easily available, particularly not on operating full-scale
plants. Therefore, strictly operational performance assessments, which should be
available without substantial loss of time, have to be simplified. However, direct
online measurements of PhAC removals are not possible with the currently available
analytical techniques, since they require trained personnel on advanced analytical
equipment and sophisticated sample preparation (high-performance liquid
chromatography-mass spectrometry).

Therefore, several approaches exist to project adsorptive PhAC removals by
using surrogate parameters’ adsorptive removal, as was initially conceived for
oxidative stages in a similar way [106]. The AC-induced removals of PhACs, either
as individual PhAC or averaged over several PhACs, can be correlated to easily
measurable sum parameters, e.g., spectrometric or DOC. For example, ultraviolet
absorption at 254 nm (UV254) allows for relatively precise performance assessments,
mostly independent of:

• PAC product and concentration [11, 107]
• PhAC initial concentration [36]
• WWTP effluent [13, 36]
• PAC recirculation stage [108]
• Coagulation, if adequately corrected for [109]

An example for such a correlation between the removal of the lipid-lowering
agent bezafibrate and the removal of UV254 is given in Fig. 5, showing a mostly
linear relation of the two parameters. Note that in Fig. 5, the linearity covers the
entire range of the y-axis, which is a result of the quite similar PAC doses of 20 mg/L
and 30 mg/L used here. In cases of higher variability of the PAC doses, such
correlations are normally L-shaped since the PhAC removals approach 100%
while the UV254 removals continuously increase [11]. This concept is also practi-
cally applicable, and PAC dosages can be empirically adjusted toward the desired
performances using online measurements on pilot or full scales [110, 111].

4.2 Granular Applications

Granular adsorbent particles typically lie in the range of 0.5 mm to 3 mm and are
applied as loose bulk fillings in fixed-bed filters. The treated water passes through the
filter bed, coming into contact with the adsorbent particles and thus promoting
adsorption of PhACs. In contrast to powdered adsorbent applications, granular
applications contain a large excess adsorbent during the initial phase of operation.

Adsorptive Removal of Pharmaceutically Active Compounds from Wastewater 253



During continuous operation, more and more volume of water is treated, and the
ratio of adsorbent mass to treated water approaches values similar to powdered
applications. Similar to “classical” granular filter materials, granular adsorbent
media have to be backwashed regularly, especially when treating turbid waters –

like wastewaters.

4.2.1 Operation Fundamentals

Mass transfer resistances, particularly within adsorbent pores of larger granular
media, are the reason that not all PhAC molecules can enter the same adsorbent
grains at the same time. Some PhAC molecules travel farer down the filter bed and,
at a certain point, reach the filter effluent – without having been adsorbed. This
marks the beginning of breakthrough, and PhAC effluent concentrations continu-
ously rise thereafter, resulting in the typical occurrence of breakthrough curves
(BTCs). Examples for BTCs, depicted as the dimensionless relative effluent con-
centration (effluent concentration divided by influent concentration, c/c0) over the
specific throughput in bed volumes fed to the filter, are shown in Fig. 6. Note that the
only difference between the exemplary BTCs in Fig. 6 originates from differently
fast film and/or internal mass transfer rates; the overall adsorption capacities are the
same in all three cases.

Ideally, BTCs are very steep, indicating fast external and internal mass transfer
and near-complete exploitation of the adsorber capacity (cf. black line in Fig. 6).
Such BTCs can be expected in well-designed adsorbers without competitive effects
by DOM. More realistically, BTCs in strongly competitive waters like WWTP
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effluents are far from ideal, usually with early increases of c/c0 and overall flat
appearance (cf. blue line in Fig. 6), indicating slow usage of the available adsorption
capacity [52, 62]. This shape of BTC is predominantly caused by pore-blocking
DOM, which hampers PhAC mass transfer toward and within the adsorbent pores
[103]. Increased water-adsorbent contact times, usually expressed via the empty bed
contact time (EBCT), can help in improving the BTC shape [112]. However, this
effect cannot be arbitrarily exploited and levels off at a certain filter height/EBCT
[55, 113]. Moreover, practical considerations limit the EBCT since it directly relates
to the adsorbent amount and thus, the adsorber dimensioning, which logically should
be kept reasonably small for economic reasons.

Unfortunately, flat and stretched appearance of BTCs in strongly competitive
waters can be profoundly aggravated if the advective mass transfer toward the
adsorbent grains is inefficient (cf. green line in Fig. 6), characterized by almost
immediate breakthrough. Such BTCs indicate poorly conceived adsorbers, either
characterized by very low Reynolds numbers �1 or grains being too big (e.g.,
~2.5 mm) [114]. In addition to DOM interference by pore blocking, strong direct site
competition by DOM can also occur, particularly for weakly adsorbing PhACs. In
such cases, competing DOM can displace previously adsorbed PhAC, and this can
lead to temporary concentration overshoots with c/c0 > 1 [115].

The so-called carbon usage rate (CUR, Fig. 6 bottom) serves as a measure for the
efficiency of granular adsorber operation. Ideally, CURs at specific levels of
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breakthrough are as low as possible. For example, at a minimum removal of �70%
(c/c0 � 0.3), the throughput on the blue BTC is maximally ~16,000 bed volumes,
corresponding to a CUR of ~31 mg/L. With the dimension of mass per volume (e.g.,
mg/L), CURs are comparable to dosages of powdered adsorbents. Also, the CUR is
helpful since many granular adsorbents are sold by mass (not volume) and have
different bulk densities. Note that the definition of the CUR as a “rate” is very
disadvantageous, since the term “rate” usually relates to time-dependent quantities
like speeds or reaction rates. A more suitable expression would simply be carbon
usage.

4.2.2 Process Options

Process options for granular adsorbers, and combinations thereof, are various, e.g.,
upward or downward flow fixed-bed systems [117] and filter connections in series or
in parallel for profound performance improvements [88, 118, 119]. More advanced
options include continuously backwashed/moving-bed or fluidized-bed adsorbers
with advantages due to uninterrupted operation [120]. Continuously backwashed
filters with conventional media like sand can often be easily upgraded to adsorbers
[121]. Such modifications are particularly attractive for small- and medium-sized
WWTPs, as they are feasible by simple adjustments and an exchange of the filter
media. Setups with fluidized beds, held in place with filtration membranes, allow for
usage of micro-grain granular adsorbents with superb kinetic properties [64]. A
relatively widespread application of granular adsorbers is as polishing step for the
effluents of oxidative stages, to reduce potential harmful toxic effects from
by-products [122].

Despite the above-given examples for new approaches to granular adsorption,
most setups are still relatively “classic” fixed-bed filters with granular activated
carbon. Due to the vast knowledge on rapid filtration, granular adsorbers are
relatively straightforward to operate, and to date, manifold examples of successful
application exist [113]. Granular adsorbers are only slightly different in their oper-
ation than typical rapid filters, e.g., filter velocities are lower and, therefore, contact
times are longer. Very generally, the treated water passes through a bed of 1–2.5 m
height, at velocities of, e.g., 5–12 m/h, resulting in EBCTs of 5–30 min. Shorter
EBCTs cause rapid and inefficient PhAC breakthrough curves, whereas longer
EBCTs are normally not feasible as of space constraints (cf. Sect. 4.2.1). Also, the
advantageous effects of increasing EBCTs for reducing adverse kinetic impacts by
DOM tend to flatten at a certain point [52].

Due to the comparatively slow continuous usage of adsorbent in granular appli-
cations, operation times often exceed several months or years. Therefore, substantial
additional biological effects occur, increasing the overall removal of various PhACs
beyond what could be expected of solely adsorptive removals [117]. The long
operational times of granular adsorbers also require regular backwashing due to
particulate deposits within the filter media. Since wastewaters are comparatively
turbid waters, the overall frequency of backwashes in treating such waters is high,
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e.g., >1/day, thus much higher than in, e.g., drinking water treatment. The high
turbidity is also the reason why granular adsorption is normally limited to WWTP
effluents, thus wastewaters whose loads of suspended solids do not require
interrupting filter operation too frequently for backwashing [123].

For many granular adsorbents, regeneration and reactivation are attractive options
to increase the operation times of filter media and therefore raise the overall
efficiency. Considering that reactivated GAC products cost about 1/5 of virgin
GAC, the reuse of spent filter materials can also result in profound economic benefits
[113]. Of course, adsorbent reuse is also more environmentally friendly, given that
many adsorbents are resource-consuming during their production [88]. There are
manifold possibilities for adsorbent regeneration and reactivation, ranging from
thermal [124] to chemical, microbial, and vacuum processes [101].

4.2.3 Performance Prediction

The interactions in granular adsorbers between the adsorbent internal (specific
internal surface, pore volume distribution) and external properties (particle size),
water composition (PhACs, DOM), and operational parameters (EBCT, flow con-
ditions, long operation times) make performance prediction generally more delicate
than in powdered applications. In addition, regular backwash can partly disturb the
filter media filling and lead to stratification [125]. A very straightforward tool for
robust and online performance prediction is via the use of easily measurable
surrogate parameters which allow for inferring PhAC removals, e.g., UV254 or
fluorescence [126].

An elaborate but mostly accurate method for adsorber performance prediction
involves rapid small-scale column tests (RSSCTs), miniature duplicates of large-
scale filters with identical flow conditions [115]. RSSCTs allow for shortening filter
run times and decreasing necessary volumes up to several orders of magnitude.
Despite their overall successful application for WWTP effluent scenarios [62],
caution must be kept regarding blockage of the filter bed and associated operational
difficulties [127]. Using DOC concentrations and different RSSCTs allows for the
determination of fouling parameters to account for pore-blocking effects [128].

A general finding from various RSSCTs (and larger-scale tests) is that BTCs on
GAC are mostly independent of the PhAC influent concentration in a given water
[62, 129]. This translates into a linear relationship between the GAC capacity and the
influent concentration [62]. Furthermore, the analytical information on LMW DOM
(cf. Fig. 2) proves useful for the alignment of BTCs in different types of waters
[62]. Granular adsorber performance can further be predicted via deterministic
models, however requiring manifold simplifications as in Fig. 6 [116], or BTC
data for prior fitting [55]. More complex models include, thus, direct adsorption
site competitive effects by DOM [130] and pore-blocking effects [131], yet difficul-
ties remain regarding initialization. Regression-based models like quantitative
structure-activity relationships (QSARs) use adsorbent or PhAC properties, among
others, and BTC data to obtain best-fit parameters [132, 133].
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4.3 Applicability, Costs, and Environmental Impacts

The decision if adsorption is a feasible option for PhAC removal in a specific
wastewater treatment scenario depends on various factors. Profound practical expe-
rience has been gained in full-scale advanced wastewater treatment using adsorption
(and oxidative techniques) during the last years in a variety of countries, e.g.,
Switzerland [134] and Germany [135]. The available resources of information
from various case studies and fully operational plants contain different treatment
designs/approaches, sizes, and locations, among others. In addition, many full-scale
research activities are still ongoing, providing more details on special adsorption
stages designs or adsorbent materials (e.g., [119]). Despite such plenty of knowl-
edge, decision-makers need to assess each case individually for monetary, societal,
and environmental benefits and expenditures.

The costs for advanced wastewater treatment cover relatively wide ranges,
depending on the targeted PhACs’ removability/adsorbability, the respective
WWTP size, construction and operational design, and applied adsorbents and
chemicals, among other factors. For German adsorptive treatment stages using
activated carbon, numbers of 0.05 €/m3 up to 0.30 €/m3 in WWTP effluent are
reported, translating to 2 €/a/inhabitant up to 12 €/a/inhabitant [88]. Note, however,
that such cost calculations can lose their validity rapidly due to increasing capital
costs as a consequence of augmented demand, inflation, and other factors.

Since adsorbent production and operation of treatment stages both consume
resources and energy, potential adverse environmental impacts have to be crucially
assessed. For example, the energy demand for the production of virgin activated
carbon is comparatively high and becomes more feasible if reuse/reactivation of
spent adsorbent is considered, too [136]. Reactivation is normally only available for
GAC, not for PAC. However, PAC increases the heating value of the accruing
sludge, thus partly balancing the drawback of not being reactivatable. Moreover, the
source material for activated carbon production can increase the cumulated energy
consumption of advanced wastewater treatment stages by >100%, e.g., when
switching from coconut husk to lignite. Similarly, the global warming potential
profoundly depends on source materials, possibility for reactivation, adsorbent
usage, as well as the location of treatment [88].

Examples for the cumulated energy consumption and global warming potential,
including all indirect effects (e.g., production), for different advanced wastewater
treatment scenarios with activated carbon, are given in Fig. 7. The error margins
outline the high variability as induced by different material sources for the produced
activated carbon: renewable (left, coconut husk) versus fossil (right, lignite). Note
that the PAC and GAC scenarios were chosen for similar expectable PhAC removals
[88] – and differ substantially considering the GAC-related CURs corresponding to
the shown bed volumes of throughput (cf. Fig. 6). The reason for this higher GAC
consumption as compared to PAC is adverse kinetic DOM impacts, resulting in
unfavorable BTC shape. Remarkably, the ecologic benefits from reactivation,
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incorporated within the GAC data in Fig. 7, clearly outweigh the drawback from
unfavorable BTCs.

5 Conclusion and Outlook

Adsorption is an increasingly viable option for the removal of pharmaceutically
active compounds from wastewaters, with several countries installing full-scale
capacities in various locations. The insights gained on efficient adsorbent materials,
installation, operation, performance prediction, and adsorptive mechanisms are
substantial. The variety of process designs comprises simple upgrades of existing
plants, e.g., dosage of powdered adsorbents into biological basins, as well as more
sophisticated installations, like reaction chambers with sludge recirculation. Simi-
larly, granular adsorbents can serve as exchange material for media in existing rapid
filters – or as filling of newly conceived downstream adsorbers. Future research
needs to optimize processes regarding high and continuous removal of pharmaceu-
tically active compounds, with a particular focus on understanding and alleviating
adverse competitive effects of dissolved organic matter.

Besides profound developments in adsorber design and operation, demands for
improved adsorbent materials push manufacturers toward increasing efficiency and
reducing environmental impacts. Carbonaceous adsorbents are still by far the most
widespread, but various new structures such as zeolites, cyclodextrins, and metal-
organic frameworks create growing interests – at least from a scientific perspective.
The competitiveness of these new adsorbents will depend on the achievability of
broad removal of pharmaceuticals, large production volumes, aggressive prices,
toxicological harmlessness, and low impacts during production.

Last but not least, improvements of water quality by advanced treatments should
not be pitted against external environmental costs. To avoid impacts from adsorbent
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Fig. 7 Energy consumption (cumulated) and global warming potential per m3 WWTP effluent for
two PAC (dosages) and two GAC (throughput) treatment scenarios, with error bars indicating
min/max values (see text for more information) and average values for typical large WWTPs
(without advanced treatment) and rapid filtration for comparison (data adapted from [88])
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manufacture and its excessive usage, we must exploit additional means, too. Among
these are overthinking exaggerated pharmaceutical consumption, e.g., in livestock,
designing degradable pharmaceuticals, and exploiting renewable resources for
adsorbent and energy production.
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Abstract During the last decades, many water treatment processes have been
proposed to deal with the increasing water quality requirements demanded for the
urban wastewater effluents (UWWE). Among them, the so-called Advanced Oxida-
tion Processes (AOPs) include a wide range of technologies based on the generation
of very reactive and non-selective radical species with a strong oxidation potential
that can readily remove not only PhACs but also other organic micropollutants.
Together with ozone-based processes, these technologies constitute promising alter-
natives to be used as final barrier to remove these contaminants before the discharge
of the effluents to the environment. This chapter focuses on the processes with higher
potential to be implemented at large scale for the removal of PhACs in urban
wastewater treatment plants: ozone-based, Fenton, and UV/H2O2 processes. Along
the chapter, the fundamentals of these processes are introduced, including some of
the more relevant modifications from the basic processes, and the more recent
studies about their application for the removal of PhACs from UWWE at pilot and
full scale are reviewed. From a scientific and technical point of view, the results from
these researches confirm the successful removal of a wide range of PhACs and other
micropollutants, although the absolute efficiency depends on the water matrix and
the specific substances monitored along the treatment. As final remarks, other
aspects are also included, such as the need to control the potential formation of
by-products during the process and the required optimization of the processes to
become competitive in economic terms.

Keywords Fenton, Hydrogen peroxide, Hydroxyl radicals, Ozone, UV

1 Introduction

The available technologies to remove contaminants in aqueous solution are very
diverse. Physical treatments just concentrate the contaminants, whereas chemical
and biochemical processes degrade these compounds, mainly oxidizing the contam-
inants. Glaze et al. [1] defined “the Advanced Oxidation Processes (AOPs) as those
involved in the generation of hydroxyl radicals in sufficient quantity to affect water
purification.” Glaze referred to water treatments involving UV/H2O2/O3 used in
“light conditions,” that is, room temperature and atmospheric pressure. Later on, the
definition of AOPs was extended to the role of other radicals generated, as
hydroperoxyl, persulfate, or peroxymonosulfate [2–4], and other treatments like
Fenton, TiO2 photocatalysis, electrochemistry, ultrasounds, non-thermal plasma,
and wet oxidation were included in AOPs (Fig. 1). The distinction of applications
at light conditions is nowadays questionable. The name AOPs is also doubtful
because some of the named processes are used in the reduction instead of the
oxidation attack to the contaminants. Nowadays, the applications to the AOPs
have been extended from water to wastewaters, air, and soil, mainly at laboratory
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and pilot scales. Only ozone-based AOPs, Fenton, and UV/H2O2 are implemented at
industrial scale for water and wastewater treatment.

AOPs involve chemical reactions promoting the degradation of the contaminants,
and it is more a transformation of compounds than a simple fading. In addition, it is
important to consider the possibility to generate by-products more harmful than the
parent compounds. In consequence, biodegradability and toxicology tests of treated
waters turn as important as the chemical analysis of the contaminant. The water
matrix (pure, groundwater, wastewater) also influences in the efficiency and the
removal rate of these contaminants [5], mainly because the oxidant is also consumed
by other compounds in the water matrix (organic matter, ions, particulate matter).
For most wastewaters, contaminant concentration and effluent toxicity decrease, and
biodegradability increases as AOP treatment is extended. Because of this and the
cost of chemicals and energy involved in AOP treatments, the combination of these
technologies with other less costly treatments as biodegradation, adsorption, and
membrane separation has been extensively studied [6].

Nowadays, there is major concern about the presence of PhACs in wastewater
treatment plant effluents. These compounds are continuously released to the envi-
ronment, and, in many cases, natural degradation is not enough to remove them
efficiently. Consequently, PhACs remain in natural waters affecting the water
quality and human health. Many reviews on the applications of AOPs for the
treatment of water and wastewater containing PhACs compounds can be found in
the literature [7–10]. Today it is possible to find extensive information on removal of
PhACs in wastewater by AOPs, mainly at lab and pilot plant scale. Accordingly, this
section aims to present a general vision of the removal of PhACs in wastewater by

Fig. 1 Advanced oxidation processes
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AOPs. Specific care is devoted to the AOPs implemented at industrial scale, that is,
ozone-based AOPs, Fenton, and UV/H2O2 processes.

2 Ozone-Based Processes

After more than 100 years of experience on industrial-scale applications of ozone,
nowadays ozonation is already a chemical treatment process extensively applied on
municipal and industrial wastewater disinfection and oxidation of recalcitrant
organic microcontaminants (drugs, pesticides, phenolic compounds, etc.) and inor-
ganic chemicals (iron, manganese, sulfites, etc.).

Among current environmental concerns, the accumulation of microcontaminants
and particularly PhACs in natural waters has triggered numerous studies on ozon-
ation and related technologies, like ozone/hydrogen (known as peroxone process) or
catalytic ozonation of wastewaters. The effectiveness of ozone-based processes on
the removal of PhACs strongly depends on chemical and engineering parameters,
like ozone generation and transfer from the gas phase to the wastewater, PhACs
reactivity with ozone, and, particularly, composition of the water matrix. This
section summarizes the current knowledge on PhACs remediation in wastewaters
by ozone-based processes.

2.1 Fundamentals

Ozone (O3) is a pale blue gas with a robust oxidizing capacity (E0 ¼ 2.07 eV),
slightly soluble in water. It easily decomposes to oxygen atoms and molecules; that
is why in water treatment, ozone must be generated “in situ” [11]. This gas with high
oxidation potential is produced by submitting oxygen molecules to high electrical
voltages. There are different methods for producing ozone being the corona dis-
charge one of the most used by far. This one consists of passing oxygen between two
electrodes separated by a dielectric material and connected to a source of high
voltage producing a corona discharge. The oxygen in the discharge gap is converted
to ozone.

Once ozone is produced, it is bubbled into a reactor containing the solution to be
treated. The ozone transfer efficiency from gas to liquid phase is fundamental to
achieve optimal reaction kinetics rates between ozone and dissolved compounds.
This transfer is mainly controlled by physical parameters, such as temperature, gas
flow rate, bubble size, ozone partial pressure, and reactor geometry, and also
chemical factors like pH, ionic strength, composition of aqueous solutions, etc.
[12]. Therefore, it is important to distinguish between applied ozone dose and
transferred ozone dose (TOD), which is defined by Eq. (1) and represents the
accumulated amount of ozone that is transferred to the water sample per unit of
volume and time:
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TOD ¼
Z t

0

Fgas

V liq
� O3½ �gas,in � O3½ �gas,out
� �

� dt ð1Þ

Ozone in the liquid phase can react with organic compounds in two ways, direct
or indirect. These two reaction pathways lead to different oxidation products, and
they are controlled by different reaction kinetics. Direct ozone reactions with organic
water constituents (comprising PhACs) are quite selective mechanisms including
cycloaddition, electrophilic substitution, and electron transfer reactions. Thus,
molecular ozone preferably reacts with organic matter with double bonds, activated
aromatic groups, or amines moieties [13, 14]. The indirect reaction pathway involves
hydroxyl radicals (•OH), mainly generated by radical chain decomposition of ozone
initiated by hydroxide ions (OH�) in water. Reaction between O3 and OH� is very
slow (k ¼ 70 M�1 s�1); therefore indirect ozone reactions through hydroxyl radicals
only contribute to pollutants removal at neutral or alkaline pH conditions. Hydroxyl
radicals are extremely reactive transient species, more reactive, and significantly less
selective than molecular ozone. Hydroxyl radicals’ reactivity involves three main
mechanisms: addition reactions, hydrogen abstraction reactions, and electron trans-
fer reactions, being addition reactions to double bonds (like C¼C, C¼N, S¼O) and
aromatic rings the most common and fast [14].

Other •OH generation mechanism is ozone reactions with the dissolved organic
matter (DOM) contained in wastewater matrices, particularly with DOM aromatic
functional groups. The electron-rich aromatic components of DOM can undergo
electron transfer with O3 generating the intermediate ozonide anion (O3

•-) which can
give rise to •OH generation. Similarly, phenolic moieties generated by hydroxylation
of aromatic DOMmoieties can also lead to •OH production by electron transfer with
O3. However, DOM present in water also acts as radical chain inhibitor, scavenging
•OH or consuming O3 without further •OH or chain carrier production [15]. Even
with this dual behavior of DOM, organic matter content in wastewaters dramatically
increases ozone consumption for pharmaceuticals depletion.

Moreover, some inorganic anions present in the wastewater can interfere in the
ozonation process. Carbonate and bicarbonate anions are well-known •OH scaven-
gers and radical chain inhibitors, since they contribute to the termination of the
ozone decomposition mechanism [16]. Other important species is nitrite, contribut-
ing to ozone depletion of 3.4 g O3 per g NO2-N. Finally, organic particulate matter
content of water consumes both O3 and •OH, increasing overall ozone requirements.

Considering all the issues exposed, ozonation performance for the removal of
PhACs in wastewaters hardly depends on the quantity and type of organic matter and
inorganic constituents of the water matrix.

2.1.1 Ozonation Kinetics

There are many experimental shreds of evidence, at laboratory, pilot plant, and
industrial scale, demonstrating the effectiveness of ozonation for the oxidation of
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PhACs in wastewaters. Since common municipal wastewater pH is neutral or
slightly alkaline, ozonation efficiency directly depends on the second-order rate
constants of reactions between the pharmaceutical (PhAC) and both ozone and
hydroxyl radicals, as well as the ozone and •OH exposures (

R
[O3]dt and

R
[•OH]

dt) as described by Eq. (2):

� ln
PhAC½ �
PhAC½ �0

� �
¼ kO3 �

Z
O3½ �dt þ k •OH �

Z
•OH

� �
dt ð2Þ

Most organic micropollutants, including PhACs, present high reactivity with
•OH, with second-order rate constants higher than 109 M�1 s�1. However, kinetics
in direct ozone reactions largely depends on the structure of the target chemicals due
to the specific reaction pathways of molecular ozone. Consequently, the second-
order rate constants for ozone oxidation of organic compounds vary more than eight
orders of magnitude, between 0.1 M�1 s�1 and 107 M�1 s�1. Lee and coworkers
classified micropollutants depending on their reactivity with ozone and •OH
[17]. Classification goes for group I, including the most reactive compounds with
both oxidants down to group V, containing the most resistant to ozonation treatment.
The second-order kinetic constant of most common PhACs, both with ozone and
•OH, is already available in the literature. Table 1 includes micropollutants classi-
fication and some examples of PhACs, together with their second-order reaction rate
constant with ozone and hydroxyl radical.

Table 1 Micropollutants classification and some PhACs with their second-order reaction rate
constant with ozone and hydroxyl radical (adapted from [17])

Group of MPs Reactivity kO3 [M
�1 s�1] k•OH [M�1 s�1]

I High with O3 and
•OH >1 � 105 >5 � 109

Triclosan Antimicrobials 3.8 � 107 9.6 � 109

Diclofenac NSAID 1.0 � 106 7.5 � 109

Sulfamethoxazole Antibiotics 5.7 � 105 5.5 � 109

Carbamazepine Anticonvulsant 3.0 � 105 8.8 � 109

Trimethoprim Antibiotic 2.7 � 105 6.9 � 109

Naproxen NSAID 2.0 � 105 9.6 � 109

II Moderate with O3 and high with •OH 10�1 � 105 >5 � 109

Gemfibrozil Lipid regulator 5.0 � 104 10 � 109

Atenolol B-blocker 1.7 � 103 8.0 � 109

III Low with O3 and high with •OH <10 >5 � 109

Ibuprofen NSAID 9.6 7.4 � 109

Phenytoin Antiepileptic <10 6.3 � 109

Primidone Anticonvulsant <10 6.7 � 109

IV Low with O3 and moderate with •OH <10 1 � 109–5 � 109

Meprobamate Antianxiety drug <1 3.7 � 109

V Low with both O3 and
•OH <10 <1 � 109
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The acid-base dissociation constant (pKa) of a PhAC is also a key physicochem-
ical parameter influencing ozonation performance. As the majority of drugs are weak
acids and/or bases, the knowledge of their dissociation constant helps in understand-
ing the ionic form a molecule will take across a range of pH values. This is
particularly important since the reactivity of ozone with some organic dissociating
compounds extraordinarily changes with pH by several orders of magnitude [13].

2.1.2 Peroxone

The promotion of in situ generation of •OH by combining ozone with hydrogen
peroxide (H2O2) is known as peroxone process. The generation mechanism is based
on the favored reaction of ozone with HO2

�, the equilibrium deprotonated form of
H2O2 [18]. On the other hand, H2O2 reaction with ozone is very slow
(k < 0.01 M�1 s�1), while its reactivity with •OH is substantially faster
(k ¼ 2.7 � 107 M�1 s�1). Consequently, increasing H2O2 concentration may result
in an overall process efficiency decline, due to the reduction of the available amount
of •OH in the reaction media [18].

There are many experimental pieces of evidence on the benefits of peroxone in
terms of PhACs abatement and bromates production reduction, compared with
single ozonation, for drinking water applications [19]. However, this enhancement
in micropollutants abatement is not evident for urban wastewaters presenting a
higher pollution load, at the current industrial ozone doses applied [20].

2.1.3 Catalytic Ozonation

Ozone combined with homogeneous and heterogeneous catalysts can also enhance
•OH production. Homogeneous process, using transition metals in solution, and
heterogeneous catalysts, like metal oxides, supported metals, and even minerals or
metallic residues, have been widely studied demonstrating the benefits associated to
the potential generation of •OH [21, 22].

However, several problems arise related to the use of catalysts that makes
industrial application quite difficult. Thus, the homogeneous process requires metals
removal from water effluents, increasing treatment costs. Heterogeneous systems
deal with problems like catalyst fouling and deactivation, metals leakage into water
media, and synthesis and/or preparation costs. All these drawbacks, together with the
objective to improve the overall efficiency, are the reasons that, nowadays, catalytic
ozonation is one of the main research topics in water treatment.
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2.2 Removal of PhACs from Wastewaters by Ozonation

Although PhACs were not within the 45 substances/groups of substances included in
the EU priority substances list (established in Directive 2013/39/EU), 5 out of
15 contaminants of emerging concern (CECs) in the latest watch list are antibiotics
(Decision 2018/810/EU). Moreover, the Swiss Federal Office for the Environment
(FOEN) established a list of 12 indicator substances to be removed by at least 80% in
the upgraded wastewater treatment plants, among them are 11 PhACs (amisulpride,
carbamazepine, citalopram, clarithromycin, diclofenac, metoprolol, hydrochlorothi-
azide, venlafaxine, candesartan, irbesartan, and mecoprop).

Although ozonation efficiency directly depends on the second-order rate con-
stants of PhACs with ozone and •OH, urban wastewater effluents (UWWE) compo-
sition, mainly its effluent organic matter (EfOM) content, is the main parameter
controlling overall process efficiency. This is the reason why ozone dosage for
UWWE is commonly referred as specific ozone dose, that is, mg of ozone supplied
per mg of dissolved organic carbon [mg O3 mg C�1]. Under the current applied
specific ozone doses between 0.4 and 0.6 mg O3 mg C�1, there has been reported
acceptable (50–80%) to good (>80%) efficiencies removal for PhACs belonging to
groups I and II (i.e., triclosan, naproxen, trimethoprim, ciprofloxacin,
clarithromycin, diclofenac, erythromycin, metoprolol, sulfamethoxazole, among
others). PhACs with rate constants with ozone lower than 10 M�1 s�1 (from group
III to V) are considered ozone-resistant compounds (like meprobamate, X-ray
contrast agent iopromide, etc.). They are partially or poorly abated when applying
ozone doses up to about 1.0 mg O3 mg C�1 [23, 24]. Higher ozone doses would be
necessary to improve their depletion, increasing ozone treatment cost. Figure 2
shows some PhACs removal obtained from concentrated municipal wastewaters at
different applied specific ozone dose [25].

Fig. 2 PhACs removal at different ozone doses [25]
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In UWWE ozonation, there is a competition for ozone between the PhACs and
the wastewater constituents, that is, EfOM and some inorganic ions. These com-
pounds rapidly consume transferred ozone in a process called primary ozonation or
instantaneous ozone demand (IOD) stage. Wastewater organic and inorganic con-
stituents also strongly scavenge the hydroxyl radicals formed through ozone decom-
position reactions, resulting in poor availability of this oxidant in the reaction
medium. After IOD completion, a secondary ozonation stage characterized by a
slower ozone consumption and significantly lower •OH scavenging rate starts.
However, UWWE ozonation typically employs ozone dosages below IOD fulfill-
ment [26]; thus a satisfactory removal of recalcitrant PhACs is not accomplished.
Application of peroxone (O3/H2O2) process for the intensification of •OH oxidation
neither appears to contribute significantly to recalcitrant PhACs removal in waste-
waters, probably because the ozone decomposition process, at the current applied
doses, is strongly controlled by reactions with EfOM [27].

As every year water resources become scarcer, wastewater reclamation and reuse
gains prominence as an alternative to increasing water supplies in many areas of the
world. Therefore, obtaining high-quality reclaimed water is already imperative.
Ozonation is a water treatment technology with a proven capability to remove
microcontaminants, including PhACs, from UWWE. However, efforts to further
remove both highly reactive and also ozone-resistant micropollutants during ozon-
ation and ozone-based processes are still necessary, especially for water entering the
reuse cycle either in potable (drinkable) form or in non-potable (not drinkable) form.

2.2.1 Control of Ozonation By-products

Ozonation rarely leads to UWWE mineralization but to the so-called transformation
products (TPs). A combination of advanced analytical techniques and the knowledge
of mechanisms of ozone and •OH reactions with PhACs allows the elucidation of
many of these products. Although the existence or not of the functional
pharmacophores in the TPs structures can be an indicator of their potential hazard,
their potential risks to humans and the environment associated to their presence in
water matrices, particularly for water reuse, should be assessed. Protocols compris-
ing a wide range of specific and unspecific toxicity bioassays have been developed
over the last years, as well as computer-aided methods based on the existing
knowledge for a number of model compounds [28].

The generation of bromate, an oxidation by-product from bromide, also needs to
be carefully evaluated. Bromate is a highly carcinogenic compound, and its gener-
ation can be significant in the ozonation of industrial wastewaters and sewer systems
with saline intrusion. Even though the process is still not fully understood due to its
highly complicated chemistry, efficient strategies for its mitigation during wastewa-
ter ozonation are nowadays fairly well-known, such as low ozone dosage and the use
of the peroxone process [29].

The generation of other oxidation by-products from water pollutants and EfOM
transformations during ozonation can also bring some toxicity concerns – like
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N-nitrosodimethylamine (NDMA) that originated, for example, from the oxidation
of sulfonamide moiety of some antibiotics—and others, like aldehydes, ketones, and
carboxylic acids, although in general less toxic, that are formed in significant
concentrations. These compounds contribute to the increase of the biodegradability
of ozonized effluents, which may trigger some technical and additional environmen-
tal problems, like formation of toxic disinfection by-products, bacterial growth in
distribution systems, or eutrophication in receiving water bodies [30]. In order to
mitigate problems with oxidation products, ozonation is integrated with post-
treatments with other wastewater technologies, such as granular activated carbon
and biofiltration strategies.

2.2.2 Municipal Wastewater Ozonation at Industrial Scale

UWWE have been proven as the main source of PhACs in natural water compart-
ments. Protection of sensitive waters and drinking water resources together with load
reduction for downstream water use has become a priority for some countries, like
Switzerland. Moreover, the reclamation and reuse of municipal wastewater is a well-
established practice in many areas of the world with water scarcity, like California
and the southeast of Australia, and these activities will continue to increase.

High-quality effluents and water supplies can be obtained by further treatment of
UWWE. Ozone is nowadays recognized as one of the best chemical oxidants for
reducing the amount of micropollutants discharged with UWWE. This strategy is the
one adopted by Switzerland and it is currently under development. By 2040, circa
100 wastewater treatment plants (out of a total of 650) will be upgraded with a
tertiary treatment either with ozonation or powdered activated carbon [31]. In other
European countries such as France, the Netherlands, or Germany, similar practices
are currently under evaluation.

Ozonation is also one of the short- or medium-term future prospect technology in
wastewater reclamation for water reuse. This technology can be employed after
activated sludge when reuse is intended for agricultural and municipal applications
or as part of a multibarrier advanced treatment in the case of indirect and direct
potable reuse. Many cities have integrated reuse plans into their water management
strategies, for example, to irrigate parks, playgrounds, and golf courses and for other
non-potable uses such as toilet flushing, fire protection, street cleaning, and foun-
tains. For example, Los Angeles has set the goal of reusing 40% of its municipal
wastewaters within 20 years. St. Petersburg in Florida completely reuses all of its
wastewater through a specific distribution system, at a cost about one-third less than
the drinking-quality water. Many studies are being conducted on the feasibility of
reclaiming wastewater to drinking quality. Although implementation results are still
scarce, areas facing limited water availabilities and high costs of developing new
supplies are considering reclaimed water as a potential source of potable water in the
near future.
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3 Fenton and Fenton-Like Processes

3.1 Fundamentals

Fenton reaction was described for the first time by Henry John Horstman Fenton,
who discovered that H2O2 could be activated in the presence of ferrous ions to
oxidize tartaric acid [32]. The mechanism of Fenton oxidation is quite complex
[33]. Briefly, it relies on the reaction between ferrous iron (as catalyst) and H2O2

(as oxidant) generating •OH, as stated in the simplified sequence of reactions 3 and 4.
The regeneration of ferrous iron from ferric iron by reaction 4 is the rate-limiting step
in the catalytic iron cycle, if iron is added in small amounts. The values of the kinetic
constants have been reported by Sychev and Isaak [34]. It has only been in 1968 that
it has been first suggested as means for wastewater treatment by Bishop et al. [35]. In
the presence of H2O2 and at pH < 3, the reaction system is autocatalytic, because Fe
(III) reacts with H2O2 giving Fe(II), which is generated at a slow rate:

Fe2þ þ H2O2 ! Fe3þ þ •OHþ OH�, k ¼ 53� 76 M�1s�1 ð3Þ
Fe3þ þ H2O2 ! Fe2þ þ Hþ þ HO •

2 , k ¼ 1� 2� 10�2 M�1s�1 ð4Þ

Many Fenton-based processes have risen in the last years, suggesting the future
intensification of the use of the classical Fenton process coupled to radiation or
electrochemistry, and/or involving heterogeneous catalysts. The optimization of the
catalyst and oxidant doses makes the process capable of treating complex water
matrices. It has long been demonstrated that the increase of H2O2 concentration
results in a higher generation of •OH, which in turn leads to the increase of the
degradation rate. Nevertheless, the use of excessive oxidant concentration is not
encouraged either, since massive amount of H2O2 can induce antagonistic reactions
(i.e., reaction of the oxidant with the produced hydroxyl radicals) and thus the
formation of radicals that are less reactive than the hydroxyl radicals.

ZVI-based in situ chemical oxidation has been proposed as a potential alternative
for the traditional Fenton reaction because ZVI would leach dissolved iron species
regularly and activate molecular oxygen. ZVI can be used to oxidize organic and
inorganic compounds in the presence of oxygen. The important oxidants are
hydroxyl radicals, ferryl ions, and superoxide radicals [36]. In the oxidation of
ZVI in aerobic water, hydrogen peroxide is produced as an intermediate product
(reaction 5). Further reaction for the formation of H2O2 is the oxidation of ferrous
iron by O2 (reaction 6). H2O2 can react with ferrous iron by Fenton (reaction 3).
Acidic conditions promote the production of highly reactive •OH (reaction 7),
whereas neutral and basic conditions lead to the formation of oxidizing species
such as ferryl iron (reaction 8). Moreover, fast recycling of ferric iron into ferrous
species at the metal surface can take place (reaction 9). It has been also recently
proposed [37] an analogous process using persulfate (reaction 10) for PhACs
removal. Acidic conditions will be not discussed here, as an application for
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UWWE containing PhACs would not be a consistent application, as stated in the
following paragraphs.

Fe0 þ 2H2Oþ O2 ! Fe2þ þ H2O2 þ 2OH� ð5Þ
Fe2þ þ O •�

2 þ 2Hþ ! Fe3þ þ H2O2 ð6Þ
Fe2þ þ H2O2 ! Fe3þ þ •OHþ OH� ð7Þ

Fe2þ þ H2O2 ! FeO2þ þ H2O ð8Þ
2Fe3þ þ Fe0 ! 3Fe2þ ð9Þ

Fe0 þ S2O
2�
8 ! Fe2þ þ 2SO2�

4 ð10Þ

Chelating agents are substances with several coordinating sites and can form
bonds with metal ions. They can be used at pH higher than 3 to form complexes with
Fe(III)/Fe(II), and keep it soluble, thus enhancing the production of oxidative species
by the reaction of H2O2 with Fe(III)/Fe(II). The criteria to successfully achieve such
goal have been recently defined by Clarizia et al. [38]: lowering costs, minimal
increase of total organic carbon (TOC), low toxicity, and high biodegradability.
Different chelating agents have been tested (most common have been humic acids,
fulvic acids, citric acid, oxalic acid, aminopolycarboxylic acids).

3.2 Removal of PhACs from Wastewaters by Fenton
and Fenton-Like Processes

Treating UWWE resulting in rapid and complete removal of pharmaceutically active
compounds (PhACs) should take also into account that the process should be mild
(to remove microcontaminants from huge streams of water not large quantities of
catalyst, oxidant, or energy, keeping the environmental advantage of PhACs
removal) and competitive with best available technologies (BAT) as ozonation and
adsorption on active carbon (PAC and GAC) [24]. The subsequent use or reuse of
water should be taken into account, for large quantities of iron could impede the
reuse in irrigation of crops, the main application of treated water. Recommended
maximum concentration in irrigation water is Fe <5.0 mg/L, as it is not toxic to
plants in aerated soils [39]. However, FAO established the limit in Fe from 5 mg/L
for long-term use until 20 mg/L for short-term use (periods of up to 20 years on fine-
textured neutral or alkaline soil) [40]. Wastewater reuse for irrigation in agriculture is
by far the most established end use in low-income countries as well as in arid and
semi-arid ones [41]. Another important factor to take into account is the legislation
that establishes environmental limits of iron emissions. Specifically, in Andalucia
(Spain, Decree 109/2015), a limit of 3.3 and 2.2 mg/L is established for wastewater
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discharge in coastal or surface waters, respectively. High conductivity would not be
also recommendable for reuse for irrigation.

BAT already applied at real scale in a few countries for PhACs removal in
UWWE have been reported to range in 0.04–0.10 €/m3 investment costs for
~50,000 population equivalent (PE) and 0.03–0.09 €/m3 operation costs. Therefore,
for mid-scale plants (~50,000 PE), the costs range from 0.10 to 0.15 €/m3. Capital-
ized investment-related and operation cost yield to the annual costs for the given life
cycle are stated in Rizzo et al. [24], decreasing further with the increasing plant size.
Therefore, Fenton for PhACs removal in UWWE should be applied at low iron
concentration (in the range of a few mg/L) and minimizing the use of additional
chemicals to improve the efficiency, as it would dramatically increase costs up to the
available BAT.

Because of the low solubility product of ferric iron hydroxide (KS(Fe
(OH)3) � 10�37), precipitation starts at pH 2.5–3.5 depending on the iron concen-
tration and the temperature. The precipitation process starts with the formation of
dimers and oligomers, which at continuation gradually polymerize further and lose
water until forming finally insoluble iron hydroxides (e.g., goethite or hematite). At
pH above 4, the formation and precipitation of ferric oxyhydroxides inhibit both the
production of •OH radicals and the regeneration of Fe(II) [42]. The precipitation and
aging processes are also temperature-dependent, and more and faster precipitation
takes place at higher temperatures [43]. The precipitate is difficult to re-dissolve
through acidification and insoluble above pH 1–1.5 [44]. Therefore, conventional
Fenton should be applied at acidic pH.

However, urban wastewater effluents containing PhACs also contain inorganic
carbon as carbonates, mainly as hydrogen carbonate (HCO3

�), in the range of
hundreds of mg/L. Roughly, HCO3

� 250 mg/L needs around 200 mg/L H2SO4 for
being balanced and 50 mg/L H2SO4 for attaining pH < 3. Therefore, 250 kg H2SO4

are needed per 1,000 m3 of urban wastewater effluent. Before water disposal or
reuse, pH 7–8 should be recovered, using at least NaOH 40 mg/L, or other
neutralizing agents. The salinity of effluent would increase >0.5 mS/cm, leading
also to considerable loads of iron-containing sludge that will require further
management. Applying conventional Fenton to urban wastewater effluents would
dramatically increase effluent salinity, environmental impact, and treatment costs.
Therefore, from the point of view of the authors, it could be disregarded for PhACs
removal.

It has also been demonstrated that by adding iron at different steps (i.e., sequential
iron dosage), it is possible to operate Fenton at initial neutral pH but substantially
increasing iron dosing and decreasing the reaction rate compared to Fenton at acidic
pH [45]. Using Fenton at neutral pH is not viable without adding large quantities of
iron and long treatment times, as Fe(II) 30 mg/L and 90 min or 72 min of reaction for
eliminating 51 or 32 microcontaminants (ranging from tens of nanogram per liter to
micrograms per liter) detected in urban wastewater effluents from two different
treatment plants [46]. Similar results were obtained by Soriano-Molina et al. [47]
as only 35% of PhACs and other microcontaminants were removed from UWWE
with FeSO4 (Fe 20 mg/L) at circumneutral pH. Increasing iron concentration>5 mg/
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L would impede proper reuse of treated water in many crops, as stated earlier. It can
contribute to soil acidification and loss of availability of essential phosphorus and
molybdenum and may result in unsightly deposits on plants, equipment, and build-
ings [48]. But when using Fe <5.0 mg/L, Fenton could not remove almost any
PhACs [49].

Another important factor that strongly influences Fenton performance concerning
the removal of PhACs is the complex chemical composition of organic matter
present (OM) in UWWE. OM components react readily with hydroxyl radicals,
thus reducing the radical concentration and the direct attack of HO• toward the
PhACs. Under the inherent wastewater pH, Fe(III) can be complexed by DOM
resulting in the formation of stable and soluble complexes that can participate in
further reactions [50]. Humic substances are the largest fraction of dissolved organic
matter in natural water, and an important fraction of UWWE, as they result from
microbiological and chemical transformation of organic debris. They contain car-
boxylic acids, phenolic compounds, alcoholic quinine, and amino and amido groups
which enable them to support ion exchange and redox processes and to form
complexes. They can also facilitate the reduction of Fe(III) to Fe(II) due to the
presence of quinone moiety [51].

The occurrence of inorganic anions (i.e., chlorides, sulfates, carbonates) in
wastewater can influence the degradation rate of PhACs during the Fenton treatment
by consuming HO•. They can also complex the iron species (FeCl2

+, FeCl2
+, and Fe

(SO4)
2�) interfering with the reduction of Fe(III) to Fe(II) that is required to sustain

Fenton mechanism. The inorganic anions scavenge the hydroxyl radicals to generate
inorganic radicals (Cl•, SO4

-•, and CO3
•-) which, in turn, react with the organic

contaminants, albeit at a slower rate [5]. SO4
-• have recently gained great attention

due to the high redox potential [52], reacting preferentially through an electron
transfer mechanism. Phosphate is a specific case as it can precipitate the iron catalyst
as iron(III) phosphate in a wide range of pH.

In conclusion, conventional Fenton or Fenton at circumneutral pH seems to be
not suitable for PhACs removal in UWWE. Other available processes based on
electrochemical processes [53] would be also disregarded due to a lack of efficiency
(and therefore high costs) with usual UWWE due to the low salt content
(0.9–2.2 mS/cm conductivity). Therefore, other research line has been explored
and are now hot topics in Fenton and Fenton-like processes: zero-valent iron
(ZVI) and application of chelating agents to form complexes with Fe and permit
Fenton reaction at high pH.

The use of waste-metallic iron shavings instead of commercial ZVI powders
showed promising results for the elimination of PhACs [54] but always after
activation by immersion in acid solution to remove the surface layer of the oxidized
iron (Fig. 3).

It has been demonstrated the negligible effect of the air/ZVI system for the
treatment of the wastewater, unlike the promising results reported in the degradation
of model pollutants. It is clear the significant role of both ZVI and H2O2 together in
the reaction system. The formation of iron oxides supported on the metallic iron
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surface (Fig. 3b) is plausible at circumneutral pH, which would also reduce the
presence of the iron species in the treated aqueous solution [55].

Many chelating agents presented important drawbacks to be applied for PhACs
removal in UWWE. Carboxylic acids (citric acid, oxalic acid) add an important extra
dissolved organic carbon and reduced final pH; humic substances resulted in low
degradation rates due to the quite low amount (few mg/L) that can be found in
UWWE. Therefore, it is required extracting and concentrating actions from water
which is not easy and does not fulfill the “lowest-cost” principle.
Aminopolycarboxylic acids (APCAs) act similarly to polycarboxylic acids, and
they are used widely in domestic products, industrial applications, and soil remedi-
ation. APCAs contain several carboxylate groups linked to one or more nitrogen
atoms and can chelate metal ions by forming one or more heteroatomic rings around
the ions [56].

EDTA, as one of the most common APCAs, has been used widely. However, the
concern about the potential of toxicity and low biodegradability makes it a persistent
organic pollutant and limits its applicability as iron chelate [57] for treatment of
UWWE by Fenton processes. EDDS (ethylenediaminedisuccinic acid) is a structural
isomer of EDTA and is reported to have metal-complexing properties similar to
EDTA [58]. Complete and rapid biodegradation of [S,S]-EDDS
(SS-ethylenediaminedisuccinic acid) has been described in many environmental
matrices as water [59] and soil [60], being easily biodegraded by activated sludge
[61]. Therefore, [S,S]-EDDS is safe when used as Fe-chelating agent during Fenton
treatment of UWWE. Currently, 80% of fertilizers used in agriculture are synthetic
iron chelates. In addition, the effect of the sub-products generated by photodecom-
position has been previously investigated resulting non-toxic for crops [62]. There-
fore, its use as a possible iron chelate for wastewater treatment and further reuse in
agriculture seems to be a plausible option.

The removal of PhACs in the EDDS-driven Fenton reaction was successful at pH
between 8 and 9 [63]. Therefore, that of EDDS application may be limited by its
rapid reaction with •OH that involves the decomposition of EDDS and the decrease
in efficiency of Fenton process. It is important to highlight that the treatment of
several grams of PhACs per cubic meter of UWWE should be achieved in just a few

Fig. 3 Waste-metallic iron
with Fe0 inside (a).
Formation of iron oxides
supported on the metallic
Fe0 surface at circumneutral
pH (b)
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minutes to be an alternative to the previously mentioned BAT. In conclusion, it
would be possible to apply EDDS-iron complex only in these circumstances.

4 UV/Peroxide Processes

4.1 Fundamentals

The system UV/hydrogen peroxide (UV/H2O2) is one of the most extensively
studied AOPs for the removal of water pollutants, both chemical and biological
[64, 65]. In this case, the generation of the •OH comes from the photolysis of the
hydrogen peroxide, specifically through the cleavage of the peroxide bond (O-O).
Baxendale and Wilson [66] reported the formation of two hydroxyl radicals per
absorbed photon with a quantum yield close to 1.0 at 254 nm according to reaction
11:

H2O2 !hν 2 •OH,ϕ254nm ¼ 1:0 mol Einstein�1 ð11Þ

The photolysis of H2O2 is controlled by certain parameters such as H2O2 con-
centration, UV-C dose, UV wavelength, pH, and alkalinity of water. The optimal
control of these parameters allows maximizing the efficiency of the treatment.
Obviously, the increase of the UV dose leads to an increase in the efficiency of the
generation of •OH. In contrast, the concentration of H2O2 is a critical parameter.
Since the molar absorption coefficient of H2O2 is low (ε254nm ¼ 18.6 M�1 cm�1), a
high concentration is required to absorb a significant fraction of UV in the range of
200–300 nm (the maximum absorbance of hydrogen peroxide is around 220 nm).
However, excessive dosage can cause scavenging of •OH according to the reactions
(12)–(14):

•OHþ H2O2 ! HO •
2 þ H2O ð12Þ

HO •
2 þ H2O2 ! •OHþ H2Oþ O2 ð13Þ
HO •

2 þ HO •
2 ! H2O2 þ O2 ð14Þ

Besides, the activation of H2O2 is affected by the UV transmittance of the
medium, or in other words, the effectiveness of UV/H2O2 process is susceptible to
water matrix. Alkaline pH favored the process, as the molar absorption coefficient of
the HO2

� conjugate base is much higher (ε254nm ¼ 240 M�1 cm�1), improving
significantly the efficiency of the photon absorption step. However, water alkalinity
strongly affects the yield of the process, as carbonates and bicarbonates present act as
•OH scavengers (reactions 15 and 16), reducing the net availability of •OH for the
degradation of pollutants:
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•OHþ CO2�
3 ! OH� þ CO •�

3 k ¼ 2� 108 M�1 s�1 ð15Þ
•OHþ HCO�

3 ! OH� þ HCO •
3 k ¼ 1:5� 107 M�1 s�1 ð16Þ

Among the advantages of the UV/H2O2 processes for the removal of chemical
pollutants, it can be mentioned that their degradation might occur also via direct
photolysis and the possibility of carrying out the simultaneous disinfection of water
by the damages produced by the UV-C on the DNA of microorganisms [67]. In
addition, the design of the treatment facilities is simple [68], and existing facilities
can be adapted [69], taking advantage of the high degree of maturity and widely full-
scale application of UV disinfection processes. Moreover, UV/H2O2 minimizes the
formation of by-products, as trihalomethanes (THMs) and haloacetic acids (HAAs)
generated as a consequence of reaction of chlorine used as oxidant with natural
organic matter (NOM) [70]. Finally, UV/H2O2 is an AOP with a relative low cost if
it is compared with other advanced treatments. This low cost gives it great versatil-
ity, being useful as a single or complementary treatment to other treatments (coupled
with filtration processes, adsorption, etc.) [70–72]. The cost of the UV/H2O2 process
is associated with the intensity required from the UV lamps and their low energy
efficiency [69]. The introduction of UV-LED lamps promises to reduce the associ-
ated costs, although now they are not competitive because of the associated cooling
costs [73].

As main limitations of the process, it can be mentioned the strong sensitivity of
the efficiency to water turbidity, reducing UV transmittance, and water matrix
effects, especially radical scavenging substances. For this reason, the application
of this technology is especially of interest as a tail-end technology treating the final
effluent before discharge. It is also worth noting that H2O2 is a powerful oxidizing
substance, so its handling and storage require some specific precautions.

Recently, the scientific community has focused their interest in the application of
a modification of UV/H2O2 system, based on substituting the H2O2 by persulfate
salts as sodium or potassium persulfate and potassium peroxymonosulfate [74]. The
substantial difference with UV/H2O2 system is the additional generation of sulfate
radicals, with a comparable redox potential to hydroxyl radicals
(2.5–3.1 V vs. 1.8–2.7 V for SO •�

4 and •OH, respectively) [75]. The reactions 17
and 18 show the generation of hydroxyl and/or sulfate radicals by cleavage of the
O-O bond of persulfate (PS) and peroxymonosulfate (PMS) anion [76]:

S2O
2�
8 !hν 2SO •�

4 , ϕ254nm ¼ 1:4 mol=Einstein ð17Þ

HSO�
5 =SO

2�
5 !hν SO •�

4 þ •OH,ϕ254nm ¼ 1:04 mol=Einstein ð18Þ

These treatment systems are as simple to apply as UV/H2O2, with the only
difference that persulfate salts are solids and hydrogen peroxide is liquid. In both
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cases, the oxidizing character of both substances forces precautions for storage and
handling.

4.2 Removal of PhACs from Wastewaters by UV/H2O2

As it has been previously mentioned, the UV/H2O2 process is a promising technol-
ogy with a high level of maturity thanks to the extensive bench-scale studies carried
out during the last decades. However, the study of the process continues nowadays
due to the current challenges and associated human risks, such as the formation of
by-products [77], the presence of substances of emerging concern [78], and antibi-
otic resistance genes [79].

The high level of bench-scale tests of the UV/H2O2 system has helped through the
scaling up of pilot- and even full-scale application, as a feasible technology for the
removal of PhACs. Along this section, it will be shown the state of the art about
pilot- and full-scale application of UV/H2O2 system for the removal of PhACs and
other micropollutants or emerging concern. Table 2 summarizes recent reports about
the application of UV/H2O2, UV/PS, and UV/PMS processes at pilot scale, whereas
Table 3 summarizes some recent studies at full scale. As it can be observed, there is
an important variety of working conditions in the presented researches, such as
different water matrices, working pH, UV dose, concentration of hydrogen peroxide,
flow rates, kind of reactor, or even the studied PhACs, making difficult the direct
comparison of the results. Nevertheless, there is a common trend, that is, the use of
UV/H2O2 system as a final step in a tertiary treatment in a wastewater treatment
plant, in some cases treating directly the effluent after the secondary treatment and in
other cases treating the effluent after some previous stages as microfiltration, ultra-
filtration, reverse osmosis, adsorption, etc. Besides, there is a common pattern in
most of the cases, which is the comparison of the process with other AOPs, including
UV/Cl2 system.

Miklos et al. [68] reported the viability of applying UV-C/H2O2 as a tertiary
treatment for municipal wastewater, studying the removal efficiency of this technol-
ogy over 15 different organic pollutants occurring at trace level in UWWE. The
study included the optimization of working conditions at bench scale and the scaling
up at pilot scale. Using a dose of 10 mg/L of hydrogen peroxide, these authors
reported the UV-C/H2O2 system as a successful option to remove water PhACs.
Between the most important remarks, they pointed out the important variations of
•OH exposure as a consequence of the fluctuations on nitrite concentration and the
scavenging effect of substances in water. A common feature in most of the studies is
the significant differences in the removal efficiency depending on the specific
substance, as a direct consequence of their chemical structure and properties. For
instance, Miklos et al. [68] reported the total removal of diclofenac (DCF) but a null
efficiency over tris(2-carboxyethyl)phosphine (TCEP).

On the other hand, Zhang et al. [70] reported the comparison between UV/H2O2,
UV/free chlorine, and UV/chloramines in the removal of 0.5 log units of 1,4-dioxane

286 J. Marugán et al.



T
ab

le
2

S
um

m
ar
y
of

re
ce
nt

pi
lo
t-
sc
al
e
U
V
/H

2
O
2
st
ud

ie
s
fo
r
th
e
re
m
ov

al
of

P
hA

C
s
an
d
ot
he
r
m
ic
ro
po

llu
ta
nt
s
in

di
ff
er
en
t
w
at
er

m
at
ri
ce
s

R
ef
er
en
ce

L
oc
at
io
n

W
at
er

m
at
ri
x

[O
xi
da
nt
]

pH
O
pe
ra
tio

n
m
od
e

R
ea
ct
or

ch
ar
ac
te
ri
st
ic
s

U
V
do
se

F
lo
w

ra
te

(m
3
/h
)

R
ea
ct
or

vo
lu
m
e

(L
)

P
ol
lu
ta
nt
s

Y
ie
ld

(%
)

S
ar
at
hy

et
al
.[
80

]
C
an
ad
a

S
ur
fa
ce

w
at
er

H
2
O
2
¼

10
m
g/
L

N
.S
.

C
on
tin

uo
us

T
ro
ja
n

U
V
S
w
if
t

4L
12

T
ro
ja
n

U
V
P
ho
x

8A
L
20

N
.S
.

M
P

re
ac
to
r:

22
–
65

L
P

re
ac
to
r:

11
–
22

N
.S
.

N
at
ur
al
or
ga
ni
c

m
at
te
r

>
58
%

S
ic
he
l

et
al
.[
81

]
G
er
m
an
y

T
ap

w
at
er

H
2
O
2
¼

5
m
g/

L
7

C
on
tin

uo
us

W
T
L
40
,8

0,
an
d
20
0,

S
ie
-

m
en
s
A
G

N
.S
.

0.
25

N
.S
.

B
T
A
,T

T
A
,

D
E
A
,C

B
Z
,

S
M
X
,D

C
F
,

IP
M

50
–
10
0%

L
es
te
r

et
al
.[
82

]
B
ou
ld
er

(U
S
A
)

S
ec
on
da
ry

ef
fl
ue
nt

w
as
te
w
at
er

H
2
O
2
¼

10
m
g/
L

N
.S
.

C
on
tin

uo
us

T
ro
ja
n
10
0
W

L
P

T
ro
ja
n
40
0
W

M
P

75
0
m
J/
cm

2

1,
50
0
m
J/
cm

2
0.
11

–

0.
23

N
.S
.

S
C
L
,L

M
T
,

G
M
B
,C

L
A
R
,

A
T
N
,2

,4
-D

,
C
B
Z
,M

T
P
,

T
M
P
,V

E
N
,

D
P
D

75
0
m
J/

cm
2
:1

8–
54
%

1,
50
0
m
J/

cm
2
:3

7–
71
%

C
hu

et
al
.

[8
3]

S
in
ga
po
re

F
re
sh

w
at
er

H
2
O
2
¼

0.
5–

10
m
g/
L

6.
3

C
on
tin

uo
us

T
ro
ja
n

U
V
S
w
if
t

4
M
P
U
V

la
m
ps
;
ea
ch

of
3
kW

N
.S
.

40
–
60

N
.S
.

B
P
A
,E

2,
P
F
O
A
,P

F
O
S
,

N
D
M
A
,D

C
F

45
–

10
0%

,
ex
ce
pt

fo
r

P
F
O
S

an
d

P
F
O
A
,5
–

20
%

M
ir
al
le
s-

C
ue
va
s

et
al
.[
84

]

A
lm

er
ía

(S
pa
in
)

S
im

ul
at
ed

fr
es
h
w
at
er

H
2
O
2
¼

10
,

25
,a
nd

50
m
g/
L

P
S
¼

10
,

25
,a
nd

50
m
g/
L

N
.S
.

C
on
tin

uo
us

3
U
V
-C

la
m
ps
,2

30
W

11
5
W
/m

2

(2
54

nm
)

1.
2

5.
21

A
P
,C

F
N
,C

B
Z
,

C
P
X
,S

M
X

65
–
99
%

(c
on

tin
ue
d)

Removal of Pharmaceutically Active Compounds (PhACs) in Wastewater by Ozone and. . . 287



T
ab

le
2

(c
on

tin
ue
d)

R
ef
er
en
ce

L
oc
at
io
n

W
at
er

m
at
ri
x

[O
xi
da
nt
]

pH
O
pe
ra
tio

n
m
od
e

R
ea
ct
or

ch
ar
ac
te
ri
st
ic
s

U
V
do
se

F
lo
w

ra
te

(m
3
/h
)

R
ea
ct
or

vo
lu
m
e

(L
)

P
ol
lu
ta
nt
s

Y
ie
ld

(%
)

S
ar
as
id
is

et
al
.[
85

]
T
he
ss
al
on
ik
i

(G
re
ec
e)

T
ap

w
at
er

H
2
O
2
¼

10
–

80
m
g/
L

7.
8

C
on
tin

uo
us

P
U
R
O

4S
,

4
U
V
-C

la
m
ps

N
.S
.

0.
02
7

15
D
C
F

10
0%

K
ry
st
yn
ik

et
al
.[
86

]
C
ze
ch

R
ep
ub
lic

G
ro
un
dw

at
er

H
2
O
2
¼

2
m
M
/h

7.
62

C
on
tin

uo
us

T
U
V

U
V
C

T
L
-D

36
W

G
13

P
hi
lip

s

N
.S
.

1.
27

42
.4

T
C
E
,P

C
E

10
0%

M
ik
lo
s

et
al
.[
68

]
M
un
ic
h

(G
er
m
an
y)

S
ec
on
da
ry

ef
fl
ue
nt

w
as
te
w
at
er

H
2
O
2
¼

10
m
g/
L

N
.S
.

C
on
tin

uo
us

W
E
D
E
C
O

L
B
X

90
e

W
E
D
E
C
O

L
B
X

10

80
0
m
J/
cm

2

(2
54

nm
)

L
B
X

90
e:
35

L
B
X

10
:
11

L
B
X

90
e:
45

L
B
X

10
:
13

D
C
F
,I
O
P
,

S
M
X
,C

L
I,

T
R
A
,B

Z
N
,

V
E
N
,S

O
T
,P

R
I,

C
B
Z
,G

B
P
,

T
C
E
P

44
–

99
.6
%

1–
90
%

1–
81
%

B
ar
es
el

et
al
.[
87

]
S
to
ck
ho
lm

(S
w
ed
en
)

W
as
te
w
at
er

H
2
O
2
¼

10
–

50
m
g/
L

6.
8–

7
C
on
tin

uo
us

V
an

R
em

m
en

U
V

T
ec
hn
ol
og
y

3,
00
0–

10
,0
00

m
J/
m

2

(2
54

nm
)

1–
2

50
S
um

of
ph
ar
m
ac
eu
tic
al
s

50
–
80
%

R
od
rí
gu
ez
-

C
hu
ec
a

et
al
.[
74

]

M
ad
ri
d

(S
pa
in
)

S
ec
on
da
ry

ef
fl
ue
nt

w
as
te
w
at
er

H
2
O
2
;P

S
an
d

P
M
S
¼

0.
01
–

5
m
M

7.
23

C
on
tin

uo
us

P
hi
lip

s
T
U
V

P
L
-L

95
W
/4

P
H
O

1C
T
/2
5

5.
7–

57
J/
L

0.
06

–

0.
6

0.
47

D
C
F
,I
B
P
,

S
M
X
,C

B
Z
,

A
T
N
,S

M
Z
,

A
T
Z
,T

C
S
,

C
F
N
,S

C
L

23
–
10
0%

W
ün
sc
h

et
al
.[
88

]
G
er
m
an
y

R
hi
ne

ri
ve
r

H
2
O
2
¼

4
m
g/
L

8.
1
�

0.
1

C
on
tin

uo
us

N
.S
.

6,
00
0
m
J/
m

2

(2
54

nm
)

N
.S
.

N
.S
.

E
D
T
A
,A

C
E
,

IP
A
,I
M
E
,M

E
T
,

B
T
Z
,I
P
R

10
–
95
%

Z
ha
ng

et
al
.[
70

]
F
ou
nt
ai
n

V
al
le
y

(U
S
A
)

P
er
m
ea
te

re
ve
rs
e

os
m
os
is

H
2
O
2
¼

3.
1–

6.
2
m
g/
L

5.
7
an
d
7

C
on
tin

uo
us

T
ro
ja
n
25
7
W

L
P
H
O

�1
,0
00

m
J/

cm
2
(2
54

nm
)

1.
33

9.
7

1,
4-
D
io
xa
ne

65
–
78
%

N
.S
.,
N
ot

sp
ec
ifi
ed

288 J. Marugán et al.



T
ab

le
3

S
um

m
ar
y
of

re
ce
nt

fu
ll-
sc
al
e
U
V
/H

2
O
2
st
ud

ie
s
fo
r
th
e
re
m
ov

al
of

P
hA

C
s
an
d
ot
he
r
m
ic
ro
po

llu
ta
nt
s
in

di
ff
er
en
t
w
at
er

m
at
ri
ce
s

R
ef
er
en
ce

L
oc
at
io
n

W
at
er

m
at
ri
x

pH
O
pe
ra
tio

n
m
od
e

R
ea
ct
or

ch
ar
ac
te
ri
st
ic
s

[O
xi
da
nt
]

U
V

do
se

F
lo
w

ra
te

(m
3
/h
)

R
ea
ct
or

vo
lu
m
e

(L
)

P
ol
lu
ta
nt
s

Y
ie
ld

(%
)

W
an
g
et
al
.

[8
9]

C
or
nw

al
l

(C
an
ad
a)

S
t.
L
aw

-
re
nc
e

R
iv
er

6.
5,

7.
5,

an
d
8.
5

C
on
tin

uo
us

T
ro
ja
n

U
V
S
w
if
t

8
L
24

H
2
O
2
¼

1,
2.
9,

4.
8
m
g/
L

2,
00
0
�

15
0
m
J
cm

�
2

(2
00
–
40
0
nm

)
36
0

72
0

G
eo
sm

in
,

M
IB
,C

F
N

93
%

fo
r

ge
os
m
in
;

83
%

fo
r

M
IB
;

77
%

fo
r

C
F
N

R
od
rí
gu
ez
-

C
hu
ec
a

et
al
.[
69

]

T
ol
ed
o

(S
pa
in
)

S
ec
on
da
ry

ef
fl
ue
nt

w
as
te
w
at
er

7.
17

�
0.
04

C
on
tin

uo
us

W
E
D
E
C
O

L
B
X
40
0e

H
2
O
2
;
P
S

an
d
P
M
S

¼0
.0
5–

0.
5
m
M

42
–
17
0
J/
L

28
,

75
,1

14
14
0

L
D
C
,T

R
A
,

O
D
T
,V

L
X
,

N
V
N
F
,

C
B
Z
,

O
C
B
Z
,

M
IR
,G

B
P
,

M
E
T
O
,

S
F
X
,B

T
R
,

T
T
,D

E
E
T
,

T
B
Y
,T

C
E
P
,

T
C
P
P
,T

P
P
,

H
H
C
B
,

H
H
C
B
-I
,

H
H
C
B
-I
I,

A
H
T
N
,

A
T
II
,O

T
N
E

A
ve
ra
ge

re
m
ov
al

of
48
%

w
ith

P
M
S
;

55
%

w
ith

H
2
O
2

W
et
te
ra
u

et
al
.[
72

]
C
al
if
or
ni
a

(U
S
A
)

P
er
m
ea
te

re
ve
rs
e

os
m
os
is

5.
6

C
on
tin

uo
us

T
ro
ja
n

30
A
L
50

U
V
P
ho
x

T
ro
ja
n

72
A
L
75

U
V
P
ho
x

H
2
O
2
¼

1–
4
m
g/
L

N
.S
.

56
8–

94
7

N
.S
.

1,
4-
D
io
xa
ne

1.
2
lo
g

R
od
rí
gu
ez
-

C
hu
ec
a

et
al
.[
90

]

T
ol
ed
o

(S
pa
in
)

S
ec
on
da
ry

ef
fl
ue
nt

w
as
te
w
at
er

7.
17

�
0.
04

C
on
tin

uo
us

W
E
D
E
C
O

L
B
X
40
0e

H
2
O
2
;
P
S

an
d
P
M
S

42
–
17
0
J/
L

28
,

75
,1

14
14
0

A
nt
ib
io
tic
s

(A
B
):
A
Z
T
,

C
L
A
R
,

A
B
:

av
er
ag
e

re
m
ov
al

(c
on

tin
ue
d)

Removal of Pharmaceutically Active Compounds (PhACs) in Wastewater by Ozone and. . . 289



T
ab

le
3

(c
on

tin
ue
d)

R
ef
er
en
ce

L
oc
at
io
n

W
at
er

m
at
ri
x

pH
O
pe
ra
tio

n
m
od
e

R
ea
ct
or

ch
ar
ac
te
ri
st
ic
s

[O
xi
da
nt
]

U
V

do
se

F
lo
w

ra
te

(m
3
/h
)

R
ea
ct
or

vo
lu
m
e

(L
)

P
ol
lu
ta
nt
s

Y
ie
ld

(%
)

¼0
.0
5–

0.
5
m
M

C
P
F
X
,O

F
X
,

S
M
X
,S

F
D
,

S
F
P
,T

M
P
,

M
T
Z
,C

L
I

A
nt
ib
io
tic

re
si
st
an
ce

ge
ne
s

(A
R
G
):

in
tI
1,

su
l1
,

su
l2
,

bl
aO

X
T
,

bl
aT

E
M
,

qn
rS

of
29
%

w
ith

P
M
S
;

36
%

w
ith

H
2
O
2

A
R
G
:

av
er
ag
e

re
m
ov
al

of
0.
31

lo
g
w
ith

P
M
S
;

0.
55

lo
g

w
ith

H
2
O
2

W
an
g
et
al
.

[7
1]

M
is
si
ss
au
ga

(C
an
ad
a)

U
F

ef
fl
ue
nt

6.
5
an
d
8

C
on
tin

uo
us

T
ro
ja
n

U
V
S
w
if
t

E
C
T
16
L
30

H
2
O
2
¼

5–
10

m
g/
L

16
m
ed
iu
m
-p
re
ss
ur
e

la
m
ps

(1
2.
3
kW

).
T
hr
ee

U
V
ba
lla
st

po
w
er

le
ve
ls
(5
0,

70
,

an
d
10
0%

)

62
5

31
6

S
C
L
,C

F
N
,

D
B
P

(T
H
M
s,

H
A
A
,a
nd

A
O
X
)

A
t

pH
6.
5,

0.
3–

1
lo
g;

at
pH

8,
0.
2–

0.
8

lo
g

N
.S
.,
N
ot

sp
ec
ifi
ed

290 J. Marugán et al.



(1,4-D) to regenerate wastewater, as well as the assessment of the generation of
disinfection by-products (DBPs). Their main conclusion is that the UV/free chlorine
system is the most efficient at pH 5.7, while at pH 7, because of the scavenging
caused by the OCl�, the most efficient treatment was UV/H2O2. In any case, the
UV/free chlorine system achieved a cheaper cost than UV/H2O2 and
UV/chloramines treatments, and the generation of DBPs was similar in all the
cases but promoting the generation of different substances. Other authors, as Baresel
et al. [87], also reported a good efficiency of UV/H2O2 in removing micropollutants
but confirm that they are still not economically competitive regarding other technol-
ogies such as ozonation or activated carbon.

Miralles-Cuevas et al. [84] compared from the economical point of view the
application of UV/H2O2 using UV-C and solar radiation. They concluded that the
main contribution to the operating costs comes from reagents and electricity from
lamps operation. However, according to their results, the main difference between
using solar and UV systems on the removal of PhACs is the optimal concentration of
the oxidant. Rodríguez-Chueca et al. [74] compared the efficiency of UV/H2O2 with
modification treatments using PS and PMS as oxidants with very low residence
times. In general, the use of PMS and PS as oxidants led to higher removal yield than
using hydrogen peroxide. Both persulfate anions allowed to reach the total removal
of some PhACs under the most demanding operating conditions. Just the removal of
sucralose (SCL) was more effective by using H2O2.

Other authors, such as Sarasidis et al. [85], studied the efficiency of UV/H2O2 to
regenerate powdered activated carbon (PAC) used on the removal of PhACs. With
promising results on the removal of DCF, the authors proposed a further investiga-
tion on the mechanisms of regeneration of PAC because it involves adsorption,
desorption, and oxidation. Some authors reported the use of UV/H2O2 on the
treatment of fresh surface water, as it is the case of Wünsch et al. [88], studying
the impact of a UV/H2O2 before soil aquifer treatment (SAT). They assessed the
efficiency on the abatement of different PhACs and other micropollutants present in
Rhine river water, using a pilot plant consisting of a UV-C reactor and two parallel
soil columns. These coupled systems enhanced the removal of micropollutants by an
additive effect of the unit processes. However, in almost all cases, the UV/H2O2

system is responsible for the abatement of the studied micropollutants, being only
the metformin primarily abated by SAT.

The disadvantages reported by some authors in terms of efficiency and cost of
UV/H2O2 in comparison with other AOPs have slowed down the implementation of
technology on a full scale. Despite this, there are reports about the application of
UV/H2O2 at full-scale, in some cases as research studies, but in others in real water
facilities using this technology in the removal of PhACs and other micropollutants
(Table 3). For instance, Wang et al. [71] compared the efficiency of UV/H2O2 and
UV/Cl2 on the removal of micropollutants in water adapting the tertiary treatment of
the Lorne Park Water Treatment Plant in Canada. Both AOPs were applied over the
permeate of the filtration step. The conclusions obtained are quite similar to the
ones showed by Zhang et al. [70] at pilot scale. At pH 6.5, the generation of •OHwas
almost twice by UV/Cl2 than UV/H2O2, but at pH 8.0, •OH formation was
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negligible during UV/Cl2 system. Similar conclusions comparing UV/Cl2 and
UV/H2O2 were reached by other authors, such as Wang et al. [89] applying the
technologies in the Cornwall Water Purification Plant (Canada) and Wetterau et al.
[72] in WRD Leo J. Vander Lans Advanced Water Treatment Facility in California
(USA). In this last case, Wetterau et al. [72] pointed that the same level of
1,4-dioxane reduction can be achieved with UV/Cl2 at roughly one-third the dose
as UV/H2O2, reducing the use of reagents or the size of the UV reactor.

Finally, Rodríguez-Chueca et al. [69] modified the tertiary treatment of municipal
wastewater treatment plant in Toledo (Spain) to test different UV-driven AOPs in the
existing UV-C equipment. Among them, UV/H2O2, UV/PMS, and UV/PS were
tested using different flow rates, or in other words different UV-C doses and UV-C
contact time. In general, photolysis of H2O2 and PMS led to similar results consid-
ering the average removal of the sum of the studied micropollutants, with a slightly
higher performance using H2O2 (55% with H2O2 vs. 48% with PMS). These results,
together with the lower cost of H2O2, made UV/H2O2 more attractive than the use of
PMS for the removal of micropollutants. In a similar study, Rodríguez-Chueca et al.
[90] analyzed the removal of antibiotics and antibiotic resistance genes from the
effluents. In general, the addition of the oxidants improved significantly the effi-
ciency of the removal of the antibiotics in comparison with the UV alone. However,
the removal of antibiotic resistance genes was maximum when only UV is dosed,
without oxidants. This fact suggested a compromising situation because the highest
antibiotics removal corresponded to the lowest removal of genes. The reason is that
the generation of hydroxyl and sulfate radicals, triggered by light absorption of the
oxidants, actually reduces the availability of photons for the direct damages on the
DNA. Consequently, although in theory both processes can take place simulta-
neously, to achieve a high efficiency in the removal on the PhACs and the antibiotic
resistance genes, much higher UV doses have to be used.

5 Concluding Remarks

In this chapter the fundamentals of several advanced oxidation processes for the
removal of PhACs in urban wastewater effluents have been summarized, remarking
that the most suitable oxidation technique would depend mainly on the water matrix
and the final use of the effluent.

Nowadays, O3, O3/H2O2, and UV/H2O2 treatments constitute good options to
succeed in the removal of PhACs as tertiary treatments in municipal wastewaters.
Modified processes such as catalytic ozonation or the use of alternative peroxides are
under study.

Applying conventional Fenton at acidic pH to urban wastewater effluents would
dramatically increase effluent salinity, environmental impact, and treatment costs
disregarding it as an option for PhACs removal from this type of effluents. Many
iron-chelating agents (carboxylic acids, humic substances, EDTA) to operate
Fenton-like processes at circumneutral pH presented important drawbacks to be
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applied for PhACs removal in UWWE. EDDS appears as a possible iron chelate for
UWWE treatment, and further reuse in agriculture seems to be a plausible option if
the treatment would be completed in just a few minutes. Modifications of Fenton and
Fenton-like processes at circumneutral pH are under study in many research labs, but
they are still far away from their application.

Independently on the oxidation treatment used to remove PhACs, it should be
considered the potential formation of by-products during the oxidative treatment.

Treating urban wastewater effluents for removal of PhACs should be mild,
minimizing the use of additional chemicals, and economically competitive with
best available technologies as ozonation and adsorption on active carbon, reported
to range between 0.10 and 0.15 €/m3.
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Abstract Most advanced oxidation processes (AOPs) are based on combination of
oxidants, catalysts and radiation. Main disadvantages of these processes are their
high energy consumption and operation costs. The use of solar radiation could be a
way to overcome these drawbacks, but only two processes fit with this approach:
heterogeneous photocatalysis with semiconductors and homogeneous photocatalysis
through photo-Fenton-like processes. Solar AOPs (SAOPs) present special interest
for the degradation of pharmaceutically active compounds (PhACs) as they can be
easily adapted to comply with fundamental principles of green chemistry. This
chapter states the main concepts of (1) solar semiconductor photocatalysis including
its management with specific solar photoreactors; (2) solar photo-Fenton processes
application, with special emphasis in circumneutral pH operation, for PhAC elimi-
nation; (3) optimized treatment validation under actual conditions with sensitive and
selective analytical approaches; and (4) finally photoreactor modelling as a key tool
to integrate the effect of temperature, PhAC concentration and radiation absorption
in kinetics for a proper prediction of treated volume of water per unit of photoreactor
surface and time.

Keywords Kinetic modelling, Photocatalysis, Photo-Fenton, Photoreactor, Solar
treatment

1 Introduction

Most advanced oxidation processes (AOPs) are based on combination of oxidants
(O3/H2O2), oxidant and catalysts (Fe2 +/H2O2), oxidant and radiation (UV/H2O2) or
radiation and catalysts (UV/TiO2), although there are AOPs that combine all of the
above with other processes [1]. One of the main disadvantages of these processes is
their high energy consumption, mainly electrical, which makes them economically
demanding. One of the strategies to reduce costs is their combination with other
technologies, or the use of renewable energies, as solar radiation. In addition,
advances in photoreactors, modelling, modes of operation and control strategies
can reduce costs [2]. SAOPs are “near ambient temperature and pressure water
treatment processes driven by solar energy which involve the generation of hydroxyl
radicals in sufficient quantity to effective water purification”, using an adaption of
the pioneer definition made by [3].

Nowadays, there are two processes that can be carried out with solar energy:
heterogeneous photocatalysis with semiconductors and homogeneous photocatalysis
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through photo-Fenton-like processes. Both are catalytic, which represents a certain
advantage by compensating the consumption of reagents as in other AOPs. In the
case of heterogeneous photocatalysis, TiO2 is, currently, the most effective catalyst,
as is discussed in Sect. 2 of this chapter. In photo-Fenton-like processes, iron no
longer acts based on its aquacomplexes, and H2O2 is even replaced by other oxidants
[4], as is discussed in Sect. 3. In this sense, literature on SAOPs and their applica-
tions have experienced an exponential growth in recent years and today are remark-
ably active and productive research fields within the scope of environmental
chemistry and engineering. Evidence of this productivity includes the large number
of related research works published recently. For example, in between 2010 and
2019, a search of SAOPs topic on the Scopus database returned more than 13,500
entries. These numbers have been continuously increasing since 1996 (26 entries) up
to >2,500 (2019). This demonstrates the worldwide interest in this research field
with multiple applications including PhAC treatment in water.

SAOP technology and equipment have much in common with solar thermal
applications. Consequently, reactors and other components of the photocatalytic
plants initially followed the design of solar thermal collectors, such as parabolic
trough collectors or non-concentrating collectors [5]. However, from the first devel-
opments, their non-feasibility was shown [6] due to the following issues: (1) the fluid
must be exposed to solar UV radiation, so the absorber must be transparent, (2) high
temperature (>50�C) must be avoided, and (3) SAOPs must capture only short
wavelength radiation (UVA and part of visible radiation) to promote photoreactions.
Note that the concentration factor, RC, is the ratio between the area of the collector
and the absorber. Therefore, in SAOPs, RC ¼ 1 is required. Finally, such collectors
must be simple and inexpensive and work with little pressure drop. In this way, the
use of tubular absorbers (photoreactors) has clear advantages, and they are available
in different sizes and materials, being the most obvious choice in systems that work
under pressure conditions.

SAOPs present special interest for degradation of PhACs in secondary effluents
from municipal wastewater (WW) treatment plants (MWWTPs) as they can be easily
adapted to comply with many of the 12 fundamental principles of green chemistry.
Anastas and Eghbali [7] reviewed 10 years ago those principles in the work entitled
“design of chemical products and processes to reduce or eliminate the use and
generation of hazardous substances”. This definition and the concept of green
chemistry were first formulated at the beginning of the 1990s [8]. SAOPs cover
9 of 12 fundamental principles of green chemistry: (1) prevent waste, (2) generate
substances with little or no toxicity to human health and the environment, (3) do not
use auxiliary substances (e.g. solvents, separation agents, etc.), (4) minimize energy
requirements, (5) do not use derivatization steps, (6) are catalytic, (7) use chemicals
that are recovered at the end of their function (catalysts) and they do not persist in the
environment (or break down into innocuous degradation products as H2O2),
(8) could be controlled by real-time monitoring and, finally, (9) are safe (near
ambient temperature and pressure, not hazardous chemicals are used).

Since the pioneering work on SAOP cost comparison published by Bauer et al.
[9], the studies related to SAOP costs are normally based on data obtained at
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laboratory or pilot plant scale. Although the final goal is always the possible
industrial implementation, little information is found about the cost involved at
such a scale. There is a need for unification of cost assessment criteria that would
help in the comparison of results obtained by different research groups as well as
cost scaling-up [10]. Photo-Fenton system seems to be the one that provides the best
reaction rates when treating WW containing organic contaminants, thus requiring
photoreactors with lower volume and lower economic investments. Although the
best performance of solar photo-Fenton process compared to solar heterogeneous
photocatalysis might not be a universal rule, a huge body of published works clearly
point towards the existence of faster reaction rates for the photo-Fenton system [2].

Muñoz et al. [11] compared solar photo-Fenton and heterogeneous photocatalytic
processes by using Life Cycle Assessment (LCA) showing less environmental
impact from the former. LCA is thus increasingly important to understand the
environmental impact of implementing any SAOP and for comparing alternative
SAOPs with different processes [12]. Indeed, LCA applied to SAOP in combination
with other technologies could substantially help in taking decisions for the efficient
removal of PhACs [13]. The first step in a LCA is the definition of the main goal (for
instance, environmental impact related to each m3 of treated secondary effluents
from MWWTPs). The inventory analysis step involves data collection to quantify
system inputs and outputs, that is, evaluation of raw materials, energy consumption
and pollutant production. The proposed methodologies have been demonstrated to
be valid tools for the analysis of cost and environmental consequences of SAOPs.
This would also help to inform future policy development on PhACs and their
elimination, which is currently in its infancy.

The efficiency of SAOPs for PhAC removal is deeply related to ambient condi-
tions, as it depends on solar irradiance and operation temperature. Therefore, it is
highly influenced by MWWTP location. In spite of their importance, the combined
effect of these variables on SAOPs has not been explored yet though lately some
interesting studies have been reported [14]. The feasibility of any SAOPs should be
based on two different scaling-up strategies for each location: one based on the
average ambient conditions and the other on the most unfavourable ambient condi-
tions, always monthly based. Different photoreactor sizes, treatment costs and LCA
would be obtained, being a not obvious decision.

Green chemistry constitutes a good framework for SAOPs, but the relative
“greenness” cannot be evaluated solely based on compliance with these principles,
due to their qualitative nature. LCA can be a better tool for environmental assess-
ment. Results and conclusions obtained by means of streamlined LCA studies based
exclusively on laboratory-derived data do not match correct conclusions. Detailed
LCA studies applied to SAOPs require at least demonstration projects in order to
supply enough quality data. Environmental impact of SAOPs increases in locations
where less solar radiation is available, due to the progressive increase in solar
collector area and water flow requirements. Therefore, the differences in environ-
mental impact among the different SAOPs and with regard to non-solar AOP or
conventional technology prevent from speaking about SAOPs as a group of “green”
technologies for PhAC elimination, unless the discussion is on particular options for
treating particular WWs.
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2 Solar Semiconductor Photocatalysis

Photocatalysis is based on the use of semiconductors able to promote electrons from
the valence band to the conduction band, by absorbing radiation of adequate
wavelength and with the sufficient energy to overcome the semiconductor bandgap.

The beginning of modern photocatalysis could be the work of Fujishima and
Honda [15], although titanium dioxide was used as an electrode and not as
suspended particles. The objective of the work was to obtain hydrogen from
water, which was the initial objective of photocatalysis with titanium dioxide during
the 1970s and until the mid-1980s [16, 17]. Since then, the number of works on the
subject has grown continuously. According to the Web of Science, introducing the
keywords photocatalysis-TiO2 and during the last 40 years (1980–2019), 27,011
works on the subject have been published. Using the keywords photocatalysis-TiO2-
drugs, the number of references is 1,265, and, delimiting with photocatalysis-TiO2-
solar-drugs, they are 301. All this indicates the impact of the topic focused on PhAC
elimination. In addition to the papers, numerous books have been published, as an
example the books of Ollis and Al-Ekabi [18] and Marcí and Palmisano [19] could
be cited, both show the evolution of photocatalysis, and the last one is very recent,
which indicates the topicality of the subject. Reviews also continue to appear
allowing for an update and a retrospective view of the state of the art [20–22].

Titanium dioxide is one of the most used semiconductors in photocatalysis
because it is cheap, stable and easy to obtain. Other semiconductors, such as zinc
oxide, iron oxide, etc., were also tested, but they gave worse results and presented
stability problems. A handicap of water photocatalysis for hydrogen production was
the low yield. It was tried to solve the problem by doping the catalyst with different
elements, mainly noble metals, favouring the charge separation and avoiding the
electron/hole pair recombination.

At the end of the 1970s, photocatalysis began to be used for the treatment of
inorganic contaminants [23], taking advantage of the electrons generated to reduce
cations. The electrons in the conduction band can produce the photo-reduction
(Eq. 1) of the compound (C) or the generation of radicals from oxygen (Eq. 2).
The next step, almost immediately, was its use in the treatment of organic pollutants,
taking advantage of the generation of hydroxyl radicals with a high oxidation
potential [24, 25]. The holes generated in the valence band are responsible for the
production of hydroxyl radicals (Eq. 3) or for the direct photo-oxidation (Eq. 4) of
some compounds (C).

Cþ e� ! C ∙� ð1Þ
O2 þ e� ! O ∙�

2 ð2Þ
H2Oþ hþ ! HO • þ Hþ ð3Þ
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Solar radiation was also early used in the elimination of contaminants by
photocatalysis [26–29]. In the late 1990s and early this century, titanium dioxide
was specifically applied for the abatement of different types of PhACs [30, 31], such
as antibiotics (sulfamethoxazole, trimethoprim, etc.), β-blockers (propranolol, met-
oprolol, etc.), nonsteroidal anti-inflammatory PhACs-NSAIDs (diclofenac,
naproxen, ibuprofen, etc.), analgesics (paracetamol, etc.), etc. The percentage of
elimination depends on the type of contaminant and its functional groups. Likewise,
attacks on the molecule occur primarily by hydroxyl radicals but also by other types
of radicals and agents. In addition, it is interesting to determine and to eliminate the
reaction intermediates formed since these may be more dangerous than the initial
contaminant.

The elimination of PhACs has been studied by using different types of
photoreactors with different geometries: annular, flat, cylindrical, tubular, etc. Dif-
ferent types of lamps have been employed, such as Xe lamps, used in solar
simulators, since they have an emission spectrum very similar to solar in the
ultraviolet range. BLB lamps, Hg UV lamps and other types of radiation have also
been utilized. Natural sunlight as radiation source was also used in the photocatalytic
degradation of PhACs with different types of reactors [32, 33]. Those that offered
better yields are compound parabolic collectors (CPCs; see Figs. 1 and 2), since they
present better sunlight capture taking profit of both direct and diffuse radiation. The
percentage of pollutant removal depends a lot on the particular operating conditions:
type of pollutant, initial concentration, TiO2 concentration, reactor geometry, etc. In
this regard, it should be noted that, as the catalyst concentration increases, the
reaction rate increases but a value is reached (it can range between 0.2 and 1 g/L
of TiO2) from which the reaction rate does not increase any more since opacity and
light-scattering phenomena occur.

 

a) b)

c) d)

Fig. 1 View of different catalyst configurations in CPCs: (a) slurry, (b) supported on absorber wall,
(c) supported on an inner tube, (d) supported on absorber wall and on an inner tube
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The use of artificial light usually makes the process faster, but the electricity
consumption makes treatment more expensive. From this point of view, solar
reactors can make the process competitive since the cost of energy is zero, but
obviously not the cost of fixed assets. Efficiency and costs can be calculated in
different ways. One of them is the electric energy per order (EEO, the electric energy
in kWh required to degrade a contaminant C by one order of magnitude) or the
electric energy per mass (EEM, the electric energy in kWh required to bring about the
degradation of a unit mass), both proposed by Prof. Bolton [34]. It is also possible to
estimate kW/ppm, Euros/ppm, kW/L, Euro/L, etc. [12].

Titanium dioxide absorbs radiation in the UV band, which represents a very small
percentage of the solar radiation that reaches the earth. In order to broaden the
absorption spectrum, the catalyst has been doped with different elements (noble
metals, B, N, etc.), although the improvement has not been very substantial in the
majority of cases. On the other hand, the fact of working with doped catalysts makes
the process more expensive and can generate problems of stability and loss of
activity along treatment time.

The catalyst used as particles in suspension presents the problem of its separation
from the reaction medium, although in some cases and depending on the particle
size, it is possible to separate it by sedimentation. To avoid this problem, attempts
have been made of working with the catalyst (TiO2) supported on the reactor walls,
deposited on balls with which the reactor was filled or on materials, such as graphene
or other carbon products. This avoids the problem of sedimentation, but presents two
additional problems: on the one hand, a worse use of radiation with respect to the
catalyst in suspension and, on the other hand, the stability of the supported catalysts
can be lower due to poor adhesion of TiO2 on the support. Figure 1 shows different
possible configurations of supported catalysts in CPCs (see also Fig. 2 for a general
view) in comparison with a slurry, where radiation field is conceptually shown
(as darker, less photons would be available).

The time required for the degradation of PhACs is dependent on the water
characteristics, and it is often established through studies using the WW of interest.

Fig. 2 View of CPCs (a) and basic schematic concept of RPR (b)
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The main causes why PhAC degradation rate diminishes through matrix effects are
[35] (1) scavenging of hydroxyl radicals by bicarbonate, chloride, sulphate and other
anions, producing lower oxidant potential radicals; (2) screening effect, when matrix
components have light absorption at same wavelengths than catalyst; (3) turbidity,
which avoids light transmission through the water; and (4) adsorption onto catalyst
surface of some organic and inorganic species (e.g. NOM or phosphate).

A key issue for scaling-up is the modelling of photocatalytic processes with
titania in suspension. It is a complex matter, since the reaction rate depends not
only on conventional kinetic parameters but also on the radiation absorbed in the
medium. Therefore, when modelling the system, the following parameters must be
considered for semiconductor photocatalysis (more details could be found in Sect. 5,
including modelling of homogeneous photocatalysis):

• Reaction medium: pH, concentration of reactants, adsorption of reactants on
catalyst surface, intermediate concentration, final concentration of products,
colour, temperature. In this way, it should be noted that actual WW treatment
with TiO2 could present problems because of the presence of organic matter,
particles, etc., which represents a competition for light absorption and light-
scattering problems, too.

• Catalyst: type of semiconductor-catalyst used, catalyst concentration, particles
diameter, specific area, structure.

• Reactor: geometry (tubular, annular, cylindrical, etc.), dimensions (volume,
diameter, height, etc.), radiation concentrators (geometry, location), location
with respect to light and flow model.

• Fluid dynamics: feed flow rate, O2 feed flow, mixing.
• Operation (batch, continuous and recirculation): volume, total experimental time,

time and volume of samples, feed flow rate, air feed flow, recirculation flow.
• Radiation: power of radiation source, spectrum, radiation reaching the reactor,

radiation entering the reactor, radiation absorbed, use and type of filters. Since
light plays a fundamental role in the reaction rate, the influence of radiation on the
kinetic equation must be introduced. Different models have been used to estimate
the absorbed radiation, from analytical models to probabilistic models [36–
38]. Radiation models will be widely explained in Sect. 5 of this chapter.

3 Degradation of PhACs by Solar Photo-Fenton Process

Among those AOPs successfully applied for the remediation of different types of
WW, Fenton and photo-Fenton processes have shown to be highly efficient for the
elimination and degradation of a wide range of contaminants and bio-recalcitrant
materials [39]. Both have shown great potential to be commercialized and finally
applied at industrial scale [40].

Fenton process is extensively covered in another chapter of this book, but briefly
the mechanism is based in H2O2 decomposition by iron (II) at acidic pH [39]. In this
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mechanism, the regeneration of iron (II) from iron (III) is considered the limiting step
in the catalytic cycle, even more when the iron is present at low concentrations
(Eqs. 5 and 6). In this sense, Fenton’s reactions are clearly accelerated in the
presence of light, due to the catalytic regeneration of iron (II). This process is
known as photo-Fenton, occurring at wavelengths lower than 580 nm and so
opening the possibility to be powered by solar energy as renewable irradiation
source [1]. Precisely, a large amount of studies have been published on the use of
solar UV radiation in the photo-Fenton process bringing out the potential on the
reduction of electric energy consumption and increasing its environmental sustain-
ability [2]. Another advantage of using solar radiation is that certain complexes
which intervene in Fenton’s reaction absorb UV light and part of the visible light of
the solar spectrum, increasing the generation of hydroxyl radicals and so the
efficiency of the process [41]. Iron (III) complexes suffer a ligand to metal charge
transfer, provoking the dissociation in iron (II) and the oxidized ligand (Eq. 7) [39].

Feþ2 þ H2O2 ! Feþ3 þ OH� þ HO • K ~70 M=s
� � ð5Þ

Feþ3 þ H2O2 ! Feþ2 þ HO •
2 þ Hþ K~1� 2� 10�2 M=s

� � ð6Þ
Feþ3 Lð Þn þ hʋ ! Feþ2 Lð Þn�1 þ L •

ox ð7Þ

In this context, it is important to stress that the optimum pH to operate photo-
Fenton process is 2.8, as, under this condition, precipitation of iron is avoided and
the maximum generation of active species of iron is also assured (FeOH+ and Fe
(OH)2+). At pH higher than 3, the reactivity of the system starts to decrease, and at
values higher than 4, dissolved iron starts to precipitate as ferric hydroxide [42]. This
issue can be clearly considered as one of the main challenges investigated by the
scientific community in the last years, with the main objective of successfully
applying the highly powerful photo-Fenton process for the elimination of PhACs
and other microcontaminants. PhACs and their metabolites, detergents, personal
care products, flame retardants, industrial additives, steroids and hormones are
present at extremely low concentrations in, for instance, superficial waters,
non-treated urban WWs and effluents of MWWTPs (between 50 and 150 μg/L)
[43–45]. Special awareness is placed on PhACs as they have been discovered in
almost all environmental water matrices including surface water (lakes, rivers,
streams, estuaries and seawater), groundwater, WWTP effluents and influents and
sludge. Even, they have been broadly detected in polar regions [46].

This global challenge must face important modifications in existing WWTP
infrastructures, in which the integration of photo-Fenton as a technical and econom-
ical feasible process has become an important research focus from the green,
environmental and sustainable point of view [47–49]. One of the main requirements
in such investigation is the importance of performing photo-Fenton tertiary treatment
at neutral pH, as addition of reagents for adjusting this parameter in urban WWs
would provoke different economic and environmental disadvantages: increase in
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effluent salinity, environmental impact and increasing treatment operating costs
(including the generation of sludge) [50].

As it has been widely studied, the application of photo-Fenton process at neutral
pH is considered a promising alternative, thanks to the use of iron complexing agents
for maintaining iron in solution, as well as the possibility of being powered by solar
irradiation as a renewable, abundant and pollution-free energy source [42, 51]. Nev-
ertheless and from the operational point of view, it is always necessary to avoid the
addition of high concentrations of such complexing agents, as an implicit increase in
total organic carbon will occur, with the consequent reduction in the efficiency of the
treatment as well as an increase in operating costs. In general, iron complexing
agents commonly used are macromolecules with carboxylic and/or amino groups
which absorb light in the UV-visible range suffering also self-photocatalytic degra-
dation: oxalate [52], ferrioxalate [53], EDTA [50, 54], EDDS [55, 56], NTA [57],
citrate [58–60] and humic acids [61]. Low biodegradability and toxicity of EDTA
and the reduced pH range in which citric acid or oxalate could be used, as well as the
high cost of EDDS, have pushed recent studies to evaluate the feasibility of using
natural waters (containing polyphenolic compounds) [62] and agro-industrial resi-
dues [63] as complexing agents. Though their efficiency has been proved, it was
demonstrated that the iron complexes generated are not stable enough showing
activity only for a few minutes at the beginning of the process and so attaining
low degradation efficiencies at circumneutral pH.

Nowadays, [S,S]-ethylenediamine-N,N0-disuccinic acid (EDDS) is one of the
chelating agents most used in the application of solar photo-Fenton tertiary treat-
ments to maintain iron in solution. In recent years, EDDS has gained the attention of
researchers as a stable iron complexing agent, and Fe3+-EDDS complex has been
widely studied since the pioneering work of Gilles Mailhot group in France
[54, 64]. In addition, EDDS is highly biodegradable [65], fulfilling the principle of
environmental sustainability. As already mentioned, different parameters can influ-
ence the chelate-modified photo-Fenton process and the contaminants removing,
including the type and load of chelating agents and reagents (iron, hydrogen
peroxide, etc.), pH, applied energy, type of organic pollutant, water matrices, etc.
[66, 67].

Looking for low-cost and more competitive commercial applications, the use of
solar energy is being widely studied to perform photo-Fenton tertiary treatment for
the elimination of PhACs. Thus, in locations with water scarcity problems and
abundant solar radiation, the development of solar technologies for WW reusing
looks as a plausible alternative water resource [14].

Solar photoreactors mostly tested and reported in literature for PhAC degradation
in different water matrices are:

• Solar simulators at laboratory scale. In the last years, neutral pH is stated, thanks
to chelating agents and different water matrices evaluated. However, many
studies still deal with distilled water or natural water in which target PhACs are
spiked and even low pHs applied (closer to optimal photo-Fenton pH). In
addition, extremely high concentrations of PhACs are sometimes considered far
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from those actually found in WWs [4, 68, 69]. Traditionally, best-operating
conditions for solar photo-Fenton process performance are evaluated at labora-
tory scale in solar simulators (Xe lamps). Trovó et al. [60] studied the elimination
of the antibiotic amoxicillin by solar photo-Fenton by using this methodology. In
the last years, the degradation of PhAC contained in simulated and actual
effluents at more realistic concentrations (even near neutral pH) is also tackled
under solar simulation devices at laboratory scale [70–72].

• Compound parabolic collectors (CPCs). CPCs are static collectors with surface
following an involute around a cylindrical reactor tube (made of borosilicate
glass) placed in the axis of an aluminium reflector. CPCs can make efficient use of
both direct and diffuse solar radiation, without the need for solar tracking. Most of
literature on solar photo-Fenton applications, at pilot plant scale, has reported the
use of CPC for microcontaminant removal, including PhACs [56, 73]. When
industrial WWs (with high organic content) have to be treated by photo-Fenton,
high concentrations of oxidant species (hydroxyl radicals and others) are
required. Besides, many WWs must be confined without contact with the envi-
ronment for a safe operation. In this sense, CPC photoreactors (Fig. 2a) have been
demonstrated to be highly efficient for solar irradiation capture with adequate
absorber tube diameter and iron concentration ([74]) and so must be selected as
the best option. Nevertheless, increasingly studies are focused on synthetic or
actual WW spiked with PhACs or even monitoring actually present PhACs by
advanced analytical tools such as liquid chromatography coupled to mass spec-
trometry [75, 76]. The advanced analytical techniques are a very powerful tool to
follow the degradation of PhACs, allowing detection and monitoring of the
reaction intermediates produced.

• Raceway pond reactors (RPR). One of the main weaknesses of CPC
photoreactors lays on their manufacture and amortization costs. But, when the
objective is the elimination of PhACs present at concentrations at least thousand
times lower than other organics in industrial WW, the process needs less concen-
tration of hydroxyl radicals and, consequently, less iron concentration and solar
irradiance density. In such a case, the possibility of using open photoreactors, as
RPRs, is promising, because they are less efficient in photon capture but much
more simple to manufacture and with lower costs (per surface unit). RPRs have
been widely applied for microalgal mass culture [77, 78]. They consist of
extensive reactors with channels in a closed loop, provided with a paddle wheel
connected to an engine to recirculate the water (Fig. 2b). They can be designed
and operated at different light path lengths (liquid depth can be varied), higher
than CPC, therefore permitting lower iron concentration. Worse solar irradiation
capture could be compensated by higher surface due to lower costs. Treating
non-toxic superficial waters, non-treated urban WWs or effluents of MWWTPs
permits to operate open photoreactors. Few published works have already dem-
onstrated the efficiency of solar photo-Fenton at neutral pH in RPRs for the
elimination of PhACs contained in different actual effluents of MWWTPs [79].
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Combining technologies have also been demonstrated to be promising, though
further research is still lacking in this topic. For instance, combination of Fenton with
reverse osmosis reported removal rate up to 99% of amoxicillin according to Zhang
et al. [57]. Nanofiltration membrane system followed by a mild solar photo-Fenton
tertiary treatment for the elimination of PhAC has been also successfully reported by
Miralles-Cuevas et al. [58, 59, 80]. Such published works showed how the
preconcentration of microcontaminants (including PhACs) as well as the reduction
of the total volume of water to be treated resulted in a significant reduction of reagent
consumption and surface area of solar photoreactor, compared to the application of
solar photo-Fenton alone. From the work published by Miralles-Cuevas et al., it was
also concluded that the combination of NF membranes with solar photo-Fenton
process improved total costs, though operating costs at neutral pH when using EDDS
were higher than conventional photo-Fenton at pH 3, mainly due to the high cost of
this chelating agent [81]. In addition, it has been confirmed that several transforma-
tion products could be more resistant than their original parent compounds. There-
fore, the existence of transformation products must be essentially investigated after
the treatment in order to evaluate the effectiveness of the solar photo-Fenton process
[82–84].

Another important challenge lies on the proper selection of the technology to be
applied for the elimination of PhACs. In this regard, it is always crucial to assess how
environmentally effective is the proposed treatment in reducing ecotoxicity impact
of such microcontaminants and if, by doing so, potential ecotoxicity could increase
elsewhere or even cause other environmental impacts. This aspect is tackled by
performing Life Cycle and Risk Assessments [13, 85–87].

4 Application of Advanced Analytical Techniques
for Assessing the Efficiency of AOPs

Nowadays, it is well known that the application of conventional analytical tech-
niques is insufficient for assessing the efficiency of AOPs in removing PhACs in
WW. Dedicated methodologies, focused on the identification and monitoring of
organic microcontaminants (OMCs), are required to provide a comprehensive eval-
uation of the treatment efficiency.

In any case, evaluating the behaviour of “all contaminants” present in WW is a
difficult or rather impossible task, given the complexity of the samples; the low
concentration at which these compounds are present, compared to other components
of the matrix; and the large number of potential contaminants. Thus, most reported
degradation studies focus on a limited group of compounds.

Test protocols generally include adding the selected OMCs at high concentrations
in simulated or actual WW and their monitoring by high-performance liquid chro-
matography (HPLC) with classical detectors (UV or DAD) during the treatments.
These tests are very useful as preliminary studies and can be used for the initial
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optimization of treatment parameters (type and concentration of reagents, treatment
times, etc.) or even for comparison purposes, to determine the most suitable treat-
ment for a certain application. As an example, Klamerth et al. [88] selected 15 OMCs
as model compounds to optimize a modified photo-Fenton treatment at neutral pH
by using EDDS. Selected compounds included PhACs representing various thera-
peutic classes, such as antibiotics (flumequine, ofloxacin, sulfamethoxazole), anal-
gesic and antipyretic drugs (acetaminophen, ibuprofen, antipyrine), nonsteroidal
anti-inflammatory drugs (ketorolac, diclofenac), antiepileptic drugs (carbamaze-
pine), hormones (progesterone), psychoactive drugs (caffeine) and also personal
care products (triclosan) and pesticides (atrazine, isoproturon, hydroxybiphenyl).
All of them provide a reliable response in a conventional UPLC-UV/DAD system,
with limits of detection and quantification from 1.5 to 10 μg/L. MWWTP effluents
were spiked at two concentration levels (100 and 15 μg/L), and the concentration
profile of each compound was monitored by recording the UV signal for each
compound at the wavelength of maximum absorption. Experiments with the highest
concentration level were monitored by direct injection of samples into the UPLC-
UV/DAD system, thus providing a simple, inexpensive and rapid evaluation of
results. When the lowest concentration level was selected, preconcentration of the
samples (50-fold) was required to obtain a useful OMC transformation profile along
the treatment.

Despite the interest of this approach, validation of the optimized treatments under
actual concentration levels and operation conditions is required, since, in general,
degradation percentages depend on the type and concentration of compounds present
in WW. To provide a comprehensive assessment of a treatment process in real WW,
the use of more sensitive and selective analytical approaches is required. Gas
chromatography (GC) and HPLC coupled to mass spectrometry (MS) represent
the best choice. HPLC-MS is mostly applied in PhAC determination due to its
versatility and wide scope of analysis, extended to thermolabile, highly polar or
with limited volatility compounds. GC-MS is reserved only for volatile and
non-polar compounds, in order to avoid the application of derivatization processes,
required to improve detectability of more polar and less volatile compounds
[89]. Derivatization is a time-consuming technique, prone to analyte losses and
non-recommended in multiresidue analysis. Therefore, HPLC or, more recently,
ultra-high-performance liquid chromatography (UHPLC), which provides higher
resolution and shorter analysis times, has become the preferred advanced technique
for multiclass PhAC analysis.

Another advantage associated to the use of LC-based methods is the possibility of
using direct sample injection. Direct injection (DI) technique is becoming a popular
option in the analysis of environmental matrices due to its inherent advantages, such
as (1) reduction of solvent consumption, in line with fundamental principles of green
chemistry, (2) analysis time reduction and (3) lower cost, compared to the use of
conventional extraction procedures, such as liquid-liquid extraction (LLE) or solid-
phase extraction (SPE). This technique also increases sample throughput, eliminates
analyte losses associated with the extraction procedures and provides adequate
reproducibility and low sample contamination. Campos-Mañas et al. [90] developed
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a DI-based analytical method to be applied in the analysis of 115 OMCs (including
PhACs) in WW effluents. Sample pre-treatment was reduced to acetonitrile addition
and filtration of the mixture previous to HPLC-MS analysis. 92% of the studied
compounds showed limits of quantification �100 ng/L and mean recoveries in the
range of 70–120%, with RSD values �20%. Up to 67 compounds could be deter-
mined in actual WW effluent samples at concentrations ranging from 10 ng/L to
26 μg/L, thus demonstrating the applicability of the method. This strategy was also
successfully applied to validate, in realistic and variable conditions, a solar photo-
Fenton process at neutral pH with Fe3+-EDDS [79]. The treatment was applied to
fiveWW effluents of diverse origin and composition. The removal of more than 80%
of total load of PhACs and other OMCs (from 18 to 45 compounds) could be
monitored, and the efficiency of the photo-Fenton process to treat effluents of very
different physicochemical composition was demonstrated.

Although DI has indisputable advantages and allows a rapid and inexpensive
monitoring of PhACs along the treatments, an enrichment step may still be required
to evaluate the reaction kinetics at very low concentrations, mainly at the end of
treatment, when most compounds have reached maximum degradation. In this case,
SPE is the recommended sample preparation technique, due to its ease of use, low
solvent consumption and great availability of sorbent materials, which facilitate the
adaptation of the technique to multiple applications. In multiresidue analysis, poly-
meric sorbents, such as Isolute ENV+, Strata-X or more frequently Oasis HLB
material, represent the best choice and provide high capacity and retention of a
broad class of compounds in a wide range of polarities. Other alternatives, such as
mixed-mode polymeric sorbents, which improve selectivity and retention of ionic
compounds, or highly specific molecularly imprinted polymers (MIP), have also
been applied to improve the selectivity of the methods, but their use is restricted to a
limited number of selected compounds.

A typical multiclass SPE procedure involves a previous filtration of the sample by
a 0.7 μm glass fibre filter, to remove suspended solids, and a pH adjustment,
typically at pH 7–8 as a compromise solution, although some more acidic PhACs,
such as some antibiotics, may require lower pH for proper recovery [91]. Final
elution of retained compounds is usually accomplished with methanol.

After pre-treatment step, identification and quantification of pharmaceuticals in
WW samples is usually performed by MS techniques. Modern MS systems using
hybrid triple quadrupole (QqQ-MS) or quadrupole linear ion trap (QqLIT-MS)
analysers allow very low detection limits to be reached when operating in MRM
(multiple reaction monitoring) mode, and they represent, without any doubt, the best
choice for target quantitative analysis. Despite the excellent performance character-
istics of these systems, matrix effects involving ion suppression or enhancement are
frequent, contributing to a significant degradation of the analytical accuracy and
reproducibility. Electrospray ionization sources, which are routinely used in WW
analysis, due to its suitability for polar and ionic compounds determination, are
particularly prone to matrix effects. To avoid or minimize matrix effects, several
strategies have been proposed, such as improvement on clean-up protocols or HPLC
separations, matrix dilution, use of standard addition method, external matrix
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matched standards, analogue-structure internal standards or isotopically labeled
standards [92]. The latter represent the more robust approach, but the cost and
availability of the standards limit their extensive use.

Although most degradation studies focus on the quantification and monitoring of
selected compounds originally present in raw WW, one aspect that is becoming
increasingly relevant concerns the identification of transformation products (TPs),
generated during the treatments. It is well known that the absence of parent contam-
inants does not guarantee the good quality of treated water, andWW treatments must
consider the formation of TPs to minimize the environmental impact of the effluents.
However, the identification and structure proposal of a priori unknown compounds
entail great difficulty, and in many cases, only a tentative proposal can be accepted,
as the analytical reference standards of such TPs are not always available for
confirmation [93]. The analytical techniques proposed for quantitative analysis of
target compounds are inefficient in TP identification, and the application of high-
resolution mass spectrometry (HR-MS) is required due to its high confirmatory
capabilities, derived from the high resolving power and the mass accuracy in MS
andMS/MSmodes. Time-of-flight (TOF) and Orbitrap analysers, or more frequently
their hybrid configurations (QTOF, QOrbitrap), represent the best choice for this
type of analysis. MS/MS fragmentation data is used for structure elucidation, as
spectral databases are not useful in most cases. Previous knowledge of the most
common transformations taking place in the different treatments, the structural
similarity with the precursor and the information on the elemental composition of
the TPs candidates, provided by the mass spectrometer, are essential in the proposal
of their structures.

As a first approach, assays for the identification of TPs must be carried out
individually for each compound, in distilled water and at relatively high concentrations
of the selected contaminant, in order to obtain detectable concentrations of TPs
without applying any preconcentration step, thus avoiding losses of the more polar
TPs. Samples are then analysed by HR-MS. The use of suspect screening strategies
has been recently proposed to facilitate the TP detection and identification [94]. Sus-
pect analysis consists of the creation of searching lists containing the monoisotopic
masses of tentative TPs, collected from literature or by using computational (in silico)
prediction tools, such as PathPred [95] or EAWAG-BBD pathway prediction system
[96]. The exact masses of the predicted TPs are extracted from the chromatograms,
and a series of confirmation criteria, based on the plausibility of the retention time,
isotopic pattern and observed fragmentation pattern, are applied to confirm the
proposed structure. Jaén-Gil et al. [97] have successfully applied this strategy to the
identification of the TPs of metoprolol and its metabolite metoprolol acid in UV/H2O2-
treated WWs, identifying 24 TPs with potential ecotoxicological implications. Once
the TPs are identified and the transformation pathway is proposed, the formation of the
reported TP can be investigated under more realistic conditions.

As a final remark, it can be said that the monitoring of PhACs, other OMCs and
their TPs during WW treatments is essential to evaluate their efficiency and guar-
antee the quality and safety of treated water. There are several analytical strategies
available, and their selection will be based on the objective of the analysis. Figure 3
summarizes the most frequently used analytical procedures and techniques.

Removal and Degradation of Pharmaceutically Active Compounds (PhACs) in. . . 313



PR
EL

IM
IN

AR
Y 

ST
UD

IE
S 

An
al

y�
ca

l t
ec

hn
iq

ue
s:

•
SP

E 
/ D

I
•

HP
LC

/U
HP

LC
-U

V/
DA

D

W
W

TR
EA

TM
EN

T

O
bj

ec
�v

es
:

•
Va

lid
a�

on
 o

f t
he

 o
p�

m
ize

d
tr

ea
tm

en
ts

un
de

ra
ct

ua
lc

on
di

�o
ns

An
al

y�
ca

l t
ec

hn
iq

ue
s:

•
SP

E 
/ D

I
•

GC
-Q

qQ
-M

S;
 (U

)H
PL

C-
Qq

Q-
M

S;
 

(U
)H

PL
C-

Qq
LIT

-M
S 

ID
EN

TI
FI

CA
TI

O
N 

O
F T

PS

O
bj

ec
�v

es
:

•
Id

en
�fi

ca
�o

n 
of

 re
le

va
nt

 TP
s 

ge
ne

ra
te

d 
du

rin
g W

W
 tr

ea
tm

en
t 

pr
oc

es
se

s
•

Es
ta

bl
ish

m
en

t o
f t

ra
ns

fo
rm

a�
on

 
pa

th
w

ay
s

Pr
oc

ed
ur

e:
•

In
di

vi
du

al
 st

ud
ie

s f
or

 ea
ch

 se
le

ct
ed

 
co

m
po

un
d

•
Us

e 
of

 d
is�

lle
d w

at
er

 
•

Hi
gh

-c
on

ce
nt

ra
�o

ns
-le

ve
ls

Pr
oc

ed
ur

e:
•

Us
e 

of
 n

on
-s

pi
ke

d
W

W
 effl

ue
nt

s
•

M
on

ito
rin

go
f h

ig
h

nu
m

be
ro

f 
co

m
po

un
ds

•
Ac

tu
al

 co
nc

en
tr

a�
on

le
ve

ls

O
bj

ec
�v

es
:

•
Op

�m
iza

�o
n 

of
 tr

ea
tm

en
t 

pa
ra

m
et

er
s (

ty
pe

 an
d 

co
nc

en
tr

a�
on

 
of

 re
ag

en
ts

, r
ea

c�
on

 �
m

e,
 e

tc
) 

•
Tr

ea
tm

en
t c

om
pa

ris
on

Pr
oc

ed
ur

e:
•

Us
e 

of
 sp

ike
d

w
at

er
(u

ltr
ap

ur
ew

at
er

, 
sim

ul
at

ed
W

W
, r

ea
l W

W
 e

ffl
ue

nt
s)

•
Re

du
ce

d
nu

m
be

ro
f s

el
ec

te
d

co
nt

am
in

an
ts

•
Hi

gh
 co

nc
en

tr
a�

on
le

ve
ls

An
al

y�
ca

l t
ec

hn
iq

ue
s:

•
(U

)H
PL

C-
QT

OF
-H

RM
S;

 (U
)H

PL
C-

QO
rb

itr
ap

)
•

Su
sp

ec
t s

cr
ee

ni
ng

 st
ra

te
gi

es
•

Us
e 

of
 co

m
pu

ta
�o

na
l p

re
di

c�
on

 
to

ol
s

F
ig
.3

F
lo
w

di
ag
ra
m

of
pr
oc
ed
ur
es

an
d
an
al
yt
ic
al
st
ra
te
gi
es

ap
pl
ie
d
in

th
e
de
gr
ad
at
io
n
st
ud

ie
s
of

P
A
C
s
in

W
W

314 S. Malato et al.



5 Modelling of Solar Photoreactors

Reactor modelling starts with accurate kinetic models. In addition to temperature and
reactant concentrations, light distribution inside the reactor and photon absorption
phenomena play an essential role on the modelling solar photoreactors. Difficulty is
higher when considering the myriad of reactions taking place simultaneously in
radical chain mechanisms as happens in AOPs. In this regard, different approaches
have been considered from empirical to mechanistic models. The former approach
uses a mathematical function to fit the response of the main variables to the factors
causing changes in the system. The latter uses rate law equations and kinetic
parameters. Among SAOPs for PhAC removal in complex media, such as
MWWTP secondary effluents, homogeneous photo-Fenton process has several
advantages with regard to heterogeneous TiO2 photocatalysis. Photo-Fenton process
yields higher reaction rates, and fouling on catalyst surface is not a problem.
Conversely, it is strongly dependent on pH. Most of literature about modelling of
solar photoreactors deals with photo-Fenton, at both acidic and neutral pH.

As for the empirical approach, response surface methodology and neural network
models provide valuable information on PhAC degradation in a selected experimen-
tal framework. Schenone et al. [98] applied a three-level factorial experimental
design to model the photo-Fenton degradation of the herbicide
2,4-dichlorophenoxyacetic acid at circumneutral pH with the ferrioxalate complex.
Rivas et al. [99] used a Langmuir-Hinshelwood-type model to predict apparent first-
order rate constant for the removal of the neonicotinoid pesticide acetamiprid as well
as H2O2 consumption, by solar photo-Fenton at acidic pH in a raceway pond reactor.
Giannakis et al. [100] developed second-degree models for the removal of the PhAC
venlafaxine by photo-Fenton by using the response surface methodology
(3 pH-specific central composite designs). The models were used as input for the
desirability functions to obtain the optimal regions to operate the photo-Fenton
process.

These empirical models provide mathematical expressions useful for reactor
design in the experimental range, but their main drawback is that they do not provide
information about the reaction mechanism. In addition, they cannot be applied
globally and consequently extrapolation is not possible.

To overcome these limitations, attention is paid to mechanistic models. To this
end, the knowledge of photoreactors’ solar field is crucial. To determine the radiation
field, the radiative transfer equation (RTE) must be solved. It describes the radiation
intensity at any position along a ray pathway through the reaction bulk. In homoge-
neous systems (without scattering), the photon emission by the absorbing species
can be neglected, and the RTE is defined by Eq. (8) [101], where Iλ is the spectral
specific intensity; Ω and s denote the direction and the distance of photon transport,
respectively; and κλ is the volumetric absorption coefficient.
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dIλ s,Ω, tð Þ
ds

¼ �κλ s, tð Þ Iλ s,Ω, tð Þ ð8Þ

In a homogeneous medium, the change in the radiation intensity along the ray
trajectory is only due to the absorption process in the reaction bulk. This variation
can be expressed by an equation that involves the volumetric absorption coefficient.
This coefficient is function of the wavelength and variables such as temperature and
composition. The absorption coefficient could be determined accurately by studying
the photon absorption by atoms or molecules exposed to a radiation field. Macro-
scopically, the volumetric absorption coefficient is linearly dependent on the con-
centration of absorbing species. In Eq. (9) [101] i denotes each absorbing species,
κT,λ is the volumetric absorption coefficient, αλ,i is the molar absorptivity, and Ci

stands for the molar concentration of the absorbing species.

κλ,i ¼ αλ,iCi ð9Þ

The local volumetric rate of photon absorption (LVRPA) represents the amount
of photons absorbed per unit of time and reaction volume. It depends on the photon
source, the concentration of absorbing species, the optical properties of the system
and the reactor geometry. Although it is defined for monochromatic radiation, it can
be extended to polychromatic sources by integrating over the wavelength range.
When working under solar UV radiation, LVRPA values corresponding to the direct
and diffuse radiation are calculated in a different way. In homogeneous systems, in
which radiation can be modelled with one spatial coordinate, the monochromatic
LVRPA corresponding to the absorption of direct radiation can be calculated by
Eq. (10) [102], where qw,λ is the discretized incident radiation, κλ is the volumetric
absorption coefficient of the absorbing species and κT,λ is the volumetric absorption
coefficient of the medium.

eaλ x, tð Þ ¼ qw,λκλ tð Þ exp �κT ,λ tð Þx½ � ð10Þ

The concept of diffuse radiation absorption is more complex. Brandi et al. [103]
applied the hypothesis of azimuthal symmetry (rays propagate in one spatial coor-
dinate (x) and one angular coordinate (θ)) to model the absorption of diffuse
radiation in a simple lab-scale photoreactor. In this case, RTE for homogeneous
systems can be defined by Eq. (11) [103]. Integrating Eq. (11) with the boundary
conditions corresponding to photons moving both forward and backward, the diffuse
LVRPA can be calculated by Eq. (12):

cosθ dIλ,Ω x, tð Þ
dx

þ κλ x, tð ÞIλ,Ω x, tð Þ ¼ 0 ð11Þ
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eaλ x, tð Þ ¼ 2ΠI0λκλ tð Þ
Z Π

2

�Π
2

exp � κλ tð Þ
cosθ

x

� �
senθdθ ð12Þ

ea x, tð Þ ¼
Z λmax

λmin
eaλ x, tð Þdλ ð13Þ

ea x, tð Þh iVR
¼ 1

LR

Z LR

0
ea x, tð Þdx ð14Þ

As mentioned above, LVRPA is defined for monochromatic radiation. For solar
radiation (polychromatic radiation), LVRPA can be computed by Eq. (13). Further-
more, in perfectly mixed reactors with constant cross-sectional under
photolimitation conditions (the reaction rate linearly depends on the photon absorp-
tion), LVRPA can be averaged across the reactor volume giving the VRPA, Eq. (14)
[103], where LR and VR stand for reactor length and reactor volume, respectively.

For reported kinetic models for PhAC removal by photo-Fenton process at acidic
pH taking into account the VRPA, Andreozzi et al. [104] studied the oxidation of an
aromatic heterocyclic compound, benzothiazole, taking into account 21 reactions.
The model successfully predicted the influence of H2O2, Fe

3+ and sulphate concen-
trations on the system reactivity. Conte et al. [105] proposed a kinetic model of
15 reactions for the degradation of the herbicide 2,4-dichlorophenoxyacetic acid
(2,4-D) including the effects of iron concentration, H2O2:2,4-D initial concentration
ratio, temperature and radiation level. Cabrera Reina et al. [106] proposed a simpli-
fied kinetic model of nine reactions for the mineralization of the PhAC paracetamol
in raceway pond reactors, and the effect of the VRPA and the liquid depth were
included. With the same PhAC, Audino et al. [107] developed a kinetic model in an
annular photoreactor computing the VRPA. These studies were carried out to
remove organic contaminants in the concentration range of mg/L. Nonetheless,
most of PhACs appear in WW at concentrations in the μg/L range. In this regard,
a mechanistic model consisting of a set of only eight reactions was proposed for the
removal of 100 μg/L of acetamiprid in synthetic MWWTP secondary effluent, taking
into account the effect of temperature and photon absorption. The model was
validated in raceway pond reactors of 5 and 15 cm of liquid depth (120 and 360 L
capacity) under natural sunlight [108]. The model predicted that reaction rate
linearly increases with the VRPA up to VRPA values of 866 μEinstein/m3/s and at
higher values the process became photosaturated.

Regarding photo-Fenton process operated at neutral pH, chelating agents are used
to keep iron in solution as mentioned before. For instance, Conte et al. [109] studied
the influence of different inorganic anions on ferrioxalate complex photo-activity
and proposed a kinetic model for the removal of 2,4-dichlorophenoxyacetic acid at
circumneutral pH, including the hydroxyl radical scavenging effect of anions. In the
case of using EDDS as iron complexing agent, the higher absorptivity of Fe3+-EDDS
in comparison with Fe3+ makes photosaturation of the reaction rate to take place at
VRPA values higher than 1,547 μEinstein/m3/s pointing out the relevant role of light
absorbing species in the photo-Fenton kinetics. In particular, a new mechanistic
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Fig. 4 Model predictions of the performance of a 5-cm-deep RPR operated in continuous flow
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mode for 30 min and then continuous flow lasted for 120 min. Solid lines represent model
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318 S. Malato et al.



model of 18 reactions has been reported for Fe3+-EDDS system, following the
removal of the 3 most abundant PhACs detected in 5 different actual secondary
MWWTP effluents (gabapentin, O-desmethyltramadol and O-
desmethylvenlafaxine). The model constitutes a tool for the design of continuous
raceway pond reactors (RPRs) for PhAC removal by solar photo-Fenton process
[110]. The treatment capacity of the RPR in terms of volume of water treated per unit
of reactor surface and time was successfully predicted as a function of the liquid
depth and the hydraulic residence time (HRT), taking into account the availability of
solar UV radiation. Figure 4 shows the model predictions compared with the
experimental data during the treatment of an actual MWWTP secondary effluent
in a 5-cm-deep RPR at pilot plant scale. For instance, the reactor’s surface required
to treat 100 m3/day can be calculated as follows: at 15 min of HRT, the treatment
capacity would be 600 L/m2/day for 6 h of continuous flow operation per day. The
ratio 100/0.6 gives a reactor surface of 167 m2. The RPR volume for 5 cm of liquid
depth is 8.35 m3.

6 Concluding Remarks

Application of SAOPs to PhAC elimination in MWWTP secondary effluents must
procure beneficial impact on the environment, public health and a greener economy.
However, some barriers still need to be overcome, such as the design of new
photoreactors specifically for the degradation of contaminants present in the range
of micro-gramme per litre; optimization of operating conditions, in particular, solar
radiation-catalyst interaction; and long-term reliability of solar operation. Industrial
and market acceptance of SAOPs will increase considerably if some of these issues
are correctly addressed in the near future. Total costs of best available technologies
(BAT), already applied at actual scale in a few countries for PhAC elimination from
treated MWWTP secondary effluents, have been informed to range from 0.10 to 0.15
€/m3 for ~50,000 population equivalent. Capitalized investment-related and opera-
tion costs, for the given life cycle, are stated by Rizzo et al. [48], decreasing further
with increasing plant size. Therefore, development of SAOPs for PhAC removal
should consider these figures to gain a market niche.

Elimination of PhACs in large water volumes needs mild operating conditions
(low catalyst and oxidant concentrations). Therefore, environmental impact evalua-
tion (by Life Cycle Assessment) is always crucial for a proper selection of the
technology to be applied. For that, validation of the optimized treatments at real
conditions using advanced analytical approaches based on mass spectrometry and
confident (reproducible) kinetic models are needed.
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Abstract Electrochemical systems have often been investigated for the removal and
degradation of pharmaceuticals in water, mainly focusing on their electrooxidation
kinetics and transformation pathways and sometimes relying on sophisticated high-
resolution mass spectrometry (HRMS) analysis. Most of these studies are based on
ideal experimental designs of high electrolyte conductivity and high contaminant
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concentration, resulting in outputs that can hardly be extrapolated to a real case
scenario. This chapter discusses a limited number of studies in which the perfor-
mance of electrochemical systems in removing and degrading pharmaceutical resi-
dues was evaluated using real waste streams. The main mechanisms of
electrochemical oxidation of pharmaceuticals are explained, with a particular
emphasis on the recently reported participation of strong oxidant species, sulfate
radicals, in electrooxidation of organic contaminants. Finally, as electrode and
reactor design evolves toward three-dimensional geometries with reduced mass
transfer limitations, significant attention has been paid to the progress made using
flow-through, porous electrode materials for the electrooxidation of pharmaceuti-
cals. Novel, electrocatalytically active, stable membrane and foam/sponge-type
electrodes are thoroughly discussed as such materials represent an essential enabler
of a wider-scale implementation of electrochemical treatment systems and their
integration into water and wastewater treatment infrastructure.

Keywords Boron-doped diamond (BDD), Dimensionally stable anode (DSA),
Electrochemical water treatment, PhACs, Reactive electrochemical membrane
(REM)

1 Introduction

The ability of electrolysis to remove persistent organic and inorganic pollutants from
water has triggered an enormous amount of research toward the end of the twentieth
century. This research was intensified by the invention of a new material, boron-
doped diamond (BDD) anode in 1987 by Pleskov [1], which was later patented for
organic pollutant removal from water by Carey et al. [2]. Compared with other
commercial electrode materials based on mixed metal oxide (MMO) coatings, BDD
has demonstrated superior performance in terms of its oxidizing power and capacity
to form strong oxidizing species, hydroxyl radicals (HO•) (Table 1). BDD electrodes
also display excellent electrochemical and corrosion stability, longer service life, and
stability under polarity reversal, which is crucial for field applications of electro-
chemical treatment to prevent scaling and fouling at the cathode [5]. Nevertheless,

Table 1 Onset potentials for
oxygen evolution reaction
(EOER) expressed versus stan-
dard hydrogen electrode
(SHE) and characteristics of
typical anode materials

Electrode EOER, V/SHE Conditions Ref.

Ti/RuO2 1.5 0.5 M H2SO4 [3]

Ti/IrO2 1.5 0.5 M H2SO4 [3]

Ti/SnO2 1.9 0.05 M H2SO4 [3]

Ti/PbO2 1.9 0.05 M H2SO4 [3]

BDD 2.3 0.5 M H2SO4 [3]

Ti4O7 2.7–3.0a 3.7 M H2SO4 [4]
aNo generic OER as oxygen evolution strongly depends on the
pore size distribution of Ti4O7, where decrease in pore size shifts
the OER to more positive values
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BDD suffer from two major limitations: (1) synthesis based on chemical vapor
deposition (CVD) or high-pressure high-temperature (HPHT) process keeps the
price of BDD electrodes at ~6,000 € m�2 [6] and makes it difficult to upscale the
technology due to low production rates, and (2) anodic polarization of BDD elec-
trode results in termination with various functional groups (e.g., hydroxyl, carbonyl,
carboxyl) and leads to a dramatic increase in surface and charge transfer resistance,
thus increasing the electrode potentials (i.e., cell voltage) and consequently the
energy consumption. Furthermore, BDD electrodes can be produced only in plate
(Si, Nb) and mesh (Nb) geometries. It is difficult to produce them in three-
dimensional (3D) forms that would offer high specific surface area and thus mini-
mized mass transfer limitations and lower energy consumption for the degradation of
trace organic pollutants.

As an alternative to pricey BDD anodes, MMO-type electrodes based on the
oxides of ruthenium (RuO2), iridium (IrO2), lead (PbO2), and tin (SnO2) coated on
titanium have been intensively investigated for the removal of organic contaminants
from water. In particular, SnO2-based electrodes, often doped with antimony
(Sb2O5) to increase the coating conductivity, have drawn significant attention due
to their large overpotential for oxygen evolution reaction (OER) and thus capability
to efficiently form HO• (Table 1) [7]. The commercial fabrication of Ti/SnO2-Sb2O5-
coated titanium electrodes is mostly based on thermal decomposition process and
has been used to produce mesh and plate-type geometries. However, Ti/SnO2-Sb2O5

anodes are characterized by the short service life and low corrosion stability, which
can be somewhat improved by the interlayer insertion (e.g., IrO2), addition of
polymers, and/or modification of Ti substrate, for example, by the insertion of a
TiO2 nanotube array (NTA) layer [8]. Mesh-type geometries still have limited
specific surface area for the degradation of pollutants, although significant improve-
ments in the electrical efficiency in low-conductivity electrolytes can be achieved by
using solid polymer electrolytes (e.g., proton exchange membranes) compressed
between the mesh anode and cathode [9].

More recently, Magnéli phase materials based on sub-stoichiometric titanium
oxide, Ti4O7, have gained attention due to their high electric conductivity, compa-
rable to that of graphite, high specific surface area and high stability toward
corrosion [10]. The lab-scale fabrication costs were determined to be significantly
lower compared with BDD, although the cost and feasibility of a large-scale
production of Ti4O7 anodes is yet to be determined given that its manufacture
involves combustion under H2 atmosphere at temperatures above 1,000�C
[11]. The onset potentials for OER at Ti4O7 anodes were reported to vary between
2.7 and 3.0 V/SHE depending on the anode porosity, with smaller pore size yielding
higher onset for OER (Table 1) [4].
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2 Mechanisms of Electrochemical Oxidation
of Pharmaceutical Residues in Water

Electrochemical degradation of trace pollutants is rarely achieved by direct electron
transfer (DET), except in the cases when contaminants are resistant to HO• and other
oxidant species produced at the anode, and/or when the sorption of contaminant onto
the electrode surface is favored. For example, in electrochemical oxidation of reverse
osmosis concentrate at Ti/RuIrO2 anode, antidepressant drug sertraline was the only
compound among 28 pharmaceuticals and pesticides analyzed that was removed by
direct electrolysis at low applied current densities, likely due to its high logKOW (5.3)
and thus better adsorption onto the anode surface [12]. To achieve degradation of
organic contaminants, electrochemical water treatment is normally conducted at
high current densities at which the contribution of DET is significantly lowered.
Under these conditions, electrochemical oxidation of pharmaceutical residues and
other trace organic pollutants is mediated by the strong oxidant species formed
during electrolysis of water such as HO• (Eq. 1), H2O2 (Eq. 2) and other reactive
oxygen species, as well as Cl2/HClO/OCl

� (Eqs. 3 and 4), sulfate radical (SO4
•�),

and persulfate, in the presence of Cl� and SO4
2� (Eqs. 5–8) [13]:

H2O ! HO • þ Hþ þ e� ð1Þ
2H2O ! H2O2 þ 2Hþ þ 2e� ð2Þ

2Cl ! Cl2 þ 2e� ð3Þ
Cl2 þ H2O ! HOClþ Hþ þ Cl� ð4Þ

SO4
2� ! SO4

•� þ e� ð5Þ
HSO4

� þ HO • ! SO4
•� þ H2O ð6Þ

H2SO4 þ HO • ! SO4
•� þ H3O

þ ð7Þ
SO4

•� þ SO4
•� ! S2O8

2� ð8Þ

Electrochemical generation of reactive species such as HO• is affected by the
properties of the electrode material, i.e., OER overpotential [13]. The amount of HO•

generated in the system will determine not only the oxidation efficiency of organic
contaminants but also the impact of inorganic and organic matrix on the treatment
outcome. For example, electrooxidation of highly saline reverse osmosis brine
stream at MMO anodes results in the increase in toxicity to Vibrio fischeri due to
the formation of chlorinated and brominated organic byproducts [12]. In the case of
BDD anode, no such increase in toxicity was noted, in spite of the observed increase
in concentrations of adsorbable organic halogen (AOX), suggesting that organo-
chlorine and organobromine compounds formed were likely comprised of lower
molecular weight compounds, as a consequence of more of HO• produced at the
anode and thus enhanced bond breakage [14]. Another interesting feature of BDD
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anodes is their ability to form sulfate radical (SO4
•�) directly from the electrolysis of

sulfate [15]. Although sulfate-based solutions have long been used as inert electro-
lytes, several studies conducted by Farhat et al. [15] demonstrated the participation
of anodically formed SO4

•� in electrooxidation of persistent pharmaceuticals such as
carbamazepine, iodinated contrast media (ICM) diatrizoate and iopromide, and
lower production of chlorinated organic byproducts when SO4

2� and Cl� are present
simultaneously [16, 17]. Furthermore, BDD/SO4

2� system exhibits oxidative capac-
itance during an intermittent power supply operation, with prolonged oxidation of
diatrizoate observed in the power-off mode [18]. Application of 100 A m�2 in cycles
of 5 min on/15 min off enabled a saving in the electrical energy consumption by
~35% compared to constant current experiment. Nevertheless, the exact mechanism
behind this prolonged oxidation could not be determined and was hypothesized to
involve radical chain propagators of SO4

•� formed during the oxidation
[19, 20]. Since then, research on electrochemically formed sulfate-based oxidants
has intensified, given that in the currently applied oxidation methods based on
SO4

•�, their formation from persulfate or peroxymonosulfate needs to be induced
by not so practical methods based on UV, transition metals, heat, or high pH. Recent
studies assigned the formation of SO4

•� to heat activation of anodically formed
persulfate that occurs at higher cell potentials due to ohmic heating [21, 22]. Some
controversial studies hypothesized a non-radical electrochemical activation of the
S2O8

2� formed by anodic oxidation of sulfate [23, 24]. For example, Song et al. [24]
hypothesized the formation of a transition state structure between persulfate and
Ti/Pt anode, which enhanced the removal of carbamazepine, sulfamethoxazole,
propranolol, and benzoic acid. Similar non-radical persulfate activation at the
BDD anode was suggested to enhance the removal of antibiotic ciprofloxacin
[23]. However, these observations were based on the decreased but not completely
halted oxidation of pollutants in the presence of typical HO• and SO4

•� radical
scavengers, tert-butanol, and methanol. Although these saturated alcohols are effi-
cient quenchers of dissolved oxidant species, they do not react readily with electrode
surfaces and alternative probes, for surface-bound, anodically produced radical
oxidants may be better suited, such as allyl alcohols [25]. In a recent study by Cai
et al. [26], direct electrogeneration of SO4

•� from SO4
2� at BDD anode was

demonstrated using in situ electron paramagnetic resonance spectrometry. The
authors observed continued degradation of di-n-butyl phthalate (DnBP), a typical
endocrine disruptor, in the power-off phase during an intermittent power supply,
which was assigned to the accumulation of S2O8

2� and its reactivation to SO4
•� via

specific degradation intermediates. Similar to the study of Farhat et al. [18], electrical
energy consumption was reduced by over 30% compared with continuous power
supply operation. Continued generation of SO4

•� was demonstrated by the spin
trapping in the absence of applied potential [26] and was observed to lead to
continued pollutant oxidation both inside the electrochemical system and in the
sample vial upon sampling in the absence of quenchers [18]. Yet, oxidative capac-
itance and sustained oxidation of organic pollutants in the power-off phase of the
BDD/SO4

2� system need to be further investigated to elucidate the underlying
propagation mechanisms [26].
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The impact of SO4
•�, Cl2/HOCl, Cl2

•� and other oxidants is highly dependent on
the nature and reactivity of a given pharmaceutically active pollutant. For instance,
reaction rate constants of aromatic compounds with Cl2

•� can vary from k < 105–
107 M�1 s�1 for compounds containing substituents with negative inductive effect to
k¼ 107–109 M�1 s�1 for compounds containing substituents with positive inductive
effect [27]. In addition, electrooxidation of trace organic contaminants will be
impacted by the organic and inorganic matrix of the contaminated water. For
example, elevated concentrations of HCO3

� can scavenge reactive species like
chlorine radicals and reduce the transformation rates of electron-poor contaminants
such as β-blockers [25]. Nevertheless, Cl� present in virtually any water and
wastewater will undoubtedly pose limitations to electrochemical treatment due to
the formation of chlorinated organic byproducts from the trace organic pollutants
and organic matrix, leading to an increase in the toxicity of the treated water [12, 28,
29]. Electrochlorination of the bulk organic matter yields a range of toxic low-
molecular-weight byproducts such as trihalomethanes (THMs) and haloacetic acids
(HAAs) [30–32]. Also, at BDD-, Ti4O7-, and Ti/SnO2-type anodes with higher
oxidizing power, Cl� is easily oxidized to toxic chlorate and perchlorate that pose
significant challenges to the discharge of the treated effluent [33–35]. Application of
an electrochemical system as a single treatment step may be compromised
depending on the characteristics of the organic and inorganic matrix of the contam-
inated water. In this case, downstream treatment options should be considered to
reduce the effluent toxicity, such as granular activated carbon and/or reductive
posttreatment.

3 Limitations of State of the Art in Electrochemical Water
Treatment

Research on electrochemical oxidation for the removal of pharmaceuticals and other
pollutants has been mainly performed using clean supporting electrolytes and often
unrealistic conditions of both high contaminant concentration (i.e., mg L�1 range)
and high electrolyte conductivity. This makes it very difficult to extrapolate the
obtained results to a real case scenario in terms of the required energy consumption
and reported transformation kinetics and pathways of a given compound. More
importantly, one of the main bottlenecks of electrochemical treatment systems –

generation of toxic chlorinated byproducts, both organic and inorganic – has not
been sufficiently addressed as most researchers either used sulfate-, nitrate-, and
perchlorate-based electrolytes, or they did not consider that the observed disappear-
ance of trace pharmaceuticals in NaCl supporting electrolyte is achieved by
electrochlorination. Another limitation in the field of electrochemical water treat-
ment is dependence of the figures of merit on the experimental design, as it is
difficult to compare batch versus continuous mode or batch beaker test versus a
batch recirculation reactor. There is a great disparity in the way the obtained results
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are reported and expressed, with most authors opting for using the observed pseudo-
first-order removal rate constants (kOBS, h

�1) of target pollutants, in some cases
normalized to the electrode surface area, and current efficiencies (CE, in %) calcu-
lated using Eq. (9):

CE ¼ 100� nFV
C0 � Ctð Þ

It
ð9Þ

where n is the number of electrons required for complete oxidation of a specific
pollutant (i.e., to CO2, H2O, etc.), F is the Faraday constant (96,487 C mol�1), V the
electrolyte volume (L), C0 and Ct are concentrations of compound measured at time
t ¼ 0 and time t (in mol L�1), I is the applied current (A), and t is the duration of
electrolysis (s). Yet, for processes targeting removal of pharmaceuticals and other
trace pollutants, electric energy per order (EEO) kWh m�3) is a more appropriate
figure of merit that expresses energy required to reduce the concentration of a
contaminant by one order of magnitude in a unit volume of water (Eqs. 10 and 11)
[13]:

EEO ¼ Pt

V log C0
Ct

for batch processes ð10Þ

EEO ¼ P

q log C0
Ct

for continuous processes ð11Þ

where P is the rated power of the system (W), V is volume of water (L) treated in
time t (h) in a batch system, q is the flow rate applied in a continuous system (L h�1),
and C0 and Ct are initial and final concentration of the target pollutant where Ct is an
order of magnitude lower than C0 (i.e., C0 ¼ 10�Ct and thus log C0

Ct
¼1).

4 Electrochemical Treatment for the Removal
of Pharmaceutical Residues from Real Contaminated
Water

The first study on electrochemical transformation of a pharmaceutical compound
was published in 1964 by Merkle and Discher [36]. They investigated electrolysis of
an antipsychotic drug chlorpromazine at Pt electrode as a means of quantitative
analysis. Although the potential of this technology for the degradation of organic
compounds was known for a long time, it was not until the 2000s when reporting on
the occurrence of pharmaceuticals in sewage, surface, and groundwater started to
intensify that electrochemical water treatment gained attention. Given that oxidative
degradation typically offers more complete degradation of organic pollutants,
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electrochemical oxidation has been in the focus of the scientific community much
more than the cathodic electrolysis of contaminants.

The number of studies where electrochemical removal of pharmaceuticals was
evaluated using real contaminated waste streams is very limited. In electrooxidation
using Ti/RuIrO2 anode of reverse osmosis (RO) brine amended with pharmaceuti-
cals at low μg L�1 concentrations, most of the target pharmaceuticals completely
disappeared when applying 461.5 Ah m�3 (cell energy consumption of
1.87 kWh m�3) in continuous mode and somewhat lower charge of 437.9 Ah m�3

in batch mode (1.77 kWh m�3), due to the higher accumulation of bulk chlorine
species and thus faster transformation of target pollutants [12]. Antibiotics trimeth-
oprim, enrofloxacin, norfloxacin, sulfadiazine and roxithromycin, ß-blockers meto-
prolol and tramadol, anticonvulsant carbamazepine, nonsteroidal anti-inflammatory
drugs (NSAIDs) gemfibrozil and diclofenac, and others were rapidly removed at
currents �150 A m�2. Pharmaceuticals more recalcitrant to oxidation were NSAID
ibuprofen, anti-epileptic drug phenytoin, and ICM iopromide, for which continuous
mode achieved less than 70% removal, whereas in batch mode their removal was
more complete. In electrooxidation of RO brine using BDD anode, all target
pharmaceuticals disappeared after 2 h of electrolysis at 100 A m�2 (i.e., applied
charge of 700 Ah m�3), except for ibuprofen which was removed up to 55%
[32]. The energy consumption for the removal of pharmaceuticals was not reported
but at lower current density (50 A m�2) 6.4 kWh m�3 was needed for complete
removal of chemical oxygen demand (COD). Nevertheless, disappearance of target
pollutants does not imply that the treatment was successful. The observed effluent
toxicity to Vibrio fischeri was increased up to 37-fold to 53-fold in both continuous
and batch mode electrooxidation of RO brine at Ti/RuIrO2 anode, suggesting
electrochlorination as the dominant oxidation mechanism [12]. Electrochlorination
of organic pollutants in the presence of high chloride concentration was demon-
strated in a subsequent study focused on identification of transformation products of
ß-blocker metoprolol formed using Ti/RuIrO2 and Ti/SnO2-Sb2O5 anode [29]. Met-
oprolol and its degradation products were transformed to chloro, chloro-bromo, and
bromo derivatives at both anodes in the presence of 1.5 g L�1 of Cl� and 1.5 mg L�1

of Br� in RO concentrate (Fig. 1). Metoprolol and its derivatives were transformed
faster at Ti/SnO2-Sb2O5 anode, likely due to its capacity to form HO• that participate
in the oxidation besides active chlorine species (Cl2/HOCl/OCl

�).
In another study, lower residual chlorine concentration was measured in

electrooxidation of wastewater effluent spiked with 50 μM of carbamazepine than
in the same effluent without the added pharmaceutical suggesting its reaction via
electrochlorination mechanism, which was also confirmed by the increase in toxicity
[37]. Also, in electrooxidation of hospital wastewater effluent using BDD anode, the
monitored pharmaceuticals were removed faster than expected from their HO•

radical rate constants due to their reaction with chlorine species [38]. Hydroxy-
ibuprofen and hydroxy-diclofenac were more persistent than their parent com-
pounds, indicating the need for including major human metabolites of pharmaceu-
ticals in the evaluation of the treatment technology.
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Very similar results in terms of electrochlorination of trace organic contaminants
were obtained in the treatment of secondary domestic sewage effluent that contained
significantly lower Cl� concentration than typically encountered in RO brines. In
electrooxidation at BDD anode, most of the identified degradation products of
pharmaceuticals carbamazepine, diclofenac, trimethoprim, and venlafaxine were
chlorinated [39]. In electrooxidation of pharmaceuticals spiked in secondary munic-
ipal wastewater effluent at low μg L�1 concentrations, most of the pharmaceuticals
were removed after 2 h of electrolysis at 196 A m�2 using BDD anode (energy
consumption of anodic compartment of 0.64–0.85 kWh m�3) at both acidic and
neutral pH, with the exception of ibuprofen and ICM diatrizoate and iopromide
[34]. The molecular structures of these compounds are characterized by the presence
of electrophilic halogen groups with a negative inductive effect at the aromatic ring
(e.g., ICM) or by the absence of nucleophilic substituents with an activating effect on
the aromatic ring (e.g., ibuprofen), which diminishes the reactivity of these com-
pounds toward HO•, chlorine, and other oxidant species. Ibuprofen was also reported
to be the most recalcitrant pharmaceutical residue by Urtiaga et al., with 70%
removed after 1 h of treatment at 100 A m�2 using BDD anode [40]. They applied
ultrafiltration (UF) and reverse osmosis (RO) to treat secondary wastewater effluent,
whereas electrooxidation of RO concentrate reduced the total load of pharmaceutical
residues from 149 μg L�1 to less than 10 μg L�1. The extent of electrochlorination
can be decreased by applying lower current densities [12, 41]. In electrooxidation of
hospital wastewater at BDD anode, application of 15.6 A m�2 yielded low amounts
of residual chlorine (0.6 mg L�1) and complete removal of bezafibrate, gemfibrozil,
indomethacin, and sulfamethoxazole after 40 min of electrolysis, resulting in the
energy consumption of 0.055 kWh m�3. Electrochemically treated effluent was
successfully subjected to biological posttreatment with activated sludge.

EDONA

e-

e-

H2O

O2, OH•, O3

Cl2, Br2

Cl-, Br -

HOCl/OCl-
HOBr/OBr-

MTPL

desmethoxy-MTPL
halogenated by-products

Fig. 1 Schematic representation of the competition between electrochlorination and electro-
bromination and oxidation by HO• and other reactive oxygen species formed at the anode, during
electrooxidation of metoprolol in reverse osmosis brine using BDD anode. Adapted from [29]
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BDD has often been the anode material of choice for the degradation of pharma-
ceuticals and other trace pollutants in water. Yet, variations in the structure of BDD
electrodes may have a significant impact on their performance and oxidizing capac-
ity. Ultrananocrystalline (UNCD) diamond films with smaller grain sizes are more
active and have a much higher surface to volume ratio than their microcrystalline
counterparts [42]. Given that in most studies BDD electrodes are commercially
purchased, characteristics of the BDD coating and parameters applied during its
synthesis are often not included or considered. For example, optimum boron-to-
carbon concentration (CB-C) in the gas phase applied in hot filament (HF) CVD
technique was determined to be 10,000 ppm, and further increase in CB-C led to a
decrease in the removal efficiencies of carbamazepine, diclofenac, trimethoprim, and
venlafaxine [39]. In this study, venlafaxine removal was decreased from 60% to 10%
after 240 min of electrolysis at 500 A m�2, when CB-C was increased from 10,000 to
15,000 ppm. Also, the use of BDD layer grown on structured Si substrate (i.e., Si
substrate subjected to wet etching to increase its roughness) yielded nearly 100% of
removal efficiency for all target pharmaceuticals, implying the determining impact
of the surface morphology of the Si substrate on the performance of anodic oxidation
process. Furthermore, the performance of BDD anodes is dependent on the nature of
the surface termination groups [13, 43]. BDD anodes produced using CVD method
are H-terminated with reduced surface functional groups (i.e., ¼CH2, �C–H), and
anodic polarization, typically in concentrated sulfuric acid, generates oxygenated-
functional groups such as �C-OH, ¼C¼O, and -COOH that are more hydrophilic,
yield better anode wettability and act as electroactive sites for the generation of HO•

and other oxidants [42]. Electrooxidation of ICM diatrizoate at as-received Nb/BDD
anode yielded kOBS of 0.003 h�1 in NaNO3 and Na2SO4 electrolyte of the same
conductivity (i.e., 5.8 mS cm�1), whereas conditioning of the anode increased the
kOBS to 0.16 h�1 (in NaNO3) and 1.06 h�1 (in Na2SO4) electrolyte, due to the
enabled formation of sulfate radicals (SO4

•�) [44].
To obtain a more complete oxidative degradation of pharmaceuticals, some

studies used both anodic and cathodic half-cell of an electrochemical unit
[45, 46]. For example, reductive deiodination of ICM iopromide at nano Pd-doped
graphite felt cathode was combined with oxidative degradation at BDD anode to
avoid the formation of persistent iodinated intermediates, typically formed due to the
preferential attack of HO• at the alkyl side chains [46]. Cathodic transformation of
pharmaceuticals and other trace pollutants is a less attractive process due to the
necessity to use noble metal catalyst such as Pd and Pt to achieve enough efficiency
of reductive transformation of pollutants. The cathodic half-cell of an electrochem-
ical system has typically been used to produce hydrogen peroxide from the reduction
of oxygen, according to Eq. (12):

O2 þ 2Hþ þ 2e� ! H2O2 ð12Þ
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H2O2 is a weak oxidant with E�(H2O2/H2O) ¼ 1.763 V/SHE (standard hydrogen
electrode) in acidic solution and is activated to HO• by the addition of catalytic
amounts of ferrous ion, Fe2+ (Eq. 13), in a process known as electro-Fenton [47]:

Fe2þ þ H2O2 ! Fe3þ þ HO • þ OH� ð13Þ

This enables a more complete oxidative degradation of trace organic pollutants
that react with the HO• formed in the bulk liquid, in addition to the anodically formed
HO• that remain in a proximity of the anode surface. Furthermore, electro-Fenton
can be further enhanced by the addition of UV light in a so-called photoelectro-
Fenton and solar photoelectro-Fenton processes. The performance of these systems
in removing pharmaceutical residues from water has been extensively reviewed in
literature [47, 48]. However, great majority of the research on electro-Fenton and
photoelectro-Fenton processes has been performed using single component solu-
tions, using high initial contaminant concentration (e.g., in mg L�1 range) and high
conductivity electrolytes. Very few studies have investigated the process perfor-
mance when dealing with real contaminated water. For example, electrochemical
Fenton-based treatment was successfully applied for the removal of tetracaine,
anesthetic drug, in synthetic and urban wastewater [49]. In another study, electro-
Fenton was applied to remove NSAIDs diclofenac, naproxen, and ibuprofen from
the sewage effluent [50]. In these and other studies, real wastewater had to be
amended with 0.3–0.5 mM Fe2+ and acidified to pH 2.8–3 to enable the Fenton’s
reaction. The requirement for the addition of iron and acid and the need to neutralize
the treated effluent represent major limitations for the upscale of Fenton-based
electrochemical processes.

Due to their exceptional modularity, electrochemical systems can be easily
combined with other physicochemical water treatment processes. For example, Zhi
et al. [51] combined ozonation and Ti4O7 porous anode typically considered as a
reactive electrochemical membrane (REM), to achieve a more complete removal of
tetracycline, propranolol, ciprofloxacin, and sulfamethoxazole. The energy con-
sumption of the O3-REM-coupled process was 101.5 kWh kgTOC

�1, significantly
lower than those of O3 (241.2 kWh kgTOC

�1) and Ti4O7 REM (121.5 kWh kgTOC
�1),

for achieving similar TOC removal (around 77%). In another study, 3D electro-
chemical system with a packed bed of granular activated carbon (GAC) was
combined with ozonation for the treatment of pharmaceutical wastewater [52]. Addi-
tion of ozone and electric field enabled in situ regeneration of GAC, enhanced TOC
removal, and caused a significant decrease in toxicity to Vibrio fischeri.
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5 Three-Dimensional, Flow-Through Electrochemical
Systems and Development of Electrochemical
Membranes

Poor current efficiency and consequently high energy consumption for the removal
of pharmaceuticals and other trace organic pollutants have been a major impediment
for the upscaling and application of electrochemical systems in water and wastewater
treatment. Conventional 2D plate-type electrochemical reactors are characterized by
high diffusion limitations and reactions with the electrogenerated HO• limited to a
thin boundary layer (~100 μm) at the anode surface. These diffusion limitations can
be significantly reduced using flow-through, 3D systems, and porous electrodes that
offer higher specific surface area and reduced mass transfer limitations for electro-
lytic degradation of trace contaminants [13, 43]. However, prerequisite for such
systems is the existence of electrocatalytically active, stable porous 3D anode
materials. Currently, BDD- and MMO-coated anodes cannot be developed in 3D
geometries. Some researchers used carbon-based anodes coated with active cata-
lysts, given that typical carbon-based materials have low electrocatalytic activity for
both oxidative and reductive transformation of pollutants. For example, Zhai et al.
used MnO catalyst confined in graphite felt for electro-assisted catalytic wet air
oxidation of ibuprofen, tetracycline, and other pollutants [53]. Bubbling of oxygen at
the bottom of the reactor and polarization of the anode at low potential of 1.0 V/SHE
enabled chemisorption of O2 on MnO, activation of the chemisorbed oxygen species
via electrooxidation, and oxidation of organic pollutants by the activated
chemisorbed oxygen species. The stability of Mn and other metal catalysts on carbon
electrodes may be an issue when dealing with real waste streams due to their high
reactivity and potential for leaching.

In an effort to reduce the energy consumption of electrochemical systems,
researchers have proposed different porous electrode materials for advection-
enhanced mass transfer of trace organic pollutants, based on carbon nanotubes
(CNTs), Ti4O7, and graphene, among others (Table 2) [60]. Due to the ease and
simplicity of producing porous thin films by filtration of CNTs-based ink,
CNT-based conductive membranes have been widely investigated for filtration,
adsorption, and electrochemical degradation of pharmaceuticals and other organic
pollutants [61–63]. Liu et al. applied a multi-walled CNTs (MWCNTs)-based filter
for adsorption and electrochemical degradation of tetracycline [54]. They obtained
efficient removal of tetracycline with an oxidative flux of 0.025 mol h�1 m�2 at total
cell potential of 2.5 V when using MWCNT anode and Ti cathode, whereas
oxidative flux was calculated according to Eq. (14):

Electrooxidation flux ¼ Cin� Cout mol
L

� �� � � flow rate L
h

� �

Effective filter area m2ð Þ ð14Þ
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Oxidative flux was increased 2.3-fold when Ti cathode was replaced with
MWCNT cathode, which also resulted in a decrease in total cell potential to 1 V
due to a higher cathode surface area and thus larger distribution of current, resulting
in lower cathodic current density. When the electrochemical filter was applied on
drinking water and wastewater effluent samples spiked with tetracycline (0.2 mM),
the target antibiotic was completely removed within short residence time (<2 s) and
had an oxidative flux of 0.015 and 0.022 mol h�1 m�2, respectively (energy
consumption of 0.084 kWh m�3). Similar MWCNT-based anode filter was
employed for the removal of sulfamethoxazole, ciprofloxacin, and amoxicillin
[56]. Although the target antibiotics were adsorbed initially to some extent, break-
through and increase in effluent concentrations were observed already after the first
5–10 min of continuous operation. Nevertheless, application of anode potentials
above 2 V vs Ag/AgCl yielded a steady 70–80% removal of target antibiotics, and
the major degradation pathways involved hydroxylation, cleavage of sulfonamide
bond and oxidation of aniline moiety (in sulfamethoxazole), oxidation of quinolone
ring and the reaction at the piperazinyl ring (in ciprofloxacin), and fracture of the
β-lactam ring and oxidation of sulfur atom (in amoxicillin). Besides pharmaceutical
and other trace organic pollutant removal (e.g., pesticides, dyes), CNT-based porous
electrochemical filters have also been explored for a variety of applications ranging
from anti-fouling to viral and bacterial inactivation [64–66]. To enhance the CNT
membrane performance and increase its electrocatalytic activity, several authors
used atomic doping (boron and nitrogen), nanoparticle functionalization (addition
of iron to induce Fenton reactions), and polymeric coatings (e.g., addition of
polyaniline to increase conductivity and enhance anodic stability) [67, 68]. For
example, electroactive membrane based on MWCNTs and MWCNTs doped with
nano-zerovalent iron (nZVI) was applied for sorption and electrochemical oxidation
of metoprolol at very low applied potentials, i.e., 0.75 and 1.2 V/SHE, achieving
55% and 97% removal, respectively [69]. nZVI was considered to enhance the
electroactive membrane performance through Fenton-type reactions and liberation
of Fe2+, and main degradation products identified (e.g., α-hydroxy and α-keto
metoprolol, O-desmethyl metoprolol, metoprolol-carboxylic acid) suggested HO•-
induced transformation. Addition of iron functionalities was also employed to enable
the electro-Fenton in a flow-through system using a porous cathodic membrane
based on reduced graphene oxide (RGO) [58]. The authors reported 60% mineral-
ization efficiency of antibiotic florfenicol RGO membrane functionalized by
-COOFe2+ groups and cathodically polarized to �0.6 V/SHE and no mineralization
when using RGO membrane without the added iron functionalities. This was
enabled by the simultaneous reduction of supplied O2 to H2O2 and its activation to
HO• by the -COOFe2+ groups introduced into the RGO layer. Despite the efforts
made to stabilize CNT-based electrodes, their mechanical stability and electrode
degradation remain a handicap for application of this material in electrochemical
water treatment. In addition, CNTs are characterized by excessive cost, toxicity, as
well as several intrinsic limitations, i.e., low HO• production efficiency; low onset
potential for OER (approximately 1 V vs SHE), and consequently low current
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efficiency for the degradation of pollutants; and continuous degradation of the anode
membrane/electrode at anodic potentials higher than 4 V/SHE [70–72].

In the last 5 years, Magnéli phase Ti4O7 anodes have gained significant attention
as a promising porous electrode material with high conductivity (1,000 mS cm�1),
high corrosion resistance (both to acids and bases), and higher stability under anodic
polarization compared with CNTs electrodes [11, 72]. Porous Ti4O7 also have a
large specific surface area (2.9 � 106 m�1) relative to BDD electrodes
(1.0 � 103 m�1), although the electroactive surface area is typically significantly
lower than the total surface area due to the poor accessibility of the electrolyte to a
large portion of the electrode [6]. All these properties, along with the high capacity
for generation of HO•, have been exploited for electrooxidation of a range of trace
organic pollutants, including antibiotics and other pharmaceuticals [59, 60]. The
manufacturing procedure of Ti4O7 enables the production of flow-through materials
with controlled porosity. The general fabrication method consists of sintering a
porous TiO2 material (tubes, plates, rods, or pellets), followed by a second thermal
process where temperatures are increased to 1,000�C under hydrogen atmosphere
[11]. Chaplin et al. first applied Magnéli phase-based reactive electrochemical
membranes for the degradation of oxalic and terephthalic acid by the
electrogenerated HO• [11]. Trellu et al. applied a cylindrical porous anode based
on a mixture of Ti4O7 and Ti5O9 Magnéli phases in cross-flow filtration mode, with
the stainless steel rod cathode placed in the center, for the degradation of refractory
organic pollutants [73]. Acetaminophen (0.1–2.3 mM) in 50 mMNa2SO4 electrolyte
was mineralized with 47% current efficiency at 150 A m�2. The authors emphasized
the role of both HO• and DET in degrading this pharmaceutical, given that some of
the intermediates formed by HO• attack (e.g., 1,4-benzoquinone, oxalic acid) are
susceptible only to direct electrolysis. In addition, the authors observed anode
fouling at higher organic flux due to the polymerization of aromatic compounds.
Magnéli phase materials are also a suitable substrate for the incorporation of catalytic
materials or nanoparticles in order to further increase the HO• production or the
reductive capacity of REM (e.g., by the addition of Pd). For example, bismuth-doped
tin oxide has been incorporated in a Ti4O7 substrate by simple electrodeposition and
subsequent mild thermal oxidation in water, resulting in higher HO• production
compared to the undoped electrode [72]. Also, electrochemical reduction of sulfa-
methoxazole was improved from 3.8% for the Ti4O7 REM to 96.1% for the Pd-Cu-
doped REM at �1.14 V/SHE (energy consumption 0.33 kWh m�3) [59]. The
reduction was found to proceed through N-O bond scission at the isoxazole ring.
When Ti4O7 REM was applied as an anode, 95.7% of sulfamethoxazole was
removed at 2.03 V/SHE, with an energy consumption of 0.27 kW hm�3, but also
enabled mineralization, on the contrary to the reductive transformation. Ti4O7

electrodes seem to be a very promising material for the removal of pharmaceuticals
and other trace organic pollutants from water. Nevertheless, their performance is yet
to be evaluated in environmentally relevant conditions of typical conductivity of
wastewater (1.5–3 mS cm�1), groundwater (0.5–2 mS cm�1) and other contami-
nated water matrices, and also for low ng – μg L�1 concentrations of pharmaceuti-
cals. Ti4O7 anodes suffer from similar limitations as other anode materials in terms
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of the formation of toxic chlorinated byproducts in the presence of Cl�, i.e.,
organochlorine compounds and inorganics ClO3

� and ClO4
� [35]. Also, more

research is needed about the stability of Ti4O7 REMs during long-term operation,
given that some authors reported irreversible passivation during anodic polarization
[74], while other observed restoration of the anode electrocatalytic activity after
cathodic polarization [75].

6 Conclusions and Outlook

In order to decrease the energy consumption of electrochemical systems applied for
the removal of pharmaceuticals and other persistent trace contaminants, research on
novel porous, 3D anode materials with high electrocatalytic activity and stability is
essential. Nevertheless, it is crucial to conduct the experiments under environmen-
tally relevant conditions in terms of electrolyte conductivity and composition and
contaminant concentration. If a new electrode material is developed, the authors
should report its electrochemical stability, for example, by performing accelerated
service life tests. Special attention should be paid to the potential of anode materials
to generate chlorine and thus induce the formation of chlorinated byproducts, as this
is one of the main bottlenecks of electrochemical water treatment. Wider-scale
application of electrochemical water treatment systems can only be enabled by
addressing their limitations and searching for solutions to minimize the energy
consumption and formation of organic and inorganic halogenated byproducts.

Several porous electrode materials have been recently proposed as means to
reduce the energy consumption of electrochemical process. Among these, CNT-
and Magnéli-based electrochemical membranes are attractive materials due to their
high electrical conductivity, specific surface area, and possibility of
functionalization. These two materials open the way to pore control and subse-
quently production of flow-through electrodes with confined active areas in the
nanometer to micrometer range. Their production is relatively simple and based on
the use of ink solutions (i.e., CNTs) or combustion under reductive atmosphere and
sintering (i.e., Magnéli). However, low EEO values and high removal rates for the
degradation of trace pollutants are typically achieved when surface functionalization
is introduced, e.g., through doping of Sb, Sn, Bi, or Fe2O3. This introduces a risk of
leaching of toxic metals that needs to be carefully evaluated during electrode
operation, particularly at high anode potentials typically required for the degradation
of more persistent pollutants. In addition, both CNT and Magnéli phase REMs are
yet to be evaluated for low-conductivity electrolyte solutions and low initial con-
taminant concentration.

More recently, graphene-based membranes were proposed to precisely control
the molecular size of elements passed to the permeate side by regulating the
interlayer distance between graphene 2D sheets [76]. The ability of graphene
membranes to be functionalized (by π-π stacking and oxygen functional groups) is
similar to CNTs, although graphene-based materials have more standardized
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properties and homogeneity in their production in terms of final size, thickness, and
electrical properties [61]. In their pioneering study, Zhou et al. demonstrated that it
was possible to precisely control water permeation and flux of graphene-based
membranes by applying current, from ultrafast permeation to complete blocking
[77]. This was achieved by the application of current to the conductive filaments in
the graphene oxide membrane that leads to ionization of the water molecules inside
the graphene capillaries and impedes water transport. Graphene-based membranes
have been rarely adopted for electrochemical removal of trace organic pollutants
[57, 58, 78]. Nevertheless, RGO is a low-cost material that offers interesting
opportunities for producing 3D macroscale foams with controlled pore structure,
size, and degree of RGO reduction by simple methodologies such as hydrothermal or
3D printing [79, 80]. During the synthesis of RGO materials, their electrical,
mechanical, and physicochemical properties (e.g., hydrophobicity) can be tailored
for a specific water treatment application. In addition, graphene offers an excellent
matrix for functionalization and introduction of other 2D materials (e.g., MXenes,
hexagonal boron nitride – hBN) and thus further fine-tuning of their electrocatalytic
performance. These and other novel materials offer emerging opportunities for
electrochemical systems and different ways to architecture a water treatment system,
by designing reactors with directional flows depending on the nanostructures and
catalytic improvements made to enhanced surface exposure.
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Abstract Pharmaceuticals in wastewater effluents represent a current environmen-
tal concern, which demands application of effective processes. In such regard,
sonochemical advanced oxidation processes emerge as an attractive alternative, as
illustrated herein. This chapter begins presenting some fundamental aspects of
sonochemical treatments (e.g. effects of frequency, power and nature of pharmaceu-
tical pollutants). In second place, the transformations of pharmaceuticals are
described, considering topics such as the used analytical techniques and structural
modifications of pollutants by chemical effects of ultrasound. Then, treatment of
diverse wastewater containing pharmaceuticals are shown, paying special attention
to degradations in complex matrices, reactors configurations and combination of
ultrasound with membrane filtration processes. Final part is dedicated to highlight
the key points presented along the chapter.

Keywords Advanced oxidation process, Environmental remediation,
Pharmaceuticals degradation, Ultrasound, Wastewater treatment

1 Fundamental Aspects

1.1 Ultrasound as an Advanced Oxidation Process
and Environmental Problem of Pharmaceuticals

Ultrasound comprises mechanical waves having frequencies from 20 to 10,000 kHz
(20 kHz to 10 MHz). These waves are utilized in areas such as biomedical diagnos-
tics, material synthesis and environmental chemistry/engineering, among other fields
[1]. Herein, we will focus on environmental applications, specifically on the use of
ultrasonic waves for degrading organic pharmaceuticals.

Pharmaceuticals are considered contaminants of emerging concern (CECs)
because these substances are continuously introduced into the environment at very
low concentrations (e.g. ng L�1 to μg L�1); they may affect water quality, natural
water supplies and ecosystems equilibrium [2]. Additionally, the regulation by
governments about pharmaceuticals input into environment is still incipient. Thus,
the environmental discharge of pharmaceutical must be limited, and ultrasound-
based techniques can be utilized for such purpose.

The generation of radicals in ultrasound systems involves transient acoustic
cavitation phenomenon. This consists of formation of bubbles (also called cavities,
which contain oxygen gas and/or water vapour) in the liquid; due to the pass of
ultrasound waves (expansion and contraction cycles), the cavities grow up until a
critical size, and then, they violently collapse [3, 4]. During the collapse temperature
and pressure within the cavity is enormous (e.g. 5,000 K and 1,000 atm); these
critical conditions lead to rupture of water vapour and oxygen to form radicals
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(Eqs. 1–4). Additionally, cavitation can also produce the emission of light (called
sonoluminescence) [5, 6].

H2OþÞÞÞ ! H • þ HO • ð1Þ
O2þÞÞÞ ! 2 O • ð2Þ

H2Oþ O • ! 2 HO • ð3Þ
O2 þ H • ! O • þ HO • ð4Þ

The formation of radicals by ultrasound can be demonstrated be means of spin
trapping and electron spin resonance (ESR) technique [4]. Besides, the formation/
accumulation of hydrogen peroxide (coming from recombination of radicals, Eq. 5)
is an indirect way to prove the radical generation in an ultrasonic system [7, 8].

HO • ! H2O2 ð5Þ

Ultrasound is considered an advanced oxidation process (AOP) because this can
be used for degrading organic pollutants in aqueous matrices by action of the
generated radicals [9]. In the aqueous systems submitted to ultrasound, it has been
figured out three degradation zones: (1) interior of cavitation bubble, (2) interface of
bubble-liquid and (3) bulk of liquid. Volatile compounds are pyrolysed inside
bubble, whereas hydrophobic non-volatile and hydrophilic substances are mainly
destroyed at the interface and liquid-bulk zones, respectively [3].

It must be mentioned that the efficiency of sonochemical degradation is
influenced by operational parameters, chemical nature of pollutant, matrix compo-
nents and reactor configuration. All these aspects are analysed and discussed in the
following sections.

1.2 Effect of Frequency and Power on Pharmaceuticals
Degradation by Ultrasound

Physical effects dominate at lower frequencies (20–100 kHz), chemical effects are
more significant at frequencies in the range 100–1,000 kHz (1,000 kHz ¼ 1 MHz),
and at higher frequencies (>1 MHz) acoustic streaming effect are dominant [10].

For degradation of organic pollutants, frequencies among 20 kHz and 1.2 MHz
are commonly used (Table 1). Pharmaceuticals such as cephalexin, diclofenac,
estrogenic hormones and ofloxacin have been treated at low frequencies
(20–100 kHz) and at very high powers or power densities. Likewise, high frequen-
cies (among 100 kHz and 1.2 MHz) have been widely utilized for degrading
acetaminophen, ampicillin, atenolol, levodopa, losartan and triclosan; nevertheless,
lower powers (or power densities) than the required at frequencies below 100 kHz
can be used. Table 1 shows that if frequencies are varied in the range 100 kHz to
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1.2 MHz, the highest degradations are observed between 200 and 400 kHz, due to in
such range occurs the highest production of radical species [11], which favours the
pharmaceuticals degradation [8, 12].

In general, at a fixed power (or power density), the increasing of frequencies
results in higher nucleation and production of bubbles that are comparatively smaller
in size, for example, at 20 kHz, ~20,000 implosions per second could occur, whereas
at 300 kHz, ~100,000 cavitation events per second are possible. This enhances the
production of radicals and leads to a higher degradation of pharmaceuticals

Table 1 Pharmaceuticals degradation at different frequencies

Compound
Frequency
(kHz) Removal

Time
(min) Power conditions Reference

Cephalexin 24 70% COD 150 Electric 200 W
(acoustic
17.3 W)

[13]

Diclofenac 20 ~50%
Degradation

60 Electric:
100 W L�1

[14]

Oestrogens mixture 20 ~80–90%
Degradation

25 Electric:
320 W
(2,100 W L�1)

[15]

Mix of amoxicillin, car-
bamazepine and
diclofenac

20 ~20–50%
Degradation

60 Electric:
100 W L�1

[16]

Ofloxacin 20 31%
Degradation

240 Electric:
640 W L�1

[17]

Atenolol 200 ak: 0.01649 – Electric:
50 W

[18]

350 ak: 0.04476 –

620 ak: 0.03717 –

1,000 ak: 0.03720 –

Acetaminophen 574 95%
Degradation

240 Acoustic:
32 W

[19]

860 92% 240

Triclosan 574 90% 15 Acoustic:
140 W L�1

[20]

856 75% 15

1,134 72%
Degradation

15

Ampicillin 375 39%
Degradation

30 Acoustic:
24.4 W

[8]

990 26%
Degradation

30

Losartan 375 70%
Degradation

30 Acoustic:
88 W L�1

[12]

575 54%
Degradation

30

990 15%
Degradation

30

aPseudo-first-order degradation rate constant (k, min�1)

352 E. A. Serna-Galvis et al.



[1, 7]. However, it should be indicated that an upper limit exists for the applied
frequency above which the active cavitation for pollutants degradation diminishes.
Then, if the bubbles have not enough size, the extent of collapse is low and fewer
radicals are formed [1].

On the other hand, in the sonochemical systems, a transduction phenomenon
(i.e. the transformation of electrical power into acoustic power) is involved. During
such transformation, not all electrical power is converted into acoustic power. Then,
the actual acoustic power should be determined to establish the sonochemical
efficiency of the transducers [21, 22]. The actual acoustic power determination is
typically done by calorimetric methods. The sonochemical energy can be assimilated
to the calorimetric energy due to the rising up of the temperature in a fixed volume of
water. This is represented by the Eq. 6, where Cp is the specific heat capacity of the
solvent (in J kg�1 K�1), m is the mass of solvent (in kg) and ΔT/Δt means the
temperature difference (in K) after a specific sonication time (in s) [21]. Therefore,
the efficiency of the energy transduction is calculated as the ratio between the actual
acoustic power and the electric power supplied to the system.

Acoustic power ¼ m Cp ΔT=Δtð Þ ð6Þ

It is well-known that the increasing in the electric power (and consequently in the
acoustic power) augments the degradation of pharmaceuticals [1, 18, 19, 22, 23]. A
higher power delivers an increasing in the number of cavitation bubbles and the
magnitude of the collapse, which lead to a higher production of radicals (and
consequently a higher accumulation of H2O2, Fig. 1a), favouring the pollutants
degradation [24–26], as exemplified in Fig. 1b. However, it should be indicated
that excessive powers induce a decrease in the number of bubbles per volume, which
is attributed to an increase in bubble coalescence, degassing and liquid agitation.
Also, it can be remarked that there is a lower limit or threshold of power. Below such
lower limit, the sound field is very small to induce nucleation or bubble growth;
consequently, bubbles readily succumb to surface tension effects and dissolve,
resulting in a limited cavitation activity [1].

It is important to indicate that although power and frequency are the primary
physical parameters that influence sonochemical process, the elimination of phar-
maceutical by ultrasound can also be modified by other operational parameters such
as aqueous sample temperature, dissolved gas and operation mode
(i.e. pulsed vs. continuous waves). Such topics are not considered in this chapter;
however valuable information about them is available for reader in the references
[1, 23, 27–30].
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Fig. 1 Effect of power on the sonochemical system. (a) Accumulation of hydrogen peroxide
(indicator of hydroxyl radical generation) as a function of the acoustic power. Experimental
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1.3 Effect of Pharmaceutical Nature on the Sonochemical
Degradation

Most of organic pharmaceuticals are non-volatile substances. Thereby, degradation
of such pollutants in the sonochemical system mainly occurs at the interfacial zone
and/or in the solution bulk. Some works have studied the correlation between
sonochemical degradation rate for pollutants and physico-chemical parameters
(e.g. molar mass, Henry’s law constant, second-order reaction constant with
hydroxyl radical), indicating that only one property cannot be utilized to predict
the degradation of any compound by ultrasound. However, simple correlations may
be useful when the considered compounds have similar/related structure [28, 31].

For example, a research about the sonochemical degradation of some antibiotics
showed a good correlation between the initial degradation rate (Rd) and the octanol-
water partition coefficient (Log P). The pharmaceuticals having higher Log P values
were faster sonodegraded (Table 2). The Log P is a parameter related to hydropho-
bicity. The hydrophobic compounds tend to accumulate at the cavitation bubble
interface, where they can have a high interaction with hydroxyl radicals and are
prone to a faster degradation by ultrasound action [32].

The closeness of some pharmaceuticals to cavitation bubbles can be indirectly
inferred by using interferent substances such as isopropanol (a volatile scavenger of
radicals) and ferrous ion (a promoter of radicals in the solution bulk through Fenton
reaction, Eq. 7) [12, 28]. Then, substances that due to their hydrophobic nature are
placed close to the cavitation bubble will experiment a lower inhibition degradation
degree in presence of the radical scavenger than the more hydrophilic ones. On the
contrary, in the presence of the radical promoter, the hydrophobic pharmaceuticals
are less accelerated than the hydrophilic compounds [12, 32, 33].

Fe2þ þ H2O2 ! Fe3þ þ HO� þ HO • ð7Þ

On the other hand, many pharmaceuticals have acid or basic functional groups on
their structure. Hence, structural variations can be promoted by pH changes. This
markedly influences the sonochemical degradation, due to modification of the
hydrophilic/hydrophobic nature of the pollutants [15, 16, 23, 26]. In the case of
molecules having acid moieties such as carboxylic acids and phenols
(e.g. acetaminophen, dicloxacillin and naproxen), their degradations are more
favoured at pH values below their pKa of such functional groups, where predomi-
nates their non-charged form (Table 3). Meanwhile, pollutants with basic moieties
such as amines (e.g. fluoxetine) have higher degradations at pH values above their

⁄�

Fig. 1 (continued) conditions, 250 mL of distilled water; pHinitial, 5.6, 20�C, sonication at 375 kHz
by using a Meinhardt reactor. (b) Removal of ampicillin at diverse acoustic powers. Experimental
conditions, 250 mL of aqueous solution of ampicillin at 30 μmol L�1; pHinitial, 6.5, 20�C, sonication
at 375 kHz by using a Meinhardt reactor. Figure was built with own data of the authors
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pKa, where predominates their non-charged species. In the case of pharmaceuticals
having both acid and basic moieties, which are able to form zwitterions
(e.g. cephalexin and sulfadiazine), their degradations are more favoured at pH values
where the zwitterion predominates (i.e. a pH between the pKa of both groups). This
is because such species has an equilibrium with its corresponding neutral
non-charged structure (Eq. 8). Overall, the non-charged structures of molecules are
more hydrophobic than their corresponding ionic forms (i.e. cation, anion or zwit-
terion). Therefore, the non-charged forms are closer to the cavitation bubble, which
favours their degradation by action of the sonogenerated radicals.

þH3N� R� COO� $ H2N� R� COOH ð8Þ

Table 2 Relationship
between sonodegradation rate
(Rd) of some pharmaceuticals
and octanol-water partition
coefficient (Log P)a

Pharmaceutical Rd (μmol L�1) Log P

Cefadroxil 0.4150 �0.40

Ciprofloxacin 0.5600 0.28

Cephalexin 0.7300 0.65

Cloxacillin 0.8600 2.48
aTable made by the authors based on Serna-Galvis et al. [32]

Table 3 Effect of pH on sonodegradation of pharmaceuticals

Pharmaceuticals Acid/base groups
pH values
tested

Best
degradation
at pH References

Acetaminophen Phenol
(pKa: 9.5)

3.0, 5.6, 9.5,
11.0 and
12.0

3.0 and 5.6 [26]

Dicloxacillin Carboxylic acid
(pKa: 2.8)

3.0, 5.7 and
9.0

3.0 [25]

Oestrogens
mixture

Phenols
(pKa > 10)

3.0, 7.0 and
9.0

3.0 [15]

Ibuprofen Carboxylic acid
(pKa: 4.9)

3.0, 5.0 and
11.0

3.0 [34]

Naproxen Carboxylic acid
(pKa: 4.2)

3.0, 6.0 and
10.5

3.0 [35]

Fluoxetine Amine
(pKa: 10.05)

6.2 and 11.0 11.0 [36]

Cephalexin Carboxylic acid (pKa: 3.3–5.2)
and amine (pKa: 7.3)

4.5, 6.5, 7.5,
8.5 and 10

6.5 [13]

Sulfadiazine Sulphonamide
(pKa: 2.1)
and aniline (pKa: 6.28)

3.0, 5.5, 7.0,
9.0 and 11.0

5.5 [37]
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2 Chemical Transformations of Pharmaceuticals upon
Sonochemical Action

2.1 Analytical Techniques to Follow Pharmaceuticals
Degradation and Transformation During Sonochemical
Treatment

Studies on sonochemical treatments require the measurement of the concentrations
of the target compounds under different treatment conditions and along the time. To
this aim, it is necessary to apply reliable and sensitive analytical techniques in order
to follow the concentrations changes of the parent compound during the treatment,
as well as to evaluate the transformations suffered along the process. Ideally, the
transformation products (TPs) formed should be elucidated and, if possible, the
changes in their concentrations monitored. This implies the use of quantitative
techniques for detection and identification of the compounds, particularly when
experiments are performed in complex matrix samples, and for the determination
of low analyte concentrations. In addition, powerful techniques able to give infor-
mation about the chemical structures of the compounds and about potential modifi-
cations produced in the process, i.e., elucidation techniques, are also needed.

In this field, the importance of chromatographic techniques hyphenated to mass
spectrometry is unquestionable. Liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) with triple quadrupole (QqQ), or related analysers, such
as QqQ-linear ion trap, e.g., QTRAP, is the technique of choice for quantitative
analysis, due to the medium-high polarity of most pharmaceuticals and TPs, while
liquid chromatography coupled to high-resolution mass spectrometry (LC-HRMS)
is typically used to identify/elucidate the TPs formed during the treatments [23, 38–
42].

2.1.1 Quantitative Analysis

Quantitative analysis of pharmaceuticals in aqueous media, both in environmental
studies and in laboratory degradation experiments, is typically performed by
LC-MS/MS. This is the technique of choice by several reasons: excellent sensitivity
and selectivity, robustness, wide linear dynamic range and fully compatible with
aqueous samples without the need to make solvent exchange. There are hundreds of
papers reporting the use of LC-MS/MS in the field of pharmaceutical analysis, and a
detailed review is out of the scope of this chapter. Instead, some references can be
given for those readers interested in this topic [12, 38, 50, 41, 43–49].

Although the advantages of LC-MS/MS are obvious in comparison with
LC-based methods using conventional detectors, the latter are still applied in many
laboratory experiments that are performed under controlled conditions using clean
water (e.g. distilled or Milli-Q) or synthetic water of known composition. In these
experiments, “clean” samples are spiked at known concentrations with the
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pharmaceuticals under study, and spiking levels use to be at nearly, or above, the
ppm levels. Under this “ideal” situation, conventional techniques, such as LC-UV,
LC-FD or LC-DAD, can be used to follow the evolution of the concentrations,
because there are not sensitivity constrains and/or the need of confirmation of the
identity of the compound, as occurs in real-world complex water samples. Thus, a
number of publications dealing with pharmaceutical analysis and/or sonochemical
treatments report data produced by techniques other than LC-MS/MS [12, 49,
51]. However, when the experiments are performed with real-world (waste) water
samples, it is necessary to apply more sensitive techniques, able to determine
concentration levels at the ppb (μg L�1) and ppt (ng L�1) levels similar to those
found in the samples. The situation can be in part alleviated if the samples are spiked
at sufficiently high levels to facilitate monitoring the evolution of the concentrations
along the treatment. However, the most critical issue is the correct identification and
interferences removal when dealing with complex samples, e.g. wastewater. It is in
these cases when the potential of LC-MS/MS is actually exploited due to its
excellent performance for quantification. Besides, the acquisition of, at least, two
selected reaction monitoring (SRM) transitions and the evaluation of ion ratios and
chromatographic retention time allow the reliable identification of the compounds
[43, 47]. An illustrative example is the elimination of 15 relevant pharmaceuticals in
hospital wastewater after combination of a biological system and a sono-photo-
chemical process, which was monitored by LC-MS/MS QqQ [52]. Similarly,
LC-MS/MS analysis was used to assess the degradation by sonochemical advanced
oxidation processes of 17 contaminants of emerging concern, selected on the basis of
their occurrence in urban wastewaters [53].

Although LC-MS/MS is widely accepted for pharmaceutical analysis, there is an
issue of major concern when applied to complex-matrix samples. This is matrix
effects, which may dramatically affect the ionization of the analytes and conse-
quently the quantification. Matrix effects, if no properly corrected or eliminated,
may lead to notable errors in quantification, by default (ionization suppression) or by
excess (ionization enhancement). The use of isotope-labelled internal standards
(ILIS) is among the best solutions for matrix effects correction, although the own
analyte-ILIS should be used for an efficient correction. This implies the acquisition
of a notable number of ILIS in multi-residue multiclass methods where many
pharmaceuticals are determined. The high cost and low availability of ILIS for
some compounds is a limitation to apply this approach, which however is the
recommended when only a few pharmaceuticals are under study [43].

Another interesting topic that has arisen in the last few years is the possibility of
direct injection of samples in LC-MS/MS methods. Traditionally, a
pre-concentration step has been applied for pharmaceuticals determination, typically
based on solid-phase extraction (SPE) using different cartridges [38, 44, 46,
49]. However, recent advances in MS instrumentation, particularly in terms of
sensitivity improvement, have made possible the direct injection of samples,
reaching concentrations at the sub-ppb levels without any type of sample treatment.
This is highly convenient, as it saves time and costs, and reduces the possibility of
analytical errors associated with sample manipulation. With the LC-MS/MS
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new-generation instrumentation, it is possible to avoid the SPE step [43, 54]. We will
see in the near future an increase in applications of LC-MS/MS in the pharmaceu-
ticals field making use of direct injection of samples.

We cannot end this section without emphasizing the importance of the quality
control of the analyses. There is not discussion about the need to validate the
analytical methods applied. However, even if a previous validation is made, it is
necessary to apply strict rules for quality control in every batch of samples analysed.
The fact that a method works well in a given sample (e.g. analysed by quintuplicate,
with satisfactory recovery and precision) does not mean that it will give satisfactory
results when applied to other samples, even if they are from the same type than the
sample used for validation. Environmental water and wastewater samples, among
others, are very different in nature and may have quite different composition and
very distinct matrix effects. Therefore, it is necessary to ensure the quality of analysis
in real-world samples. One of the best ways to guarantee the reliability of an
analytical method is to analyse a notable number of quality control (QC) samples
together with the samples under study. QCs are prepared by spiking “real-world
blank” samples at known analyte concentrations. QC recoveries are used to assess
the quality of data and must be typically between 60 and 140% to be acceptable. QC
analysis is not only used to evaluate the recoveries, but the ion intensity ratios used
for identification of the compounds [43]. On some occasions, it is hard to find true
blank samples for preparation of QCs, due to the presence of the studied compound
in all the samples analysed (e.g. some pharmaceuticals in wastewater). This fact
makes problematic the recoveries calculation for QCs at low analyte concentration.

2.1.2 Techniques Used for Identification/Elucidation of Transformation
Products (TPs)

In the most comprehensive studies, not only the evolution of the pharmaceutical
concentration is pursued but also the potential transformation/degradation of the
compound. While LC-MS/MS is highly appropriate for quantitative analysis, it is
however limited for elucidation purposes. Here, HRMS is the preferred technique
due to the useful information contained in accurate-mass full-spectrum acquisition
data provided [55–57]. Unfortunately, other common elucidation techniques, such as
NMR, IR or X-ray, have little application in degradation experiments because of
their limited sensitivity and the low amount of the compound to be elucidated, which
is present at very low concentrations in the aqueous media used in the degradation
experiments. Gas chromatography-based techniques are rarely used because most of
the species are in aqueous phase and contain polar groups [23]. So, LC-HRMS (with
analysers such as (Q)Orbitrap or (Q)TOF) is the most applied. In general, the data
obtained by this technique is the only information available [39, 40, 42, 58, 59]. This
fact, added to the unknown nature of the TPs, makes the elucidation process very
complicated [41, 60].

In most cases, only a tentative identification is possible. However, if such
identification is well founded and supported by accurate-mass data, with a deep
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knowledge of fragmentation rules, the information obtained and the chemical struc-
ture proposed for the TPs can be sufficient for the purpose of the work. Thus, the
primary transformations of six antibiotics during the sonochemical treatment were
studied through establishing the initial degradation products by LC-QTOF MS
[32]. The final acquisition of the reference standard is the last step to confirm the
identity of the TP, which is a hard task when many TPs are involved due to the low
availability of reference standards. Under this situation, the only possibility for full
confirmation of the identity is the synthesis of the candidate compound.

HRMS allows the application of different workflows for efficient TPs identifica-
tion: target analysis for already known TPs with standards available; suspect screen-
ing for potential TPs reported in literature and/or predicted by in silico models; and
non-target analysis for discovering unknown, non-reported nor previously identified
TPs. Searching in environmental samples or in laboratory experiments for target
TPs, with reference standards available, is not a big problem, as the accurate-mass
information together with the chromatographic retention time and experimental
fragments resulting from the injection of the reference standard communicates
high confidence in the identification. Suspect screening approaches make use of
lists of tentative compounds. The use of a purpose-built database containing TPs
reported in the literature (e.g. including elemental composition as well as informa-
tion about the product ions reported) is a good approach that facilitates the identi-
fication of TPs. This strategy allowed the tentative identification by LC-QTOF MS
of 12 TPs from eight pharmaceuticals (gemfibrozil, nimesulide, furosemide, para-
cetamol, propranolol, dipyrone, fluoxetine and diazepam) after application of the
Fenton process [61].

The information to create a list of suspect compounds can be collected from
software prediction tools and/or databases containing a broad number of compounds
to be likely detected [62]. In some cases, several lists (from literature, in-house
library, and created by the software used for compound prediction) can be combined
for a more comprehensive searching [59]. The prediction of TPs is usually
performed in silico using different tools, such as the Eawag-Pathway (enviPath)
prediction system (formerly UM-PPS; http://eawag-bbd.ethz.ch/). After TP predic-
tion, suspect screening of expected exact masses of TPs is conducted in HRMS data,
usually comparing versus a control sample. The plausibility of retention time,
isotopic pattern and ionization mode can be used to reduce the candidate peaks.
Finally, MS/MS acquisition can also be performed, which allows matching the
chemical structure of the suspected TP to the observed fragmentation.

Another interesting approach to investigate the presence of TPs relies on the
assumption that many of them maintain similarity in their chemical structure with the
parent compound and therefore present several common fragment ions
[55, 60]. Searching for common fragments is a powerful strategy, able to detect
and tentatively identify TPs/metabolites in the samples, although it is time-
consuming and requires a notable knowledge of mass fragmentation rules. This
approach has been applied to the identification of valsartan and losartan TPs
produced by application of sonochemical systems or other advanced oxidation
processes [12, 52, 63].
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2.2 Transformations of Pharmaceuticals Promoted by
Sonochemical Action

The use of the above detailed techniques for identification of transformation prod-
ucts has shown that the sonochemical treatment initially induce modifications such
as hydroxylations, oxidations, fragmentations, decarboxylations, dealkylations or
dehalogenations of the pharmaceuticals. For example, oxacillin (antibiotic) has as
primary transformation pathways: oxidation of the thioether group, opening of its
β-lactam and fragmentation of the central amide, all by attacks of the sonogenerated
hydroxyl radical [64]. In the case of norfloxacin (antibiotic), a decarboxylation has
been reported, while for cephalexin (antibiotic), the opening of its β-lactam ring is an
initial degradation pathway [32]. Acetaminophen (analgesic) experiments hydrox-
ylations initially [65]. Also, atenolol (beta-blocker) exhibits hydroxylation of its
aromatic ring and propoxyl group combined to a rupture of the central ether [18].

It is reported that losartan (antihypertensive) experiments cleavage of its imidaz-
ole ring, hydroxylations of the biphenyl-tetrazole nucleus and alkyl moiety, plus
oxidation of its alcohol group [12]. In turn, carbamazepine (psychiatric pharmaceu-
tical) is initially transformed through hydroxylations and epoxidation at the double
bond in the middle of its structure, followed by fragmentations of the primary
products [22]. Meanwhile, the ranitidine (antiulcer) is degraded by the HO• attacks
to its N,N-dimethylamine, N-methylamine and α-carbons to the sulphur [66].

In general, the pharmaceuticals degradation by action of ultrasound can be
schematized as a sequence of three phases (Fig. 3): phase (1) formation of primary
intermediates from parent pollutants; phase (2) rupture of the primary intermediates
to generate shorter-chain or ring-opened structures and phase (3) transformation of
substances from phase 2 into small molecules such as aliphatic carboxylic acids
[23]. Although the sonochemical process is able to induce severe transformations on

Fig. 3 Schematic sequence of phases during pharmaceuticals degradation by sonochemistry.
Figure was made by the authors
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pharmaceuticals, it is recognized that this system has a moderate mineralizing ability
[7, 8, 23, 64]. This is because most products formed in the phase 3 (e.g. short chain
carboxylic acids) have a very hydrophilic character, which limits their interaction
with the sonogenerated hydroxyl radical. However, the mineralization degree can be
improved by adding to the sonochemical system some reagent (e.g. ferrous ions,
persulfate anion, ozone or hydrogen peroxide) that promotes generation of extra
radical able to reach the hydrophilic products in the solution bulk [23].

Despite the moderate mineralizing ability of sonochemistry acting alone, during
the treatment of antibiotics, this process is able to generate by-products without
antimicrobial activity due to the sonogenerated hydroxyl radical attacks the moieties
responsible for such activity [32, 64]. Furthermore, in many cases the
sonodegradation of pharmaceuticals produces water having smaller molecules
more biodegradable and/or less toxic than the parent pollutants [23]. These aspects
indicate positive changes exerted by the sonochemical treatment of water polluted
with pharmaceuticals.

3 Treatment of Wastewater Polluted with Pharmaceuticals
by Ultrasound

3.1 Removal of Pharmaceuticals in Industrial, Municipal
and Hospital Wastewaters Effluents

Ultrasound is a versatile advanced oxidation process, which has been applied to treat
pharmaceuticals within diverse industrial, municipal and hospital wastewater
(Table 4). For instance, degradation of oxacillin or dicloxacillin (antibiotics) in
simulated effluents of pharmaceutical industries (the pharmaceuticals plus excipients
such as mannitol, calcium carbonate or glucose) has been evaluated [25, 64]. These
works show that the elimination of the pollutants or its antimicrobial activity is not
affected by the presence of the other ingredients, even when the excipients are much
more concentrated than the target pharmaceutical. The selective treatment of these
pharmaceuticals is explained considering that due to the hydrophilic nature of the
excipients, they are far away of the cavitation bubbles and had no interfering effect
on the degradation of the oxacillin or dicloxacillin, which are hydrophobic
antibiotics.

The treatment by ultrasound of a mixture of diclofenac (anti-inflammatory),
amoxicillin (antibiotic) and carbamazepine (anticonvulsant) spiked on an effluent
of urban wastewater treatment plant increased biodegradability and decreased the
toxicity of treated samples. Thus, after sonication process application, the treated
water is compatible with a biological process or can be discharged into natural
aqueous media [16]. Also, the efficiency of ultrasound to reduce hormones oestrogen
(E1) and 17-beta-oestradiol (E2) from municipal wastewater has been tested,
reporting that after 45 min the process removed 85 and 96% of E1 and E2,
respectively [67].
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Table 4 Treatment of pharmaceuticals in industrial, municipal and hospital wastewaters by
ultrasound

Pharmaceuticals Wastewatera Ultrasound conditions References

Dicloxacillin Simulated PWW
(dicloxacillin and
glucose)

Frequency: 600 kHz
Electric power: 60 W
Volume: 300 mL

[25]

Oxacillin Simulated PWW (oxacil-
lin, mannitol and calcium
carbonate)

Frequency: 275 kHz
Electric power: 60 W
Volume: 250 mL

[64]

Mixture of diclofenac,
amoxicillin and
carbamazepine

Pharmaceuticals were
spiked to an EWWTP

Frequency: 20 kHz
Electric power den-
sity: 100 W L�1

Volume: 200 mL

[16]

Oestrogen (E1) and 17-beta-
oestradiol (E2)

Municipal WW Frequency: 30–60 kHz
Electric power den-
sity: 70–110 W
Volume: 1.5 L

[67]

5-Fluorouracil, ibuprofen,
clonidine, estriol, nifedipine
and lovastatin

The pharmaceuticals
were individually added
to an EWWTP

Frequency: 205 kHz
Acoustic power den-
sity: 45 W L�1

Volume: 300 mL

[27]

Seventeen pharmaceuticals
Bogotá

Actual EWWTP Frequency: 375 kHz
Acoustic power den-
sity: 88 W L�1

Volume: 300 mL

[53]

Losartan and valsartan Pharmaceuticals individ-
ually spiked to an
EWWTP

Frequency: 375 kHz,
Acoustic power den-
sity: 88 W L�1,
Volume: 300 mL

[12]

Trimethoprim EWWTP Frequency: 20 kHz
Acoustic power den-
sity: 36 W L�1

Volume: 200 mL

[68]

Cloxacillin and cefadroxil Simulated HWW Frequency: 375 kHz
Acoustic power den-
sity: 88 W L�1

Volume: 300 mL

[32]

Losartan and valsartan Simulated hospital
wastewater

Frequency: 375 kHz
Acoustic power den-
sity: 88 W L�1

Volume: 300 mL

[12]

Fifteen pharmaceuticals HWW prior treated by an
aerobic biological
process

Frequency: 375 kHz
Acoustic power den-
sity: 88 W L�1

Volume: 350 mL

[52]

(continued)
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Table 4 (continued)

Pharmaceuticals Wastewatera Ultrasound conditions References

Amantadine PWW Sono-Fenton:
Frequency: 25 kHz
Electric power: 200 W
Volume: 50 mL
Fe (II): 0.1 mol L�1

and H2O2:
2.0 mol L�1

[69]

Ciprofloxacin Pharmaceutical spiked to
an EWWTP

Sono-Fenton:
Frequency: 580 kHz
Actual power: 30.6 W
Volume: 350 mL
Ratio H2O2/Fe (II):
6 and H2O2: 14.2–
31.8 mmol L�1

[70]

Ampicillin and nafcillin Simulated EWWTP Sono-photo-Fenton:
Frequency: 375 kHz
Acoustic power den-
sity: 24.4 W L�1

Volume: 250 mL
Fe (II): 90 μmol L�1

UVC lamp: 4 W

[33]

Tinidazole Simulated PWW and
actual PWW

Sono-peroxide:
Frequency: 120 kHz
Electric power: 750 W
Volume: 100 mL
H2O2: 333 mmol L�2

[71]

Mixture of paracetamol,
chloramphenicol and
diclofenac

Simulated PWW Sono-photolysis:
Frequency: 20 kHz
Electric power: 80 W
Volume: 7.0 L (Pilot
reactor)
H2O2: 900 mg L�1

UVC lamp: 13 W

[72]

Diclofenac Pharmaceutical spiked on
an actual EWWTP

Sono-ozonolysis:
Frequency: 20 kHz
Electric power den-
sity: 400 W L�1

Volume: 150 mL
Ozone: 31 g h�1

[73]

Diclofenac, sulfamethoxa-
zole and carbamazepine

Mixture of
pharmaceutical

Sono-ozonolysis:
Frequency: 20 kHz
Electric power den-
sity: 370 W L�1

Volume: 200 mL
Ozone: 1.3–3.3 g h�1

[74]

aWW raw wastewater, EWWTP effluent of municipal wastewater treatment plant and PWW phar-
maceutical wastewater
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Xiao et al. investigated the individual degradation by sonochemistry of fluoro-
uracil (5-FU), ibuprofen (IBU), clonidine (CLND), estriol (ESTO), nifedipine
(NIFE) and lovastatin (LOVS) in a wastewater effluent. Because of the higher
concentration of the effluent components, the matrix slowed degradation of the
pharmaceuticals compared to elimination in deionized water. Degradations of
5-FU and LOVS were inhibited by the wastewater components in a greater extent
than the other pharmaceuticals. The elimination trends indicated that the pharma-
ceuticals reacting primarily on the bubble surface were slightly affected by the
matrix components, whereas substances reacting mainly in the bulk were strongly
affected by the effluent. Indeed, some organic matter of the effluent are able to
migrate to the cavitation bubble surfaces and compete for the sonogenerated
hydroxyl radicals [27].

Losartan and valsartan are other pharmaceuticals treated by ultrasound in munic-
ipal wastewater plant effluents. For these compounds, degradations in the effluents
were very similar to the obtained in distilled water, indicating that the matrix
components had a very low effect on the removal of losartan and valsartan by
ultrasound. This was associated with the high hydrophobic character of such
pharmaceuticals [12].

In addition to matrices spiked with the pollutants, treatment of actual wastewater,
containing pharmaceuticals at realistic μg L�1 levels, has been considered. In fact,
the degradation of 17 pharmaceuticals (diclofenac, carbamazepine, venlafaxine,
ciprofloxacin, norfloxacin, valsartan, losartan, irbesartan, sulfamethoxazole,
clarithromycin, azithromycin, erythromycin, metronidazole, trimethoprim and
clindamycin) in an effluent of municipal wastewater plant (which had only primary
processes) has been reported. The ultrasound action increased the concentrations of
four pollutants (diclofenac, sulfamethoxazole, ciprofloxacin and norfloxacin),
whereas for the rest of pharmaceuticals, the concentration decreased with the
treatment. Such results are rationalized based on both physical and chemical effects
of ultrasound. Owing to the effluent contained suspended solids, some pollutants
sorbed on such solids increased their concentrations by the physical action of
ultrasound (i.e. turbulence and high shearing in the liquid medium by cavitation
phenomena), which induces a size reduction of solids and releasing of adsorbed
pharmaceuticals. Meanwhile, the removal of the pollutants was associated with the
chemical effects of the process (i.e. degrading action of hydroxyl radical, [53]).

As well as effluents from pharmaceutical industry and municipal treatment plants,
hospital wastewaters loaded with pharmaceuticals have been also processed by
sonication. Indeed, synthetic hospital wastewater contaminated with cloxacillin,
cefadroxil, losartan or valsartan has been submitted to ultrasound action. The
elimination of cloxacillin, losartan or valsartan in the hospital effluent is very
efficient. In contrast, cephalexin (which is very hydrophilic) removal is affected by
the matrix components [12, 32].

Other example of elimination of pharmaceutical in wastewater is the sonication of
a real effluent of hospital prior treated by an aerobic biological process. In this case
the removal of 15 pollutants (acetaminophen, diclofenac, carbamazepine,
venlafaxine, loratadine, ciprofloxacin, norfloxacin, valsartan, irbesartan,
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sulfamethoxazole, trimethoprim, clarithromycin, azithromycin, erythromycin and
clindamycin) was considered. Ultrasound application led to a decreasing of the
concentrations of pharmaceuticals except for acetaminophen and valsartan,
suggesting that such compounds were liberated from active sludge flocs proceeding
from the bio-treatment. When the adsorbed pharmaceuticals are released, they also
are susceptible to the chemical effects of ultrasound. The sonogenerated hydroxyl
radicals are the main responsible of the elimination of pollutants, leading to ~59% of
pondered removal of pharmaceuticals after 90 min of treatment [52].

Although sonication alone has shown a high ability to degrade pharmaceuticals in
complex matrices, as an alternative to improve the pollutants degradation and/or
reduce the treatment times, the ultrasound action has been complemented by addi-
tion of reagents to generate hybrid advanced oxidation processes. Such is the
situation of amantadine (antiviral and antiparkinsonian) in a wastewater of the
pharmaceutical industry, which was degraded by sono-Fenton (by adding Fe
(II) and H2O2 at the water sample). The hybrid process lead to a synergistic
pharmaceuticals degradation and a significant reduction of wastewater toxicity,
thanks the extra formation of radicals by means of the Fenton reaction (Eq. 7)
[69]. On the other hand, the feasibility of ciprofloxacin (antibiotic) degradation in
a real matrix from a municipal wastewater treatment plant by sono-Fenton was
informed. The addition of H2O2 and Fe (II) to the sonication system improved
both the pharmaceutical elimination and mineralization [70].

Sono-photo-Fenton, which is formed by addition of Fe (II) and UV light to the
sonochemical system, has been applied for degrading ampicillin and nafcillin (anti-
biotics) in a simulated effluent of wastewater treatment plant. This system induced
removals of the antibiotics �90% at 60 min of treatment [33]. Likewise, the
simultaneous degradation of several pharmaceuticals in hospital wastewater previ-
ously bio-treated or in actual effluents of wastewater treatment plant is significantly
increased by the utilization of sono-photo-Fenton. Such system may produce addi-
tional radical species at the solution bulk through interaction among iron, hydrogen
peroxide and UV light (Eqs. 7 and 9) [52, 53]. Also, it should be mentioned that
ultrasound plus hydrogen peroxide, persulfate anion and iron swarf is another hybrid
process able to generate extra amounts of radicals. This system has successfully
applied to reduce the chemical oxygen demand of pharmaceutical effluents [75].

Fe3þ þ H2Oþ UV light ! Fe2þ þ HO • þ Hþ ð9Þ

The addition of hydrogen peroxide solely is another way to intensify
sonochemical degrading action (i.e. sono-peroxide process, Eqs. 10–11), specially
at low frequencies. This procedure has been reported for tinidazole (antiparasitic),
which was treated in both synthetic and actual pharmaceutical industrial effluents,
achieving at 150 min of treatment, 75 and 68%, respectively [71]. Furthermore, low
frequency ultrasound (30 kHz) intensified by H2O2 and activated carbon (AC) has
been applied to pharmaceutical wastewater, decreasing ~79% of chemical oxygen
demand of such matrix [76].
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H2O2þÞÞÞ ! 2HO • ð10Þ
H • þ H2O2 ! HO • þ H2O ð11Þ

The merging of low frequency ultrasound (20 kHz), hydrogen peroxide and UVC
light generates a sono-photolytic system. This kind of process has been utilized for
treating paracetamol, chloramphenicol and diclofenac in a simulated pharmaceutical
wastewater. The sono-photolytic system exhibited a synergistic effect for the min-
eralization of this wastewater, achieving 91% of total organic carbon removal after
120 min of treatment, due to the high ability of such system to produce hydroxyl
radicals (Eqs. 10–12) [72].

H2O2 þ UVC ! 2HO • ð12Þ

Aside from addition of hydrogen peroxide, activated carbon, iron and light,
another possibility is the simultaneous action of low frequency ultrasound and
ozone (sono-ozonolysis), which has also shown to be useful for degrading pharma-
ceuticals in complex matrices. This system is able to improve the mass transfer of
ozone to the aqueous medium and the collapsing bubbles yield additional free
radicals. For example, the treatment of a mixture of diclofenac, sulfamethoxazole
and carbamazepine (simulating a pharmaceutical wastewater) by sono-ozonolysis
resulted in an enhanced removal of these pharmaceuticals [74]. Similarly, the
removal of organic carbon content from a wastewater treatment plant effluent
polluted with diclofenac was improved by the join action of ultrasound and
ozone [73].

It must be mentioned that other cases related with the degradation of pharmaceu-
ticals in wastewater by ultrasound alone, intensified or combined with other process,
can be found in the following references [77–85]. Besides, from a critical point of
view, it should be remarked that the most of works on elimination of pharmaceuti-
cals pollutants in wastewaters lack toxicity or biodegradability analyses to evidence
the positive impact of treatments. Moreover, few works on hybrid/intensified pro-
cesses report or discuss the synergy; thus it is not clear the actual effects of addition
of reagents or light to ultrasound. Finally, despite varied application of the
ultrasound-based processes to very complex water matrices, the volumes of treat-
ment are typically low (<1.0 L). Therefore, information about performance of these
processes at large-scale is still scarce.

3.2 Ultrasound Generators and Engineering Aspects
for the Wastewater Treatments by Ultrasound

Presented in this section is information on different types of ultrasound generators
available and the engineering aspects associated with treating wastewater by ultra-
sound from lab scale to pilot scale.
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3.2.1 Type of Ultrasound Generators

Ultrasound is usually generated by a piezoelectric ceramic transducer with a specific
resonance frequency that can range from 20 kHz up to 10 MHz and is powered by an
amplifier. The transducers are usually glue to a vibrating plate or bottom of an
ultrasonic bath with localized cavitation activity (revealed through
sonoluminescence) at the pressure antinodal planes perpendicular to the direction
of the ultrasound waves (Fig. 4a). Also, power ultrasonic horns have been designed
to allow the transduction at a tip, which can vary in diameter from 2 mm up to
45 mm. This leads to high intense cavitation and fluid mixing mainly localized near
the horn tip (Fig. 4b) [86]. These ultrasonic horn and bath are usually at the lower
end of the ultrasound frequencies (20–100 kHz). For frequencies between 100 kHz
and 2MHz, a specialized reactor setup is usually required coupled with a high-power
amplifier. For laboratory scale, one ultrasonic horn or a single plate transducer are
generally used for volumes ranging from 1 mL to 1 L and in a batch mode.
Meanwhile, for large-scale processing, multiple horns or plate transducers are
employed and regularly involve a continuous flow system that requires several
passes.

3.2.2 Laboratory-Scale Sonication

As above presented, ultrasound has shown to be effective for degrading pharmaceu-
ticals in diverse water matrices. In this sense, to determine the engineering aspects in
terms of the applied frequency, power density and geometry is critical. What is even
more important is the spatial distribution of the cavitation activity within the reactor,

Fig. 4 Sonoluminescence activity (white part) generated by (a) 98 kHz plate transducer and (b)
20 kHz ultrasonic horn. Reprinted with permission from reference [86]
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which determines the efficiency of the system and is affected by frequency, power
and solution conditions [87].

Figure 5 shows the variation in the spatial distribution of sonoluminescence
(SL) from cavitating bubbles generated by different ultrasound frequencies. An
optimum frequency for high sonochemical yield has been reported to be related to
bubbles characteristics (e.g. population and collapse intensity) with increasing
frequency [88]. However, attenuation and spatial distribution of ultrasound within
the reactor could also contribute to the optimum frequency for sonochemical yield,
and it could be altered by reactor design as illustrated by Fig. 5f, where the spatial
distribution is enhanced when the reflectivity of the waves is increased by stabilizing
the liquid surface. This would explain the different optimum frequencies being
reported between 200 kHz and 800 kHz [1, 89, 90]. Therefore, in addition to the
sonochemical yield, it is important to evaluate the spatial distribution of cavitation
activity for a given setup.

Laboratory-scale systems are limited from 10 to 1,000 mL, with the cavitation
mainly located above the transducer. Often, different sonochemical reactor geome-
tries are used, which includes immersing small vials containing the wastewater
solution. For a cylindrical cell with a diameter matching that of the transducer
diameters, the entire liquid above the transducer are filled with cavitation bubbles.
However, for the rectangular reactor where the width of the reactor extends beyond
the transducer diameter, there are regions near the wall that do not have active
cavitation taking place. This would thus decrease the overall efficiency of the system
[91]. When all the cavitation is concentrated within the vial, the power densities for
the different systems would therefore vary and consequently modify the overall
pollutants degradation efficiencies [92].

3.2.3 Industrial-Scale Sonication

Full-scale development of ultrasound reactors for wastewater treatment in industry is
still incipient. There are a few reports on in-house built pilot-scale studies involving
multiple transducers attached to the side of a reactor with volumes ranging from 6 L
up to 91 L [93–95]. Figure 6 shows some large-scale ultrasound reactors reported in
the literature. The highest ultrasonic reactor was 91 L reported by Gole et al. [95] for
the degradation of organic pollutants (per- and poly-fluorinated alkyl sulfonate

(b) (c) (d)

Liquid height

transducer

(e)(a) (f)

Fig. 5 Spatial distribution of sonoluminescence (SL) intensity for different frequencies: (a)
configuration of the sonication cell, (b) 37 kHz, (c) 168 kHz, (d) 448 kHz, (e) 726 and (f)
448 kHz with a surface stabilizer. All images were taken with an exposure time of 30 s and
amplifier of 20 W. Reprinted with permission from references [86, 88]
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substances (PFAS)). The reactor was fabricated by PCT System Inc. (Fremont, CA,
USA), and it has dimensions of 20.9� 26.0� 175.3 cm with 12 transducers, three of
these transducers were 500 kHz, and nine were 1 MHz transducers, positioned as
indicated in Fig. 6c. It was concluded that the ultrasound treatment was effective at
reducing the fluorocarbon substances and it led to a moderate removal of total
organic carbon with both single and dual frequency modes [95]. In turn, it has
been reported the use of a 140 L ultrasonic reactor equipped with 24 transducers at
350 kHz, each capable of generating free radicals at a rate of 5.2 μmol L�1 min�1

[96]. However, results on the performance of sonication treatment for specific
organic pollutants were no reported (only global parameters).

In the large-scale ultrasound reactor studies, no justification for the chosen
design, frequencies and powers were given, and there was a lack of focus on
optimizing the conditions controlling cavitation activity and distribution. Upscaling
of reactors can potentially be influenced by many parameters that affect the effi-
ciency of sonolysis. This is because changes in liquid volume, liquid height, vessel
geometry and solution properties will have significant effect on the ultrasound wave
field inside the vessel [97]. As a result, the cavitation activity, which is depended on
ultrasound wave field, is affected, and this in turn will affect the efficiency of the
sonochemistry. To scale-up ultrasound reactors, there are many optimization factors
that can be explored such as sound field distribution, bubbling gas in-line, pH
changes and changing the external temperature and pressure. Therefore, there is a
need for much more studies on the incremental upscaling ultrasound reactors,
especially at high frequencies.

On the other hand, as outlined above, large-scale ultrasound reactors usually
require multiple transducers that would need multiple amplifiers to drive each
transducer and often cooling is required due to the heating of the transducers.
These additional costs associated with the upscaling further hinder the development
of pilot-scale ultrasound reactors. An alternative that seems promising to face such

Fig. 6 Large-scale ultrasound reactors reported in the literature. (a) 15 L triple frequency reactor
(adapted with permission from [94]), (b) 6 L reactor with four 332 kHz (adapted with permission
from [93]) and (c) 91 L multifrequency reactor (adapted with permission from [95])
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concerns associated with large-scale ultrasound applications is the combination with
membrane filtration techniques, allowing to concentrate pollutants and significantly
reduce the volumes to be treated, which could be processed by using small ultra-
sound reactors. This topic is developed in the next section.

3.3 Combinations of Ultrasound with Membrane Filtration
Techniques as a Strategy for Overcoming the Issues
Related to Large-Scale Application

Membrane filtration is a separation technique that is based on either size or charge, or
both depending on the type of membrane material and the compound to be separated.
Nanofiltration (NF) and reverse osmosis (RO) have shown high rejection (>85%) of
pharmaceuticals from wastewater [98–100]. However, as a separation technology,
the process concentrates the pharmaceutical wastes and needs to be combined with
other treatment that is capable of destroying the pollutant.

Although ultrasound has shown to be effective for degrading pharmaceutical
pollutants, most of the literature on the combination of ultrasound and membrane
filtration focuses on the physical impact of ultrasound on enhancing the permeate
flux, reduce fouling and membrane surface cleaning [101–103]. A unique hybrid
ultrasound-activated carbon-ultrafiltration membrane (USAMe) process to treat
three active pharmaceutical ingredients (API), diclofenac, carbamazepine and amox-
icillin has been reported [104]. The USAMe composed of glass tubing, encasing a
single hollow fibre membrane with powdered activated carbon deposited within the
fibre, that is immersed in an ultrasonic bath with a frequency of either 35 kHz or
135 kHz. It was reported that the presence of ultrasound increased the percentage
removal of the pharmaceuticals during the treatment. Additionally, 35 kHz was
found to be more effective than 135 kHz at sustaining a high removal rate over the
duration of the experiment, which led to the conclusion that the main mechanism of
ultrasound is to enhance the adsorption of the API onto the activated carbon rather
than sonochemically degrading the API [104].

Caretti et al. had used a pilot plant-scale ultrasound reactor to treat a wastewater
effluent prior to ultrafiltration (UF) treatment compared to the use of ultrasound to
treat the permeate from the UF [96]. It was found that pre-treatment of the effluent
prior to UF was more effective (the efficiency of the pilot-scale ultrasound reactor
was not reported). However, the configurations proposed in this last work consider
an ultrasound reactor at large-scale, which has the limitations previously indicated.
Therefore, a new strategy should be considered. In the future, different membrane
filtration technologies may be used to concentrate the waste stream (target organic
pollutants as pharmaceuticals) and reduce to a more manageable volume to be
treated by ultrasonication at small-scale, enhancing the efficiency of pollution
elimination and the extraction of clean water permeate that can be recycled.
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4 Concluding Remarks

From information presented in this chapter, it can be highlighted the following
aspects:

• Elimination of pharmaceuticals by ultrasound is strongly dependent of opera-
tional parameters such as frequency and power (or density power).

• The hydrophobic/hydrophilic nature of pharmaceutical pollutants determines
their degradation rates by sonochemistry. Furthermore, when the molecules
have acid/base functional groups, the hydrophobic/hydrophilic character may
be modified through variation of the solution pH.

• The sonogenerated hydroxyl radicals are able to induce primary modifications
such as hydroxylations, oxidations, fragmentations, decarboxylations,
dealkylations, or dehalogenations to the pharmaceuticals. Meanwhile, the inten-
sive action of radicals leads to transformation of these pollutants into small
non-toxic or biocompatible substance; even some degree of pharmaceuticals
mineralization is achieved. However, it should be indicated that the most studies
about the pharmaceuticals transformations by ultrasound are carried out in very
simple water matrices (distilled water, deionized water or milli-Q water). Hence,
some future researches on the influence on matrix components on transformations
could be developed.

• Ultrasound is able to degrade pharmaceuticals in diverse wastewater; even
selective elimination is possible in some cases. The sonochemical action can be
enhanced by adding reagents (e.g. ferrous ions) or light. Nevertheless, further
investigations should include more information on toxicity and biodegradability
of treated wastewater, in addition to synergy calculations to evidence the actual
effects of addition of reagents or light to ultrasound.

• Applications at pilot and full scales of ultrasound for wastewater treatment are
still incipient. Additionally, it is recognized that the main drawbacks of
sonochemical processes for application at large-scale are the high energy costs
and the requirements of multiple of amplifiers and cooling systems to avoid the
transducers heating. An option to overcome such concerns could be the combi-
nation of ultrasound with membrane filtration techniques to concentrate pollut-
ants and significantly reduce the wastewater to volumes which can be treated by
using the small available ultrasound reactors.

Acknowledgements The authors thank the financial support provided by the Royal Society
(UK) through the project “Sound” methods of remediating emerging contaminants in hospital
wastewater (RA4056, ICA\R1\191053) and the financing from COLCIENCIAS through the project
No. 111577757323 (Convocatoria 777 de 2017). R.A. Torres-Palma and E.A. Serna-Galvis thank
Universidad de Antioquia UdeA for the support provided to their research group through “Programa
de Sostenibilidad”.

374 E. A. Serna-Galvis et al.



References

1. Wood RJ, Lee J, Bussemaker MJ (2017) A parametric review of sonochemistry: control and
augmentation of sonochemical activity in aqueous solutions. Ultrason Sonochem 38:351–370.
https://doi.org/10.1016/j.ultsonch.2017.03.030

2. Rivera-Utrilla J, Sánchez-Polo M, Ferro-García MÁ et al (2013) Pharmaceuticals as emerging
contaminants and their removal from water. A review. Chemosphere 93:1268–1287. https://
doi.org/10.1016/j.chemosphere.2013.07.059

3. Adewuyi YG (2001) Sonochemistry: environmental science and engineering applications. Ind
Eng Chem Res 40:4681–4715. https://doi.org/10.1021/ie010096l

4. Riesz P, Berdahl D, Christman CL (1985) Free radical generation by ultrasound in aqueous
and nonaqueous solutions. Environ Health Perspect 64:233–252. https://doi.org/10.2307/
3430013

5. McNamara WB, Didenko YT, Suslick KS (1999) Sonoluminescence temperatures during
multi-bubble cavitation. Nature 401:772–775. https://doi.org/10.1038/44536

6. Beckett MA, Hua I (2001) Impact of ultrasonic frequency on aqueous sonoluminescence and
sonochemistry. J Phys Chem A 105:3796–3802. https://doi.org/10.1021/jp003226x

7. Tran N, Drogui P, Brar SK (2015) Sonochemical techniques to degrade pharmaceutical
organic pollutants. Environ Chem Lett 13:251–268. https://doi.org/10.1007/s10311-015-
0512-8

8. Montoya-Rodríguez DM, Ferraro F, Serna-Galvis EA, Torres-Palma RA (2020) Degradation
of the emerging concern pollutant ampicillin in aqueous media by sonochemical advanced
oxidation processes – parameters effect, removal of antimicrobial activity and pollutant
treatment in hydrolyzed urine. J Environ Manage 261:110224. https://doi.org/10.1016/j.
jenvman.2020.110224

9. Mahamuni NN, Adewuyi YG (2010) Advanced oxidation processes (AOPs) involving ultra-
sound for waste water treatment: a review with emphasis on cost estimation. Ultrason
Sonochem 17:990–1003. https://doi.org/10.1016/j.ultsonch.2009.09.005

10. Castelo-Grande T, Augusto PA, Barbosa D (2020) Chapter 14 ultrasound-assisted remediation
methods. In: The handbook of environmental remediation: classic and modern techniques. The
Royal Society of Chemistry, Cambridge, pp 379–409

11. Kang JW, Hung HM, Lin A, Hoffmann MR (1999) Sonolytic destruction of methyl tert-butyl
ether by ultrasonic irradiation: the role of O3, H2O2, frequency, and power density. Environ
Sci Technol 33:3199–3205. https://doi.org/10.1021/es9810383

12. Serna-Galvis EA, Isaza-Pineda L, Moncayo-Lasso A et al (2019) Comparative degradation of
two highly consumed antihypertensives in water by sonochemical process. Determination of
the reaction zone, primary degradation products and theoretical calculations on the oxidative
process. Ultrason Sonochem 58:104635. https://doi.org/10.1016/j.ultsonch.2019.104635

13. Guo W, Wang H, Shi Y, Zhang G (2010) Sonochemical degradation of the antibiotic
cephalexin in aqueous solution. Water SA 36:651–654. https://doi.org/10.4314/wsa.v36i5.
61998

14. Naddeo V, Belgiorno V, Kassinos D et al (2010) Ultrasonic degradation, mineralization and
detoxification of diclofenac in water: optimization of operating parameters. Ultrason
Sonochem 17:179–185. https://doi.org/10.1016/j.ultsonch.2009.04.003

15. Fu H, Suri RPS, Chimchirian RF et al (2007) Ultrasound-induced destruction of low levels of
estrogen hormones in aqueous solutions. Environ Sci Technol 41:5869–5874. https://doi.org/
10.1021/es0703372

16. Naddeo V, Meriç S, Kassinos D et al (2009) Fate of pharmaceuticals in contaminated urban
wastewater effluent under ultrasonic irradiation. Water Res 43:4019–4027. https://doi.org/10.
1016/j.watres.2009.05.027

17. Hapeshi E, Achilleos A, Papaioannou A et al (2010) Sonochemical degradation of ofloxacin in
aqueous solutions. Water Sci Technol 61:3141–3146. https://doi.org/10.2166/wst.2010.921

Sonochemical Advanced Oxidation Processes for the Removal of Pharmaceuticals in. . . 375

https://doi.org/10.1016/j.ultsonch.2017.03.030
https://doi.org/10.1016/j.chemosphere.2013.07.059
https://doi.org/10.1016/j.chemosphere.2013.07.059
https://doi.org/10.1021/ie010096l
https://doi.org/10.2307/3430013
https://doi.org/10.2307/3430013
https://doi.org/10.1038/44536
https://doi.org/10.1021/jp003226x
https://doi.org/10.1007/s10311-015-0512-8
https://doi.org/10.1007/s10311-015-0512-8
https://doi.org/10.1016/j.jenvman.2020.110224
https://doi.org/10.1016/j.jenvman.2020.110224
https://doi.org/10.1016/j.ultsonch.2009.09.005
https://doi.org/10.1021/es9810383
https://doi.org/10.1016/j.ultsonch.2019.104635
https://doi.org/10.4314/wsa.v36i5.61998
https://doi.org/10.4314/wsa.v36i5.61998
https://doi.org/10.1016/j.ultsonch.2009.04.003
https://doi.org/10.1021/es0703372
https://doi.org/10.1021/es0703372
https://doi.org/10.1016/j.watres.2009.05.027
https://doi.org/10.1016/j.watres.2009.05.027
https://doi.org/10.2166/wst.2010.921


18. Nejumal KK, Manoj PR, Aravind UK, Aravindakumar CT (2014) Sonochemical degradation
of a pharmaceutical waste, atenolol, in aqueous medium. Environ Sci Pollut Res
21:4297–4308. https://doi.org/10.1007/s11356-013-2301-x

19. Quesada-Pañate I, Julcour Lebigue C, Jáuregui-Haza U-J et al (2009) Sonolysis of levodopa
and paracetamol in aqueous solutions. Ultrason Sonochem 16:610–616. https://doi.org/10.
1016/j.ultsonch.2008.11.008

20. Vega LP, Soltan J, Peñuela GA (2019) Sonochemical degradation of triclosan in water in a
multifrequency reactor. Environ Sci Pollut Res 26:4450–4461. https://doi.org/10.1007/
s11356-018-1281-2

21. Gogate PR, Shirgaonkar IZ, Sivakumar M et al (2001) Cavitation reactors: efficiency assess-
ment using a model reaction. AICHE J 47:2526–2538. https://doi.org/10.1002/aic.690471115

22. Tran N, Drogui P, Zaviska F, Brar SK (2013) Sonochemical degradation of the persistent
pharmaceutical carbamazepine. J Environ Manage 131:25–32. https://doi.org/10.1016/j.
jenvman.2013.09.027

23. Rayaroth MP, Aravind UK, Aravindakumar CT (2016) Degradation of pharmaceuticals by
ultrasound-based advanced oxidation process. Environ Chem Lett 14:259–290. https://doi.org/
10.1007/s10311-016-0568-0

24. Gao YQ, Gao NY, Deng Y et al (2013) Factors affecting sonolytic degradation of
sulfamethazine in water. Ultrason Sonochem 20:1401–1407. https://doi.org/10.1016/j.
ultsonch.2013.04.007

25. Villegas-Guzman P, Silva-Agredo J, Giraldo-Aguirre ALAL et al (2015) Enhancement and
inhibition effects of water matrices during the sonochemical degradation of the antibiotic
dicloxacillin. Ultrason Sonochem 22:211–219. https://doi.org/10.1016/j.ultsonch.2014.07.006

26. Villaroel E, Silva-Agredo J, Petrier C et al (2014) Ultrasonic degradation of acetaminophen in
water: effect of sonochemical parameters and water matrix. Ultrason Sonochem 21:1763–1769

27. Xiao R, Wei Z, Chen D, Weavers LK (2014) Kinetics and mechanism of sonochemical
degradation of pharmaceuticals in municipal wastewater. Environ Sci Technol
48:9675–9683. https://doi.org/10.1021/es5016197

28. Xiao R, Diaz-Rivera D, Weavers LK (2013) Factors influencing pharmaceutical and personal
care product degradation in aqueous solution using pulsed wave ultrasound. Ind Eng Chem
Res 52:2824–2831. https://doi.org/10.1021/ie303052a

29. Xiao R, Diaz-Rivera D, He Z, Weavers LK (2013) Using pulsed wave ultrasound to evaluate
the suitability of hydroxyl radical scavengers in sonochemical systems. Ultrason Sonochem
20:990–996. https://doi.org/10.1016/j.ultsonch.2012.11.012

30. Torres-Palma RA, Serna-Galvis EA (2018) Chapter 7 – sonolysis. In: Ameta SC, Ameta RBT
(eds) Advanced oxidation processes for waste water treatment. Academic Press, Cambridge,
pp 177–213

31. Suri RPS, Singh TS, Abburi S (2010) Influence of alkalinity and salinity on the sonochemical
degradation of estrogen hormones in aqueous solution. Environ Sci Technol 44:1373–1379.
https://doi.org/10.1021/es9024595

32. Serna-Galvis EA, Montoya-Rodríguez DM, Isaza-Pineda L et al (2018) Sonochemical degra-
dation of antibiotics from representative classes-considerations on structural effects, initial
transformation products, antimicrobial activity and matrix. Ultrason Sonochem 50:157–165.
https://doi.org/10.1016/j.ultsonch.2018.09.012

33. Montoya-Rodríguez DM, Ávila-Torres Y, Serna-Galvis EA, Torres-Palma RA (2020) Data on
treatment of nafcillin and ampicillin antibiotics in water by sonochemistry. Data Br
29:105361. https://doi.org/10.1016/j.dib.2020.105361

34. Méndez-Arriaga F, Torres-Palma R, Pétrier C et al (2008) Ultrasonic treatment of water
contaminated with ibuprofen. Water Res 42:4243–4248

35. Im J-K, Heo J, Boateng LK et al (2013) Ultrasonic degradation of acetaminophen and
naproxen in the presence of single-walled carbon nanotubes. J Hazard Mater
254–255:284–292. https://doi.org/10.1016/j.jhazmat.2013.04.001

376 E. A. Serna-Galvis et al.

https://doi.org/10.1007/s11356-013-2301-x
https://doi.org/10.1016/j.ultsonch.2008.11.008
https://doi.org/10.1016/j.ultsonch.2008.11.008
https://doi.org/10.1007/s11356-018-1281-2
https://doi.org/10.1007/s11356-018-1281-2
https://doi.org/10.1002/aic.690471115
https://doi.org/10.1016/j.jenvman.2013.09.027
https://doi.org/10.1016/j.jenvman.2013.09.027
https://doi.org/10.1007/s10311-016-0568-0
https://doi.org/10.1007/s10311-016-0568-0
https://doi.org/10.1016/j.ultsonch.2013.04.007
https://doi.org/10.1016/j.ultsonch.2013.04.007
https://doi.org/10.1016/j.ultsonch.2014.07.006
https://doi.org/10.1021/es5016197
https://doi.org/10.1021/ie303052a
https://doi.org/10.1016/j.ultsonch.2012.11.012
https://doi.org/10.1021/es9024595
https://doi.org/10.1016/j.ultsonch.2018.09.012
https://doi.org/10.1016/j.dib.2020.105361
https://doi.org/10.1016/j.jhazmat.2013.04.001


36. Serna-Galvis EA, Silva-Agredo J, Giraldo-Aguirre AL, Torres-Palma RA (2015)
Sonochemical degradation of the pharmaceutical fluoxetine: Effect of parameters, organic
and inorganic additives and combination with a biological system. Sci Total Environ
524–525:354–360. https://doi.org/10.1016/j.scitotenv.2015.04.053

37. Lastre-Acosta AM, Cruz-González G, Nuevas-Paz L et al (2015) Ultrasonic degradation of
sulfadiazine in aqueous solutions. Environ Sci Pollut Res 22:918–925. https://doi.org/10.
1007/s11356-014-2766-2

38. Carmona E, Picó Y (2018) The use of chromatographic methods coupled to mass spectrometry
for the study of emerging pollutants in the environment. Crit Rev Anal Chem 48:305–316.
https://doi.org/10.1080/10408347.2018.1430555

39. Hernández F, Ibáñez M, Bade R et al (2014) Investigation of pharmaceuticals and illicit drugs
in waters by liquid chromatography-high-resolution mass spectrometry. TrAC Trends Anal
Chem 63:140–157. https://doi.org/10.1016/j.trac.2014.08.003

40. Kosjek T, Heath E (2008) Applications of mass spectrometry to identifying pharmaceutical
transformation products in water treatment. TrAC Trends Anal Chem 27:807–820. https://doi.
org/10.1016/j.trac.2008.08.014

41. Hernández F, Bakker J, Bijlsma L et al (2019) The role of analytical chemistry in exposure
science: focus on the aquatic environment. Chemosphere 222:564–583. https://doi.org/10.
1016/j.chemosphere.2019.01.118

42. Ferrando-Climent L, Gonzalez-Olmos R, Anfruns A et al (2017) Elimination study of the
chemotherapy drug tamoxifen by different advanced oxidation processes: transformation
products and toxicity assessment. Chemosphere 168:284–292. https://doi.org/10.1016/j.
chemosphere.2016.10.057

43. Botero-Coy AM, Martínez-Pachón D, Boix C et al (2018) An investigation into the occurrence
and removal of pharmaceuticals in Colombian wastewater. Sci Total Environ 642:842–853.
https://doi.org/10.1016/j.scitotenv.2018.06.088

44. Bussy U, Li K, Li W (2016) Application of liquid chromatography-tandem mass spectrometry
in quantitative bioanalyses of organic molecules in aquatic environment and organisms.
Environ Sci Pollut Res 23:9459–9479. https://doi.org/10.1007/s11356-016-6433-7

45. Gracia-Lor E, Sancho JV, Hernández F (2011) Multi-class determination of around 50 phar-
maceuticals, including 26 antibiotics, in environmental and wastewater samples by ultra-high
performance liquid chromatography–tandem mass spectrometry. J Chromatogr A
1218:2264–2275. https://doi.org/10.1016/j.chroma.2011.02.026

46. Gusmaroli L, Insa S, Petrovic M (2018) Development of an online SPE-UHPLC-MS/MS
method for the multiresidue analysis of the 17 compounds from the EU “Watch list”. Anal
Bioanal Chem 410:4165–4176. https://doi.org/10.1007/s00216-018-1069-8

47. Hernández F, Castiglioni S, Covaci A et al (2018) Mass spectrometric strategies for the
investigation of biomarkers of illicit drug use in wastewater. Mass Spectrom Rev
37:258–280. https://doi.org/10.1002/mas.21525

48. Ibáñez M, Gracia-Lor E, Bijlsma L et al (2013) Removal of emerging contaminants in sewage
water subjected to advanced oxidation with ozone. J Hazard Mater 260:389–398. https://doi.
org/10.1016/j.jhazmat.2013.05.023

49. Kim C, Ryu H-D, Chung EG et al (2018) A review of analytical procedures for the simulta-
neous determination of medically important veterinary antibiotics in environmental water:
sample preparation, liquid chromatography, and mass spectrometry. J Environ Manage
217:629–645. https://doi.org/10.1016/j.jenvman.2018.04.006

50. Rodriguez-Mozaz S, Vaz-Moreira I, Varela Della Giustina S et al (2020) Antibiotic residues in
final effluents of European wastewater treatment plants and their impact on the aquatic
environment. Environ Int 140:105733. https://doi.org/10.1016/j.envint.2020.105733

51. Michael SG, Michael-Kordatou I, Nahim-Granados S et al (2020) Investigating the impact of
UV-C/H2O2 and sunlight/H2O2 on the removal of antibiotics, antibiotic resistance determi-
nants and toxicity present in urban wastewater. Chem Eng J 388:124383. https://doi.org/10.
1016/j.cej.2020.124383

Sonochemical Advanced Oxidation Processes for the Removal of Pharmaceuticals in. . . 377

https://doi.org/10.1016/j.scitotenv.2015.04.053
https://doi.org/10.1007/s11356-014-2766-2
https://doi.org/10.1007/s11356-014-2766-2
https://doi.org/10.1080/10408347.2018.1430555
https://doi.org/10.1016/j.trac.2014.08.003
https://doi.org/10.1016/j.trac.2008.08.014
https://doi.org/10.1016/j.trac.2008.08.014
https://doi.org/10.1016/j.chemosphere.2019.01.118
https://doi.org/10.1016/j.chemosphere.2019.01.118
https://doi.org/10.1016/j.chemosphere.2016.10.057
https://doi.org/10.1016/j.chemosphere.2016.10.057
https://doi.org/10.1016/j.scitotenv.2018.06.088
https://doi.org/10.1007/s11356-016-6433-7
https://doi.org/10.1016/j.chroma.2011.02.026
https://doi.org/10.1007/s00216-018-1069-8
https://doi.org/10.1002/mas.21525
https://doi.org/10.1016/j.jhazmat.2013.05.023
https://doi.org/10.1016/j.jhazmat.2013.05.023
https://doi.org/10.1016/j.jenvman.2018.04.006
https://doi.org/10.1016/j.envint.2020.105733
https://doi.org/10.1016/j.cej.2020.124383
https://doi.org/10.1016/j.cej.2020.124383


52. Serna-Galvis EA, Silva-Agredo J, Botero-Coy AM et al (2019) Effective elimination of fifteen
relevant pharmaceuticals in hospital wastewater from Colombia by combination of a biolog-
ical system with a sonochemical process. Sci Total Environ 670:623–632. https://doi.org/10.
1016/j.scitotenv.2019.03.153

53. Serna-Galvis EA, Botero-Coy AM, Martínez-Pachón D et al (2019) Degradation of seventeen
contaminants of emerging concern in municipal wastewater effluents by sonochemical
advanced oxidation processes. Water Res 154:349–360. https://doi.org/10.1016/j.watres.
2019.01.045

54. Boix C, Ibáñez M, Sancho JV et al (2015) Fast determination of 40 drugs in water using large
volume direct injection liquid chromatography–tandem mass spectrometry. Talanta
131:719–727. https://doi.org/10.1016/j.talanta.2014.08.005

55. Kern S, Fenner K, Singer HP et al (2009) Identification of transformation products of organic
contaminants in natural waters by computer-aided prediction and high-resolution mass spec-
trometry. Environ Sci Technol 43:7039–7046. https://doi.org/10.1021/es901979h

56. Nurmi J, Pellinen J, Rantalainen A-L (2012) Critical evaluation of screening techniques for
emerging environmental contaminants based on accurate mass measurements with time-of-
flight mass spectrometry. J Mass Spectrom 47:303–312. https://doi.org/10.1002/jms.2964

57. Schollée JE, Schymanski EL, Avak SE et al (2015) Prioritizing unknown transformation
products from biologically-treated wastewater using high-resolution mass spectrometry, mul-
tivariate statistics, and metabolic logic. Anal Chem 87:12121–12129. https://doi.org/10.1021/
acs.analchem.5b02905

58. Boix C, Ibáñez M, Bagnati R et al (2016) High resolution mass spectrometry to investigate
omeprazole and venlafaxine metabolites in wastewater. J Hazard Mater 302:332–340. https://
doi.org/10.1016/j.jhazmat.2015.09.059

59. Jaén-Gil A, Buttiglieri G, Benito A et al (2019) Metoprolol and metoprolol acid degradation in
UV/H2O2 treated wastewaters: an integrated screening approach for the identification of
hazardous transformation products. J Hazard Mater 380:120851. https://doi.org/10.1016/j.
jhazmat.2019.120851

60. Ibáñez M, Borova V, Boix C et al (2017) UHPLC-QTOF MS screening of pharmaceuticals
and their metabolites in treated wastewater samples from Athens. J Hazard Mater 323:26–35.
https://doi.org/10.1016/j.jhazmat.2016.03.078

61. Cuervo Lumbaque E, Cardoso RM, Dallegrave A et al (2018) Pharmaceutical removal from
different water matrixes by Fenton process at near-neutral pH: Doehlert design and transfor-
mation products identification by UHPLC-QTOF MS using a purpose-built database. J
Environ Chem Eng 6:3951–3961. https://doi.org/10.1016/j.jece.2018.05.051

62. Bletsou AA, Jeon J, Hollender J et al (2015) Targeted and non-targeted liquid
chromatography-mass spectrometric workflows for identification of transformation products
of emerging pollutants in the aquatic environment. TrAC Trends Anal Chem 66:32–44. https://
doi.org/10.1016/j.trac.2014.11.009

63. Martínez-Pachón D, Ibáñez M, Hernández F et al (2018) Photo-electro-Fenton process applied
to the degradation of valsartan: effect of parameters, identification of degradation routes and
mineralization in combination with a biological system. J Environ Chem Eng 6:7302–7311.
https://doi.org/10.1016/j.jece.2018.11.015

64. Serna-Galvis EA, Silva-Agredo J, Giraldo-Aguirre AL et al (2016) High frequency ultrasound
as a selective advanced oxidation process to remove penicillinic antibiotics and eliminate its
antimicrobial activity from water. Ultrason Sonochem 31:276–283. https://doi.org/10.1016/j.
ultsonch.2016.01.007

65. Jagannathan M, Grieser F, Ashokkumar M (2013) Sonophotocatalytic degradation of para-
cetamol using TiO2 and Fe3+. Sep Purif Technol 103:114–118. https://doi.org/10.1016/j.
seppur.2012.10.003

66. Elias MT, Chandran J, Aravind UK, Aravindakumar CT (2019) Oxidative degradation of
ranitidine by UV and ultrasound: identification of transformation products using LC-Q-ToF-
MS. Environ Chem 16:41–54

378 E. A. Serna-Galvis et al.

https://doi.org/10.1016/j.scitotenv.2019.03.153
https://doi.org/10.1016/j.scitotenv.2019.03.153
https://doi.org/10.1016/j.watres.2019.01.045
https://doi.org/10.1016/j.watres.2019.01.045
https://doi.org/10.1016/j.talanta.2014.08.005
https://doi.org/10.1021/es901979h
https://doi.org/10.1002/jms.2964
https://doi.org/10.1021/acs.analchem.5b02905
https://doi.org/10.1021/acs.analchem.5b02905
https://doi.org/10.1016/j.jhazmat.2015.09.059
https://doi.org/10.1016/j.jhazmat.2015.09.059
https://doi.org/10.1016/j.jhazmat.2019.120851
https://doi.org/10.1016/j.jhazmat.2019.120851
https://doi.org/10.1016/j.jhazmat.2016.03.078
https://doi.org/10.1016/j.jece.2018.05.051
https://doi.org/10.1016/j.trac.2014.11.009
https://doi.org/10.1016/j.trac.2014.11.009
https://doi.org/10.1016/j.jece.2018.11.015
https://doi.org/10.1016/j.ultsonch.2016.01.007
https://doi.org/10.1016/j.ultsonch.2016.01.007
https://doi.org/10.1016/j.seppur.2012.10.003
https://doi.org/10.1016/j.seppur.2012.10.003


67. Roudbari A, Rezakazemi M (2018) Hormones removal from municipal wastewater using
ultrasound. AMB Express 8:1–8. https://doi.org/10.1186/s13568-018-0621-4

68. Arvaniti OS, Frontistis Z, Nika MC et al (2020) Sonochemical degradation of trimethoprim in
water matrices: effect of operating conditions, identification of transformation products and
toxicity assessment. Ultrason Sonochem 67:105139. https://doi.org/10.1016/j.ultsonch.2020.
105139

69. Zeng P, Du J, Song Y et al (2015) Efficiency comparison for treatment of amantadine
pharmaceutical wastewater by Fenton, ultrasonic, and Fenton/ultrasonic processes. Environ
Earth Sci 73:4979–4987. https://doi.org/10.1007/s12665-015-4204-2

70. González Labrada K, Alcorta Cuello DR, Saborit Sánchez I et al (2019) Optimization of
ciprofloxacin degradation in wastewater by homogeneous sono-Fenton process at high fre-
quency. J Environ Sci Heal A Tox Hazard Subst Environ Eng 53:1139–1148. https://doi.org/
10.1080/10934529.2018.1530177

71. Rahmani H, Gholami M, Mahvi AH et al (2014) Tinidazole removal from aqueous solution by
sonolysis in the presence of hydrogen peroxide. Bull Environ Contam Toxicol 92:341–346.
https://doi.org/10.1007/s00128-013-1193-2

72. Ghafoori S, Mowla A, Jahani R et al (2015) Sonophotolytic degradation of synthetic pharma-
ceutical wastewater: statistical experimental design and modeling. J Environ Manage
150:128–137. https://doi.org/10.1016/j.jenvman.2014.11.011

73. Naddeo V, Ricco D, Scannapieco D, Belgiorno V (2012) Degradation of antibiotics in
wastewater during sonolysis, ozonation, and their simultaneous application: operating condi-
tions effects and processes evaluation. Int J Photoenegy 2012. 624270, 7 p. https://doi.org/10.
1155/2012/624270

74. Naddeo V, Uyguner-Demirel CS, Prado M et al (2015) Enhanced ozonation of selected
pharmaceutical compounds by sonolysis. Environ Technol 36:1876–1883. https://doi.org/10.
1080/09593330.2015.1014864

75. Nachiappan S, Muthukumar K (2013) Treatment of pharmaceutical effluent by ultrasound
coupled with dual oxidant system. Environ Technol 34:209–217. https://doi.org/10.1080/
09593330.2012.689367

76. Sivakumar R, Muthukumar K (2011) Sonochemical degradation of pharmaceutical wastewa-
ter. Clean (Weinh) 39:136–141. https://doi.org/10.1002/clen.200900289

77. Adityosulindro S, Barthe L, González-Labrada K et al (2017) Sonolysis and sono-Fenton
oxidation for removal of ibuprofen in (waste)water. Ultrason Sonochem 39:889–896

78. Mowla A, Mehrvar M, Dhib R (2014) Combination of sonophotolysis and aerobic activated
sludge processes for treatment of synthetic pharmaceutical wastewater. Chem Eng J
255:411–423. https://doi.org/10.1016/j.cej.2014.06.064

79. Brüggemann H, Köser H, Meyer E, Nguyen T-H (2003) Sonolytic debromination of ambroxol
process wastewater. Water Res 37:674–680. https://doi.org/10.1016/S0043-1354(02)00363-9

80. Pulicharla R, Brar SK, Rouissi T et al (2017) Degradation of chlortetracycline in wastewater
sludge by ultrasonication, Fenton oxidation, and ferro-sonication. Ultrason Sonochem
34:332–342. https://doi.org/10.1016/j.ultsonch.2016.05.042

81. Monteagudo JM, Durán A, San Martín I (2014) Mineralization of wastewater from the
pharmaceutical industry containing chloride ions by UV photolysis of H2O2/Fe(II) and
ultrasonic irradiation. J Environ Manage 141:61–69. https://doi.org/10.1016/j.jenvman.2014.
03.020

82. Naddeo V, Landi M, Scannapieco D, Belgiorno V (2013) Sonochemical degradation of
twenty-three emerging contaminants in urban wastewater. Desalin Water Treat
51:6601–6608. https://doi.org/10.1080/19443994.2013.769696

83. Yang B, Zuo J, Li P et al (2016) Effective ultrasound electrochemical degradation of biological
toxicity and refractory cephalosporin pharmaceutical wastewater. Chem Eng J 287:30–37.
https://doi.org/10.1016/j.cej.2015.11.033

Sonochemical Advanced Oxidation Processes for the Removal of Pharmaceuticals in. . . 379

https://doi.org/10.1186/s13568-018-0621-4
https://doi.org/10.1016/j.ultsonch.2020.105139
https://doi.org/10.1016/j.ultsonch.2020.105139
https://doi.org/10.1007/s12665-015-4204-2
https://doi.org/10.1080/10934529.2018.1530177
https://doi.org/10.1080/10934529.2018.1530177
https://doi.org/10.1007/s00128-013-1193-2
https://doi.org/10.1016/j.jenvman.2014.11.011
https://doi.org/10.1155/2012/624270
https://doi.org/10.1155/2012/624270
https://doi.org/10.1080/09593330.2015.1014864
https://doi.org/10.1080/09593330.2015.1014864
https://doi.org/10.1080/09593330.2012.689367
https://doi.org/10.1080/09593330.2012.689367
https://doi.org/10.1002/clen.200900289
https://doi.org/10.1016/j.cej.2014.06.064
https://doi.org/10.1016/S0043-1354(02)00363-9
https://doi.org/10.1016/j.ultsonch.2016.05.042
https://doi.org/10.1016/j.jenvman.2014.03.020
https://doi.org/10.1016/j.jenvman.2014.03.020
https://doi.org/10.1080/19443994.2013.769696
https://doi.org/10.1016/j.cej.2015.11.033


84. Chandak S, Ghosh PK, Gogate PR (2020) Treatment of real pharmaceutical wastewater using
different processes based on ultrasound in combination with oxidants. Process Saf Environ
Prot 137:149–157. https://doi.org/10.1016/j.psep.2020.02.025

85. Papoutsakis S, Afshari Z, Malato S, Pulgarin C (2015) Elimination of the iodinated contrast
agent iohexol in water, wastewater and urine matrices by application of photo-Fenton and
ultrasound advanced oxidation processes. J Environ Chem Eng 3:2002–2009. https://doi.org/
10.1016/j.jece.2015.07.002

86. Ashokkumar M, Lee J, Iida Y et al (2009) The detection and control of stable and transient
acoustic cavitation bubbles. Phys Chem Chem Phys 11:10118–10121. https://doi.org/10.1039/
B915715H

87. Lee J, Yasui K, Tuziuti T et al (2008) Spatial distribution enhancement of sonoluminescence
activity by altering sonication and solution conditions. J Phys Chem B 112:15333–15341.
https://doi.org/10.1021/jp8060224

88. Lee J, Ashokkumar M, Yasui K et al (2011) Development and optimization of acoustic bubble
structures at high frequencies. Ultrason Sonochem 18:92–98. https://doi.org/10.1016/j.
ultsonch.2010.03.004

89. Kanthale P, Ashokkumar M, Grieser F (2008) Sonoluminescence, sonochemistry (H2O2
yield) and bubble dynamics: frequency and power effects. Ultrason Sonochem 15:143–150.
https://doi.org/10.1016/j.ultsonch.2007.03.003

90. Lesko T, Colussi AJ, Hoffmann MR (2006) Sonochemical decomposition of phenol: evidence
for a synergistic effect of ozone and ultrasound for the elimination of total organic carbon from
water. Environ Sci Technol 40:6818–6823. https://doi.org/10.1021/es052558i

91. Ashokkumar M, Lee J, Iida Y et al (2010) Spatial distribution of acoustic cavitation bubbles at
different ultrasound frequencies. ChemPhysChem 11:1680–1684. https://doi.org/10.1002/
cphc.200901037

92. Nalesso S (2019) Antisolvent and reactive crystallisation under variations of ultrasound
parameters: effects and comparisons. University of Surrey, Guildford

93. Cui M, Jang M, Ibrahim S et al (2014) Arsenite removal using a pilot system of ultrasound and
ultraviolet followed by microfiltration. Ultrason Sonochem 21:1527–1534. https://doi.org/10.
1016/j.ultsonch.2014.01.001

94. Manickam S, Zainal Abidin N, Parthasarathy S et al (2014) Role of H2O2 in the fluctuating
patterns of COD (chemical oxygen demand) during the treatment of palm oil mill effluent
(POME) using pilot scale triple frequency ultrasound cavitation reactor. Ultrason Sonochem
21:1519–1526. https://doi.org/10.1016/j.ultsonch.2014.01.002

95. Gole VL, Fishgold A, Sierra-Alvarez R et al (2018) Treatment of perfluorooctane sulfonic acid
(PFOS) using a large-scale sonochemical reactor. Sep Purif Technol 194:104–110. https://doi.
org/10.1016/j.seppur.2017.11.009

96. Caretti C, Coppini E, Fatarella E, Lubello C (2011) Membrane filtration and sonication for
industrial wastewater reuse. Water Sci Technol 64:2500–2507. https://doi.org/10.2166/wst.
2011.800

97. Lee J (2016) Importance of sonication and solution conditions on the acoustic cavitation
activity BT – handbook of ultrasonics and sonochemistry. Springer, Singapore, pp 137–175

98. Kimura K, Amy G, Drewes JE et al (2003) Rejection of organic micropollutants (disinfection
by-products, endocrine disrupting compounds, and pharmaceutically active compounds) by
NF/RO membranes. J Membr Sci 227:113–121. https://doi.org/10.1016/j.memsci.2003.09.
005

99. Amy G, Kim T-U, Yoon J et al (2005) Removal of micropollutants by NF/RO membranes.
Water Supply 5:25–33. https://doi.org/10.2166/ws.2005.0035

100. Xu P, Drewes JE, Bellona C et al (2005) Rejection of emerging organic micropollutants in
nanofiltration–reverse osmosis membrane applications. Water Environ Res 77:40–48. https://
doi.org/10.2175/106143005X41609

380 E. A. Serna-Galvis et al.

https://doi.org/10.1016/j.psep.2020.02.025
https://doi.org/10.1016/j.jece.2015.07.002
https://doi.org/10.1016/j.jece.2015.07.002
https://doi.org/10.1039/B915715H
https://doi.org/10.1039/B915715H
https://doi.org/10.1021/jp8060224
https://doi.org/10.1016/j.ultsonch.2010.03.004
https://doi.org/10.1016/j.ultsonch.2010.03.004
https://doi.org/10.1016/j.ultsonch.2007.03.003
https://doi.org/10.1021/es052558i
https://doi.org/10.1002/cphc.200901037
https://doi.org/10.1002/cphc.200901037
https://doi.org/10.1016/j.ultsonch.2014.01.001
https://doi.org/10.1016/j.ultsonch.2014.01.001
https://doi.org/10.1016/j.ultsonch.2014.01.002
https://doi.org/10.1016/j.seppur.2017.11.009
https://doi.org/10.1016/j.seppur.2017.11.009
https://doi.org/10.2166/wst.2011.800
https://doi.org/10.2166/wst.2011.800
https://doi.org/10.1016/j.memsci.2003.09.005
https://doi.org/10.1016/j.memsci.2003.09.005
https://doi.org/10.2166/ws.2005.0035
https://doi.org/10.2175/106143005X41609
https://doi.org/10.2175/106143005X41609


101. Muthukumaran S, Kentish SE, Stevens GW, Ashokkumar M (2006) Application of ultrasound
in membrane separation processes: a review. Rev Chem Eng 22:155–194. https://doi.org/10.
1515/REVCE.2006.22.3.155

102. Naddeo V, Borea L, Belgiorno V (2015) Sonochemical control of fouling formation in
membrane ultrafiltration of wastewater: effect of ultrasonic frequency. J Water Process Eng
8:e92–e97. https://doi.org/10.1016/j.jwpe.2014.12.005

103. Reuter F, Lauterborn S, Mettin R, Lauterborn W (2017) Membrane cleaning with ultrasoni-
cally driven bubbles. Ultrason Sonochem 37:542–560. https://doi.org/10.1016/j.ultsonch.
2016.12.012

104. Secondes MFN, Naddeo V, Belgiorno V, Ballesteros F (2014) Removal of emerging contam-
inants by simultaneous application of membrane ultrafiltration, activated carbon adsorption,
and ultrasound irradiation. J Hazard Mater 264:342–349. https://doi.org/10.1016/j.jhazmat.
2013.11.039

Sonochemical Advanced Oxidation Processes for the Removal of Pharmaceuticals in. . . 381

https://doi.org/10.1515/REVCE.2006.22.3.155
https://doi.org/10.1515/REVCE.2006.22.3.155
https://doi.org/10.1016/j.jwpe.2014.12.005
https://doi.org/10.1016/j.ultsonch.2016.12.012
https://doi.org/10.1016/j.ultsonch.2016.12.012
https://doi.org/10.1016/j.jhazmat.2013.11.039
https://doi.org/10.1016/j.jhazmat.2013.11.039


Correction to: Advanced Electrochemical
Processes for the Elimination
of Pharmaceutical Compounds
in Contaminated Waters

Jelena Radjenovic and Luis Baptista-Pires

Correction to: Chapter “Advanced Electrochemical
Processes for the Elimination of Pharmaceutical Compounds
in Contaminated Waters” in: Jelena Radjenovic and
Luis Baptista-Pires, Hdb Env Chem,
https://doi.org/10.1007/698_2020_689

This chapter was inadvertently published with an incorrect title “Chemical Processes
for the Elimination of Pharmaceutical Compounds in Contaminated Waters”. The
title has now been updated correctly to read as “Advanced Electrochemical Pro-
cesses for the Elimination of Pharmaceutical Compounds in Contaminated Waters”.

The updated online version of this chapter can be found at
https://doi.org/10.1007/698_2020_689

Sara Rodriguez-Mozaz, Paqui Blánquez Cano, and Montserrat Sarrà Adroguer (eds.),
Removal and Degradation of Pharmaceutically Active Compounds in Wastewater
Treatment, Hdb Env Chem (2021) 108: 383–384, https://doi.org/10.1007/698_2021_757,
© Springer Nature Switzerland AG 2021, Published online: 17 March 2021

383

http://crossmark.crossref.org/dialog/?doi=10.1007/698_2021_757&domain=pdf
https://doi.org/10.1007/698_2021_757#DOI

	Series Preface
	Preface
	Contents
	Environmental Risk Assessment of Pharmaceuticals in Wastewater Treatment
	1 Introduction
	1.1 Why Pharmaceuticals?

	2 Regulatory Aspects
	2.1 Environmental Risk Assessment Aspects in the Registration of Pharmaceuticals
	2.2 The Occurrence of Drugs in the Aquatic Environment

	3 Overview of the Environmental Risk Assessment process
	4 Environmental Risk Assessment of Wastewater Effluents
	5 Environmental Risk Assessment as a Tool to Evaluate the Removal Efficiency of Wastewater Treatment
	6 Discharge of Wastewater and Sludge in the Receiving Environment; Risk Assessment
	7 Environmental and Human Health Risks of Reclaimed Water Irrigation
	8 Future Perspectives in Environmental Risk Assessment of PhACs
	8.1 Emphasis on Environmental Mixtures
	8.2 Bioanalytical Tools to Capture Mixture Effects
	8.3 Toxicogenomics
	8.4 Antibiotic Resistance

	References

	Fate and Removal of Pharmaceuticals in CAS for Water and Sewage Sludge Reuse
	1 Introduction
	2 Bibliometric Study Regarding Micropollutants and PhACs
	3 Influent PhAC Characterization in Municipal WWTP
	3.1 Seasonal Variability in Influent WWTP PhAC Occurrence

	4 Pharmaceutical Removal in Conventional Activated Sludge Systems
	4.1 Compound Characteristics and Parameters Affecting PhAC Removal in CAS
	4.2 Removal Rates of Selected Representative PhACs

	5 Metabolites, Conjugates and Transformation Products
	6 Regulation Regarding Water Reuse and PhACs
	7 PhAC Fate in Sludge Treatment Line: Focus on Agricultural Reuse
	7.1 Agricultural Sludge Reuse: Advantages and Environmental Impacts
	7.2 Sludge Treatment Alternatives to Enhance PhAC Removal
	7.3 EU Regulation for Agricultural Reuse

	References

	New Insights into the Occurrence of Micropollutants and the Management and Treatment of Hospital Effluent
	1 Introduction
	2 Investigations into the Occurrence of Pharmaceuticals in Hospital Effluent
	3 Investigations on Occurrence of Antibiotic-Resistant Genes and Bacteria (ARG and ARB)
	4 Investigations on Hospital Effluent Management and Treatments
	5 Prioritisation: Environmental Risk Assessment of PhCs in HWW
	6 Strategies in HWW Management and Treatments: Lessons Learned from Singular Experiences
	7 The Need for Further Debate and Research
	References

	Suspect and Non-target Screening Methodologies for the Evaluation of the Behaviour of Polar Organic Micropollutants and Change...
	1 Introduction
	2 LC-HRMS-Based Analytical Methodologies
	2.1 Sampling Strategy and Sample Pretreatment
	2.2 Sample Extraction and Instrumental Analysis

	3 Strategies for the Evaluation of the Behaviour of Organic Micropollutants During Wastewater Treatment
	3.1 Data Preprocessing
	3.2 Prioritisation Strategies
	3.3 Suspect/Non-target: Identification Approaches of Polar Organic Contaminants
	3.4 Novel Non-target Strategies to Assess Changes in the Molecular Fingerprints Without Structural Elucidation

	References

	Perspectives on the Feasibility of Using Enzymes for Pharmaceutical Removal in Wastewater
	1 Introduction
	2 Remediation of Pharmaceutically Active Compounds by Crude/Purified Enzymes
	2.1 Lignin Peroxidase: Catalytic Features and Pharmaceutical Degradation
	2.2 Manganese Peroxidase: Catalytic Features and Pharmaceutical Degradation
	2.3 Soybean Peroxidase and Chloroperoxidase: Catalytic Features and Pharmaceutical Degradation
	2.4 Horseradish Peroxidase: Catalytic Features and Pharmaceutical Degradation
	2.5 Laccases: Catalytic Features and Pharmaceutical Degradation

	3 Enzyme Immobilization, Techniques, and Unique Advantages
	4 Immobilized Peroxidases for Removal of Pharmaceutically Active Compounds
	5 Immobilized Laccases for Removal of Pharmaceutically Active Compounds
	6 Concluding Remarks and Outlook
	References

	Fungal Reactors: A Solution for the Removal of Pharmaceuticals in Urban and Hospital Wastewater
	1 Introduction
	2 White-Rot Fungi
	2.1 Enzymatic System of the Fungi
	2.1.1 Extracellular Enzymatic Mechanism
	2.1.2 Intracellular Enzymatic Mechanism

	2.2 Bio-Oxidation/Redox-Mediated System

	3 Type of Reactors with Fungi
	3.1 Retained Fungi
	3.2 Immobilized Fungi

	4 Treatments of UWW and HWW with Fungi
	4.1 Batch System
	4.2 Continuous Treatment

	5 Conclusions
	References

	Novel Constructed Wetland Configurations for the Removal of Pharmaceuticals in Wastewater
	1 Introduction
	2 Common CW Configurations Used for the Removal of PhACs
	2.1 Removal of PhACs by SSFCWs
	2.2 Removal of PhACs by SFCWs
	2.3 Removal of PhACs with Hybrid CW Systems

	3 Novel CW Approaches for Pharmaceutical Removal
	3.1 Modifying the Filling Material of CWs
	3.1.1 Clays and Zeolites
	3.1.2 Solid Wastes
	3.1.3 Biochar

	3.2 Enhancing the Biodegradation Capacity of CWs
	3.2.1 Microbial Fuel Cell
	3.2.2 Aerated CWs
	3.2.3 Bioaugmentation

	3.3 CWs Combined with Other Wastewater Treatment Technologies

	4 Challenges and Future Trends
	5 Concluding Remarks
	References

	Microalgae-Based Processes for the Removal of Pharmaceuticals in Wastewater
	1 An Introduction to Microalgae and Microalgae-Based Wastewater Treatment
	1.1 Microalgae Biochemistry and Ecological Significance
	1.2 Microalgae Biotechnology

	2 Pharmaceutical Removal Under Controlled Conditions During Simulated Microalgae-Based Wastewater Treatment
	2.1 General Mechanisms of Pharmaceutical Removal During Wastewater Treatment
	2.2 Relevance of Individual Mechanisms to Microalgae-Based Wastewater Treatment

	3 Algae Reactor Design for Wastewater Treatment
	3.1 Photobioreactor Design
	3.1.1 Closed Systems
	3.1.2 Open Systems


	4 Removal of Pharmaceutical Compounds from Wastewaters in Microalgae Reactors
	4.1 Pharmaceutical Removal in Synthetic WW
	4.2 Pharmaceutical Removal in Real WW

	5 Concluding Remarks
	References

	Removal of Pharmaceuticals from Wastewater by Membrane Bioreactors: Factors, Mechanisms, and Perspectives
	1 Introduction
	2 Pharmaceuticals Removal by MBR
	3 Factors and Mechanisms Affecting Pharmaceuticals Removal by MBR
	3.1 Characteristics of the Pharmaceuticals
	3.2 Operating Parameters
	3.2.1 Mixed Liquor Suspended Solids Properties
	3.2.2 Solids Retention Time (SRT)
	3.2.3 Pharmaceutical Loading
	3.2.4 Mixed Liquor pH
	3.2.5 Mixed Liquor Temperature
	3.2.6 Mixed Liquor Dissolved Oxygen Concentration


	4 Bioaugmented MBR for Pharmaceutical Removal
	5 Conclusion and Perspective
	References

	Adsorptive Removal of Pharmaceutically Active Compounds from Wastewater
	1 Introduction
	2 Challenges of PhAC Adsorption in Wastewaters
	2.1 Properties of PhACs and Adsorbents
	2.1.1 PhACs
	2.1.2 Adsorbents

	2.2 Competitive Adsorption Phenomena
	2.2.1 Concentration Aspects
	2.2.2 Properties of Competitive DOM
	2.2.3 Practical Implications

	2.3 Inorganic Water Composition

	3 Adsorbent Materials
	3.1 Carbon-Based Materials
	3.1.1 Activated Carbon
	3.1.2 Low-Cost Carbonaceous Adsorbents
	3.1.3 Special Carbonaceous Materials

	3.2 Other Materials
	3.2.1 Zeolites and Clays
	3.2.2 Oligo- and Polysaccharides, Metal-Organic Frameworks, and Molecularly Imprinted Polymers

	3.3 Comparison

	4 Practical Aspects
	4.1 Powdered Applications
	4.1.1 Process Options
	4.1.2 Performance Prediction

	4.2 Granular Applications
	4.2.1 Operation Fundamentals
	4.2.2 Process Options
	4.2.3 Performance Prediction

	4.3 Applicability, Costs, and Environmental Impacts

	5 Conclusion and Outlook
	References

	Removal of Pharmaceutically Active Compounds (PhACs) in Wastewater by Ozone and Advanced Oxidation Processes
	1 Introduction
	2 Ozone-Based Processes
	2.1 Fundamentals
	2.1.1 Ozonation Kinetics
	2.1.2 Peroxone
	2.1.3 Catalytic Ozonation

	2.2 Removal of PhACs from Wastewaters by Ozonation
	2.2.1 Control of Ozonation By-products
	2.2.2 Municipal Wastewater Ozonation at Industrial Scale


	3 Fenton and Fenton-Like Processes
	3.1 Fundamentals
	3.2 Removal of PhACs from Wastewaters by Fenton and Fenton-Like Processes

	4 UV/Peroxide Processes
	4.1 Fundamentals
	4.2 Removal of PhACs from Wastewaters by UV/H2O2

	5 Concluding Remarks
	References

	Removal and Degradation of Pharmaceutically Active Compounds (PhACs) in Wastewaters by Solar Advanced Oxidation Processes
	1 Introduction
	2 Solar Semiconductor Photocatalysis
	3 Degradation of PhACs by Solar Photo-Fenton Process
	4 Application of Advanced Analytical Techniques for Assessing the Efficiency of AOPs
	5 Modelling of Solar Photoreactors
	6 Concluding Remarks
	References

	Advanced Electrochemical Processes for the Elimination of Pharmaceutical Compounds in Contaminated Waters
	1 Introduction
	2 Mechanisms of Electrochemical Oxidation of Pharmaceutical Residues in Water
	3 Limitations of State of the Art in Electrochemical Water Treatment
	4 Electrochemical Treatment for the Removal of Pharmaceutical Residues from Real Contaminated Water
	5 Three-Dimensional, Flow-Through Electrochemical Systems and Development of Electrochemical Membranes
	6 Conclusions and Outlook
	References

	Sonochemical Advanced Oxidation Processes for the Removal of Pharmaceuticals in Wastewater Effluents
	1 Fundamental Aspects
	1.1 Ultrasound as an Advanced Oxidation Process and Environmental Problem of Pharmaceuticals
	1.2 Effect of Frequency and Power on Pharmaceuticals Degradation by Ultrasound
	1.3 Effect of Pharmaceutical Nature on the Sonochemical Degradation

	2 Chemical Transformations of Pharmaceuticals upon Sonochemical Action
	2.1 Analytical Techniques to Follow Pharmaceuticals Degradation and Transformation During Sonochemical Treatment
	2.1.1 Quantitative Analysis
	2.1.2 Techniques Used for Identification/Elucidation of Transformation Products (TPs)

	2.2 Transformations of Pharmaceuticals Promoted by Sonochemical Action

	3 Treatment of Wastewater Polluted with Pharmaceuticals by Ultrasound
	3.1 Removal of Pharmaceuticals in Industrial, Municipal and Hospital Wastewaters Effluents
	3.2 Ultrasound Generators and Engineering Aspects for the Wastewater Treatments by Ultrasound
	3.2.1 Type of Ultrasound Generators
	3.2.2 Laboratory-Scale Sonication
	3.2.3 Industrial-Scale Sonication

	3.3 Combinations of Ultrasound with Membrane Filtration Techniques as a Strategy for Overcoming the Issues Related to Large-Sc...

	4 Concluding Remarks
	References

	Correction to: Advanced Electrochemical Processes for the Elimination of Pharmaceutical Compounds in Contaminated Waters
	Correction to: Chapter ``Advanced Electrochemical Processes for the Elimination of Pharmaceutical Compounds in Contaminated Wa...


