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@eries Editor’s Prefac%

Sometime in 2007, I wrote that, as series editor of Comprehensive Analytical
Chemistry, I have certain duties. The first is to be able to acquire new titles
for this successful series in the field of analytical chemistry. The second is
that I should also bring in titles from my own field of expertise. In this
respect, in 2003, I was coeditor of Volume 40 of the series Analysis and Fate
of Surfactants in the Aquatic Environment, together with my two old friends,
Thomas Knepper and Pim de Voogt. In 2007, and 10 volumes later, Volume
50 was published, again with me as coeditor together with my colleague Mira
Petrovic. This was for the first edition of the present book Analysis, Fate and
Removal of Pharmaceuticals in the Water Cycle. Now, in 2013, I am again
coeditor of the second edition now in your hands, with a slightly modified
title including the effects and risks, and we also have another colleague as
coeditor, Sandra Peréz.

In the European Union, around 3000 different pharmaceutically active
compounds are used in human medicine. Most modern drugs are small
organic compounds, which are moderately water-soluble but still lipophilic,
which allows them to be bioavailable and biologically active. They are
designed to have specific pharmacological and physiological effects at low
doses and thus are inherently potent, often with unintended outcomes for
wildlife. Their consumption has increased over the years and will continue
to increase due to the expanding population, general aging, increase of per
capita consumption, expanding potential markets, and new target age groups.

After being administrated, pharmaceuticals are excreted via the liver
and/or kidneys as a mixture of parent compounds and metabolites that are
usually more polar and hydrophilic than the original drugs. Thus, after their
usage for the intended purpose, a large fraction of these substances is dis-
charged into wastewater, unchanged or in the form of degradation products,
which are often not eliminated in conventional wastewater treatment plants.
Depending on the efficiency of the treatment and chemical nature of these
compounds, pharmaceuticals can reach surface and groundwaters. The need
for research on the pathways of exposure, bioavailability, and risk assessment
and risk management has been identified by a large number of scientists
working in this field.

Pharmaceuticals commonly occur in treated sewage effluents, in surface
waters, and in soil, sediments, sludge, biota, and tap water. Although the
levels are generally low, there is rising concern about their potential long-term
impacts on both humans and aquatic organisms, the latter being continuously

Xix
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exposed to these compounds. These levels are capable of inducing acute
effects in humans, that is, even though they are far below the recommended
prescription dose, they have been found to affect aquatic ecosystems. Antibio-
tics and estrogens are among the many pharmaceuticals suspected of persist-
ing in the environment due either to their resistance to natural biodegradation
or to their continuous release.

Pharmaceuticals in the aquatic environment have been a topic of interest in
conferences and in the literature for the last 20 years. One of the reasons for the
increasing concern on pharmaceuticals has certainly been the improvement in
analytical techniques. The use of various forms of liquid chromatography—
tandem mass spectrometry includes exact mass measurement methods. It is pos-
sible to detect and confirm low levels of common pharmaceutical residues and
their metabolites in water, solid, and biota samples. The fate of pharmaceuticals
during sewage treatment is a key issue since wastewater treatment processes
represent point source pollution of human pharmaceuticals. Investigation into
removal technologies is also of high interest to the scientific community and
the most common technologies being applied are included in the book. Finally,
the growing occurrence of human and veterinary pharmaceuticals in the envi-
ronment is driving toxicological studies and publications on ecological and
risk assessment, including antibiotic resistance prioritization of the most harm-
ful compounds with toxicity to different types of aquatic organisms, mainly
daphnia, fish, and algae.

All the abovementioned topics have been included in the present book,
which contains 21 chapters written by worldwide experts in the field, not only
mainly from Europe and the United States but also from China. Analytical
and environmental scientists will find a comprehensive view on the problems
associated with the emerging and pseudopersistent problem of pharmaceutical
residues in the environment. The book is addressed to a broad audience, from
experts in the field to newcomers who will benefit from taking time out to
familiarize themselves with its content.

Finally, I would like to thank all the authors, many of them friends and
colleagues, for their efforts in compiling the literature references and writing
their book chapters. I am especially thankful to my coworkers and colleagues
in the department, Mira Petrovic and Sandra Pérez, for their efforts and time
spent communicating with the different contributors of this comprehensive
book on pharmaceuticals in the water cycle.

Damia Barcelo
Barcelona, August 2013
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Pharmaceuticals are a diverse group of chemicals used in veterinary medicine,
agricultural practices, human health, and cosmetic care. Many are highly bio-
active, most are water soluble, and all (when present in the environment)
occur usually at no more than trace concentrations.

Pharmaceuticals are a class of new, so-called “emerging” contaminants
that have raised great concern in the last years. Human and veterinary drugs
are continuously being released in the environment mainly as a result of the
manufacturing processes, the disposal of unused or expired products, and
the excreta. (i) They are referred to as “pseudo” persistent contaminants
(i.e., high transformation/removal rates are compensated by their continuous
introduction into environment), (ii) they are developed with the intention of
exerting a desired biological effect, (iii) they often are moderately lipophilic
to be able to cross membranes, and (iv) they are used by man in rather large
quantities (i.e., similar to those of many pesticides).

The continuous introduction of pharmaceuticals and their bioactive meta-
bolites into the environment may lead to a high long-term concentrations
and promote continual, but unnoticed, adverse effects on aquatic and terres-
trial organisms. The analytical methodology for the determination of trace
pharmaceuticals in complex environmental matrices is still evolving and the
number of methods described in the literature has grown considerably.
Moreover, future introduction of selected pharmaceutical compounds on the
regulatory lists (e.g., diclofenac) of the EU WFD and others such as carba-
mazepine (antiepileptic) and chloramphenicol (antibiotic) that are on the US
EPA Contaminant Candidate List (CCL) as drinking water contaminants raise
the interest for practical analytical methods and their applications in routine
analysis. Attention has been paid during the last few years to develop a better
understanding of the toxicology issues including low-dose multi-generational
exposure to multiple chemical stressors and how human and ecological risks
might be affected by these chemical cocktails.

The main objectives of this book is to provide the reader with a well-
founded overview of the state of the art of the analytical methods for trace
determination of pharmaceuticals in the environmental samples, and to give
a review of the fate and occurrence of pharmaceuticals in the water cycle
(elimination in wastewater and drinking water treatment), including latest
developments in the treatment technologies, such as membrane bioreactors,
advance oxidation, and natural attenuation processes. To reach these objec-
tives, the book includes a concise and critical compilation of the information
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published in the last years regarding the occurrence, analysis, and fate of phar-
maceuticals in the environment. Following the first edition of this book in
2007, this book will extend the scope focusing on transformation products
and including chapters on methods for elucidation of transformation path-
ways, transformation occurring in wastewater treatment processes, and trans-
formations in the environment.

The book is structured with five parts:

The first part deals with the general introduction divided into two sub-
chapters, the first one giving an overview of drug discovery and development
in the pharmaceutical industry from the stage of compound design to clinical
trials and marketing authorization. The second introduces the problem of
pharmaceuticals as environmental contaminants.

The second part of the book is devoted to the analysis of pharmaceuticals
and consists of five sub-chapters dealing with modern analytical techniques
for the analysis of pharmaceuticals in the environment. It starts with discus-
sion of needs for prioritization in selecting target compounds for chemical
analysis and risk assessment. The following three chapters are devoted to
highly sophisticated and established hyphenated mass spectrometric methods
such as LC-MS and LC-MS-MS, and GC-MS used for target and nontarget
analysis of aqueous samples (wastewater, surface, ground, and drinking
water), solid matrices (soil, sediment, and sludge), and biota. In addition, sam-
ple preparation methods are thoroughly evaluated for all groups of pharma-
ceuticals including their major metabolites. Finally, one sub-chapter also
addresses the application of bioassays and biosensors for the analysis of phar-
maceuticals in the environment.

The third part deals with the removal of pharmaceuticals in wastewater
and drinking water treatment, including also discussion of removal mechan-
isms. Of the treatment techniques discussed, not only conventional wastewa-
ter treatment (activated sludge) is evaluated, but also advanced treatment
technologies such as biotic and abiotic membrane technologies, advanced oxi-
dation processes, as well as natural treatments (constructed wetlands, bank
filtration).

The fourth part gives an overview on occurrence data and fate in the
aquatic and terrestrial environment, as well as an overview of evaluation of
biotic and abiotic transformations in the environment through different analyt-
ical approaches.

Finally, the fifth part deals with the effect and risk assessment of pharma-
ceuticals. It will include chapters on field studies conducted to assess ecotoxi-
city, effects on biological communities, effects on microbial resistance, and
finally evaluation on environmental risk assessment of pharmaceuticals.

The last chapter will summarize the current state of the art in the field and
outline future trends and research needs.

Overall the present book is certainly timely since the interest and the
developments in the analysis, fate, and removal of pharmaceuticals from the
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environment have grown considerably during the last few years. This book
will be of interest for a broader audience of analytical chemists and environ-
mental scientists already working in the field of pharmaceuticals in the water
cycle or newcomers who want to learn more about this emerging contamina-
tion problem.

Finally, we would like to thank all the contributing authors of this book for
their time and efforts in preparing their chapters. Without their cooperation
and engagement, this volume would certainly not have been possible.

Mira Petrovic, Damia Barcelo, and Sandra Pérez
Girona, July 2013
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1 INTRODUCTION

The key objective of this introductory chapter is to provide basic knowledge
to environmental scientists being involved in studying occurrence, fate, and
effects of pharmaceuticals with respect to aspects pertaining to modern drug
discovery and drug development. As these researchers commonly concentrate
their efforts on understanding those processes that take place once a human

Comprehensive Analytical Chemistry, Vol. 62. http://dx.doi.org/10.1016/B978-0-444-62657-8.00001-X
Copyright © 2013 Elsevier B.V. All rights reserved.
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Analysis, Removal, Effects and Risk of Pharmaceuticals in the Water Cycle

drug, including metabolites, is discharged into the sewer, that is, anything that
happens down the drain, this chapter provides a brief overview of the pharma-
ceutical industry. It addresses its economic importance and illustrates the
fierce competition between major players, discusses strategies leading toward
the discovery of new drugs, and summarizes the phases of drug development
from the first clinical assay up to New Drug Application (United States) or
Marketing Authorization Application (European Union) for obtaining market-
ing approval. Section 4 provides a concise picture on fundamental terms used
in this highly interdisciplinary field and describes the role of physicochemical
properties as the key determinants for absorption, distribution, metabolism,
and excretion (ADME) of drugs.” While the distribution of a pharmaceutically
active compound (API) between systemic circulation and periphery organs
and tissues is of minor importance to what fraction eventually may enter
wastewater streams, the other three components are of particular relevance
as they directly affect the extent to which drugs, along with their biotransfor-
mation products, find entry into sewer systems. The role of drug metabolism
in drug discovery is highlighted and the most common drug-metabolizing
enzymes are portrayed. In the last part of this introduction, the position of
major pharmaceutical companies on the presence of pharmaceuticals in the
environment and their view on possible adverse effects on aquatic organisms
and human health is reviewed.

2 THE PHARMACEUTICAL INDUSTRY
2.1 How Big Is Big Pharma?

The private pharmaceutical sector is undoubtedly the driving force in
researching, developing, and marketing of innovative medicines for the pre-
vention and treatment of pathological conditions and disorders. In the global
pharmaceutical market, being worth more than 800 billion $US, the United
States is the single largest market accounting for 37% of sales followed by
Europe (28%) and Japan (12%) [1]. With the exception of TEVA as an
Israel-based company, all other corporations in the top 20 are headquartered
in these three geographic regions (Table 1). In their mission to improving
health and quality of life of patients, the pharmaceutical industry puts major
efforts in offering efficacious and safe quality drugs to patients who suffer
from widespread, chronic diseases. Taking into account the ranking of causes
of death in industrialized countries (cardiovascular diseases (24%), cancers
(23%), chronic lower respiratory diseases (5.7%), and CNS diseases (5.1%)
[2]), the incentives for targeting common diseases while rather neglecting

“As environmentally relevant pharmaceuticals fall into the category of small-molecule drugs, bio-
logicals (naturally occurring or modified polypeptides, protein, DNA, or RNA products) are
beyond the scope of this chapter and not further discussed.
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TABLE 1 Sales Figures of Top 20 Global Pharmaceutical Companies in
2006-2011, in Billion $US (Total Audited Markets)

2011 2010 2009 2008 2007 2006

Global Market Rank 855 795 754 727 670 608
Pfizer 1 56.4 56.8 58.6 60.6 62.2 61.7
Novartis 2 51.6 46.9 41.9 39.5 36.9 33.6
Merck & Co. 3 40.1 37.5 38.0 38.5 38.4 35.1
Sanofi 4 39.5 38.5 38.2 39.0 36.4 33.4
AstraZeneca 5 37.0 35.9 34.7 32.7 30.0 27.4
Roche 6 34.9 33.0 32.6 30.1 27.0 23.0
GlaxoSmithKline 7 34.5 34.0 35.4 36.9 37.5 36.0
Johnson & Johnson 8 27.7 27.7 27.4 30.2 29.5 28.0
Abbott 9 25.9 24.3 23.3 22.7 20.3 18.6
Teva 10 23.9 24.5 21.8 20.8 18.2 16.3
Lilly 11 23.7 221 20.3 19.0 17.1 15.1
Takeda 12 17.8 16.8 18.1 18.1 16.9 15.5
Bristol-Myers Squibb 13 16.4 15.0 14.1 13.5 12.0 11.3
Bayer 14 16.4 15.7 15.6 15.7 13.9 12.2
Amgen 15 16.3 15.6 15.1 15.4 16.0 16.0
Bohringer Ingelheim 16 16.2 14.6 15.2 14.0 12.5 1.3
Novo Nordisk 17 11.2 9.73 8.60 7.94 6.73 5.76
Daiichi Sankyo 18 10.4 9.75 8.71 8.07 7.1 6.70
Otsuka 19 10.0 8.74 7.88 6.46 5.30 4.65
Mylan 20 8.98 8.02 6.89 6.12 5.96 0.51

Source: IMS Health Midas, December 2011; $US: sales and rank are in $US with quarterly
exchange rates; sales cover direct and indirect pharmaceutical channel wholesalers and
manufacturers. The figures in the preceding text include prescription and certain over the counter
data and represent manufacturer prices.

/

disorders occurring at very low frequency are, unfortunately, all too obvious.
With profit-driven businesses dominating the landscape, the priorities in the
pharmaceutical industry are defined according to economic considerations.
Whether this is ethically justifiable or not [3]—in the developing world
tuberculosis and malaria are among the five most common causes of
death—statistics confirms this preferences.
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Among all other major industries, the pharmaceutical sector stands out
with respect to the percentage of R&D expenditure on net sales [4]. With
more than 15% of sales being reinvested to feed the R&D pipeline, it is far
ahead of software and computer services (9.6%), technology hardware and
equipment (7.8%), electronic and electrical equipment (4.2%), automobile
industry (4.1%), the chemical industry (3.1%), or let alone oil and gas produ-
cers (0.4%). Unlike many other industries enjoying short innovation cycles
with rapid returns on investment, the R&D processes in the pharmaceutical
business are characterized by rather long-term investments into projects with
intrinsically uncertain outcomes. The chances of unexpected failure at any
point during the lengthy drug discovery and drug development are consider-
able (see Section 3), and even achieving the milestone of marketing authori-
zation does by no means guarantee the economic success of a novel drug
product during its patent lifetime (see Section 2.2). In absolute terms, the
R&D spending for developing a single drug rose from an estimated 300 mil-
lion $US in the year 1991 to 800 million $US at the turn of the century to 1.3
billion $US in 2005 [5]. In the United States alone, the pharmaceutical indus-
try increased their spending from 23 to 55 billion $US over the period from
1999 to 2010, while productivity has at best remained flat staggering at
15-25 new drugs launched each year [6]. That these soaring costs have not
translated into any statistically significant increase in the number of drug
approvals is the topic of intense discussions and ongoing debates among the
major players [7,8]. In response to the dropping productivity per dollar
invested, the pressure to successfully place a product on the market is there-
fore higher than ever before.

2.2 Intellectual Property: Time Is Precious

Patents, as a property right granted by a sovereign state to the inventor of a
novel, nonobvious, and useful invention, are at the heart of the R&D process
[9,10]. The owner of a patent has the right to exclude competitors from
making, using, offering for sale, or selling the invention for a period of
20 years from the filing of the patent application. The aim is to maximize
the profit accruing to the inventor and those who have supplied the capital
necessary to research and develop the product. Of those 20 years of patent
protection, more than half the time is devoured by the R&D efforts as the pat-
ent is filed during the early stages of drug discovery. Once a new drug product
with an outstanding benefit/risk ratio or a unique mode of action (first-in-
class) has been launched on the market, it is only a question of time that
competitor products with similar or improved properties become available
to prescribers and patients [11]. By cautiously navigating around the competi-
tor’s patent space, follow-on drugs can share a great deal of structural features
with the original compound up to the point where they are literally just a
few atoms away [12]. One of the most striking examples is the phoshodiesterase
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Sildenafil (27 March 1998) Vardenafil (29 August 2003)

FIGURE 1 Chemical structures of first-in-class sildenafil (ViagraTM, Pfizer) and follow-on var-
denafil (Levitra™, Bayer). The dates indicate US registration date.

type 5 (PDE-5) inhibitor vardenafil (LevitraTM), which differs from sildenafil
(Viagra™) by the position of a single nitrogen atom and substitution of a methyl
by an ethyl group (Figure 1). What may be considered a not particularly innova-
tive approach of the inventor, it certainly was a smart one.”

How a single top-line product can contribute to the revenues of a pharma-
ceutical company is illustrated in Table 2, which compiles the global sales of
drug best sellers for the period of 2007-2011. These blockbusters, that is, drugs
generating >1 billion $US annually, can make up a substantial share in the
overall revenues. In 2011, Bristol-Myers Squibb’s platelet aggregation inhibitor
clopidogrel (Plavix™) as the second best-selling product on the list accounted
for a 57% of its global sales (see Table 1). Shareholders will unquestionably
greet this success with standing ovations but the day of patent expiration is
irrevocably approaching. Like carrion feeders awaiting the ailing animal to per-
ish, generic drug manufacturers with bioequivalence certificates in their pockets
are in the starting blocks to flood the market with cheap copies of the drug
product on the day after a patent expires. The foreseeable yet abrupt decline
in sales figures is shown in Figure 2 for three blockbusters beyond the
time period of Table 2. The patent of Pfizer’s cash cow Lipitor ™, containing
the blood cholesterol-lowering atorvastatin, expired in the United States in
November 2011. Within half a year, sales had dropped by more than threefold.

3 DRUG DISCOVERY AND DRUG DEVELOPMENT
3.1 Discovery: Screening Thousands of Compounds

The starting point for drug discovery programs is the realization that for a
given medical condition or disease, no suitable medicines are available to
patients. It is this unmet clinical need that motivates pharmaceutical compa-
nies to embark on this lengthy and cost-intensive venture [14]. First-in-class
drugs with novel mechanisms of action aiming at unproven targets have an

The structurally very dissimilar tadalafil (Cialis™, Eli Lilly), reaching the market as the third
PDE-5 inhibitor, achieved blockbuster status and outperformed vardenafil in part because of its
considerably longer plasma half-life [13]. This resulted in duration of effectiveness of as long
as 24-36 h and the drug was nicknamed “weekend pill.”



TABLE 2 Evolution of Global Sales of Top 20 Products in 2007-2011, in Billion $US (Total Audited Markets)

Active Pharmaceutical

Rank  Brand Ingredient Company Therapeutic Class 2011 2010 2009 2008 2007
1 Lipitor Atorvastatin Pfizer Lipid regulator 125 127 133 137 134
2 Plavix Clopidogrel Bristol-Myers Platelet aggregation 9.3 8.8 9.1 8.7 7.3
Squibb inhibitor

3 Seretide Fluticasone/salmeterol GlaxoSmithKline Respiratory agents 8.7 8.6 8.2 7.8 7.2
4 Crestor Rosuvastatin AstraZeneca Lipid regulator 8.0 6.8 5.4 4.0 3.0
5 Nexium Esomeprazole AstraZeneca Antiulcerant 7.9 8.4 8.2 7.8 7.1

6 Seroquel Quetiapine AstraZeneca Antipsychotic 7.6 6.8 6.0 5.4 4.6
7 Humira Adalimumab® Abbott Autoimmune agents 7.3 6.0 5.1 4.0 2.7
8 Enbrel Etanercept” Pfizer Autoimmune agents 6.8 6.2 5.9 5.5 5.0
9 Remicade Infliximab® Janssen Autoimmune agents 6.8 6.1 5.5 4.9 4.2
10 Abilify Aripiprazole Otsuka Antipsychotic 6.3 5.4 4.7 3.6 2.7
11 Singulair Montelukast Merck Respiratory agents 6.1 5.5 5.0 4.6 4.4
12 Zyprexa Olanzapine Lilly Antipsychotic 5.7 5.7 5.4 5.1 5.0
13 Mabthera  Rituximab® Roche Oncologics 5.7 5.1 4.6 4.4 3.7
14 Lantus Insulin glargine” Sanofi-Aventis Antidiabetics 5.5 4.7 4.0 3.4 2.7
15 Avastin Bevacizumab® Genentech Oncologics 5.4 5.6 5.0 4.0 2.8




-

16 Herceptin  Trastuzumab® Roche Oncologics 4.8 4.3 3.8 3.7 3.2

17 Cymbalta  Duloxetine Lilly Antipsychotic 4.7 3.9 3.4 2.8 2.2

18 Spiriva Tiotropium Bohringer Respiratory agents 4.7 4.0 3.5 3.1 2.5
Ingelheim

19 Neulasta  Pegfilgrastim” Amgen Immunomodulator 4.2 3.8 3.7 3.7 3.5

20 Glivec Imatinib Novartis Oncologics 4.1 3.8 3.4 3.3 2.7

APIs not marked with “*” and “* are small-molecule drugs.

“Monoclonal antibodly.

bOther protein drugs (etanercept is a fusion protein produced by recombinant DNA; insulin glargine is a long-acting basal insulin analogue; pegfilgrastim is a PEGylated

form of the recombinant human granulocyte colony-stimulating factor (GCSF) analogue filgrastim).
Source: IMS Health MIDAS, December 2011; $US: sales and rank are in $US with quarterly exchange rates.

%
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FIGURE 2 Effect of patent expiration on US quarterly sales figures of three of the top 20 (2011)
drugs (see Table 2). (Lipitor: November 2011; Plavix: May 2012; Zyprexa: October 2011). Miss-
ing columns in Q2 and Q3 of 2012 indicate that data were not available.
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FIGURE 3 Phases and approximate timelines of drug discovery and development.

inherently higher risk of failure than so-called follow-on drugs that take
advantage of preclinical or even clinical validation of the target. For a
follow-on drug to be competitive, that is, economically successful, climbing
on the bandwagon always implies to strive for launching the best-in-class.

It is often at academic institutions that the knowledge on the understanding
of biochemical pathways as the sequence of chemical reactions in a biological
organism is generated. If there is sufficient scientific evidence that inhibition
or activation of such signaling cascades might be exploited to modulate a dis-
ease state, a new discovery program is born (Figure 3). Once a promising tar-
get has been identified, it needs to be validated by applying a combination of
in vitro tools and animal models [15,16]. During the next phase, high-
throughput screening (HTS) campaigns are commonly run in order to identify
molecules from large libraries (>100,000 different compounds of highly
diverse chemical structures) that display specific activity at the macromolec-
ular target. In addition to these biological assays that are typically performed
in 384- or 1536-well plate format, inexpensive computational screens can aid
in designing virtual compounds provided that the X-ray structure of the target
protein is known. Positive HTS hits are then further characterized with respect
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to potency (determination of ICsy values), their activity in functional assays
(cell or tissue-based), and the ability to modify their target affinity by struc-
tural changes of the molecule (exploring structure—activity relationships). At
the end of this hit-finding phase, a small number of compounds with the most
promising profile are selected for further optimization relying on classical
organic synthesis. The subsequent lead identification phase begins by defining
a screening cascade that consists of a broad panel of assays designed to dis-
card compounds with suboptimal properties as early as possible while advanc-
ing interesting candidates to the next level. Being aware of time pressure and
budget constraints, the fundamental notion of pharmaceutical researchers in
drug discovery is as follows: fail early, fail cheap. In fact, it was not until
the 1990s that the necessity to optimize compound properties far beyond the
essential requirements of potency, activity, and selectivity was recognized.
An instructive comparison of trends in clinical attrition rates between 1991
and 2000 indicated that the primary factor causing drug failure in 1991 was
unacceptable pharmacokinetics (PK) profile in humans [17]. A stunning
40% of compounds failed in the clinics due to PK and bioavailability issues.
By the year 2000, this number had dropped to <10% as consequence of
adopting several preclinical screens to address ADME issues. Nowadays,
these are fully implemented at strategic positions in screening cascades;
microsomal stability (see Section 5.1), membrane permeability, and cyto-
chrome P450 (CYP450) inhibition constitute decisive filters at early stages,
while animal PK, in vivo tissue distribution, characterization of metabolites,
and identification of excretion routes (see Section 4.1) are investigated for
more advanced molecules.

The lead identification phase concludes with picking lead compounds
from distinct chemical series deemed to have the largest potential to undergo
further optimization. Besides tuning of ADME properties, compounds are
tested in depth for efficacy in mechanistic animal models being predictive
of human disease and are subject to early safety and toxicity studies in pre-
clinical species. In view of the wide scope of the screening cascade addressing
all aspects from potency to drug—drug interactions to potential hepatotoxicity
upon repeated dosing to animals, drug discovery is unquestionably a very
challenging undertaking, and identifying a suitable candidate molecule (and
subsequently a backup compound) for development is by no means guaran-
teed. If no compound meeting the criteria defined in the target candidate pro-
file is obtained within a reasonable timeframe, program cancellation as the
last resort becomes inevitable.

3.2 Development: Is This the Right Compound?

After candidate selection, the preclinical phase of the drug development is
initiated (Figure 3). One of the key objectives is the generation of enough
information that supports the safety of the investigational drug since the
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compilation of a comprehensive data package is required to eventually con-
vince regulators and clinical ethical committees to grant permission for
starting the first-in-man studies. Toxicology studies in animal species are
performed to determine the effects of organ function and to identify target
organ for toxicity. By establishing dose—response curves of toxic effects in
animal testing, maximum admissible doses are defined for the first dosing
in humans on the basis of no observed adverse effect levels and safety fac-
tors [18]. In addition, a comprehensive panel of in vitro studies is run to
assess potential immunotoxicity, mutagenicity, and genotoxicity. Safety
pharmacology studies are carried out to investigate the potential undesirable
pharmacodynamic (PD) effects of the drug substance on physiological
functions. The battery of tests evaluates effects on cardiovascular function,
respiratory function, and behavior of the central nervous system [19]. Phar-
maceutical development is another important component that deals with
converting the active ingredient (drug substance) into a dosage form (drug
product). Formulations suitable for the administration route need to
be developed; mechanical, physical, and chemical characterizations of the
drug product are performed including the development of analytical
methodologies [20].

After successful completion of the preclinical development, the sponsor
submits an application (clinical trial application) to the regulatory agency,
which contains information related to PD, PK, safety pharmacology, toxi-
cology, and the estimation on the first dose in humans, in order to obtain
authorization for initiating clinical trials. If authorization is granted, the inves-
tigational drug (product) can be tested for the very first time in humans.
Depending on the number and type of subjects enrolled, the endpoints
measured, and the geographic scope, clinical trials can be divided into three
major phases [21]:

e Clinical phase I

The major objective of phase I studies is to assess safety and tolerabil-
ity of a new drug. It usually consists of administering single, ascending
doses to determine the maximally tolerated dose while closely monitoring
any side effects. The studies involve some 10-20 individuals, usually
healthy volunteers, although for certain indications such as cancer or
HIV, individuals suffering from the disease are treated. Frequent sampling
of blood in conjunction with collection of excrements (urine and feces)
allows to analyze the PK profiles, to identify the metabolic routes, and
to determine the relevance of excretion of unchanged drug as compared
to that of metabolites. Giving the compound by intravenous administration
allows to assess the absolute bioavailability for routes other than direct
injection or infusion into the bloodstream. Phase I studies are completed
within less than a year and are conducted in an uncontrolled and
unblinded manner.
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e Clinical phase II

In phase II studies, the major goal is to evaluate the efficacy and to
establish dose-response curves. By recruiting about 200-300 patients with
the target disease (their selection is based on well-defined entry criteria),
the efficacious dose is determined. Depending on availability of standard
comparators, the efficacy can either be benchmarked against an existing
agent with an identical mode of action or one approved for the same indi-
cation, or it can be compared with the effect of a placebo. In this series of
studies where patients receive the drug in a chronic dosing regimen over a
period of several weeks, any observations on side effects or adverse events
are thoroughly reported. In addition, in phase II studies, the potential of
any drug—drug interactions is assessed and common risks for specific
populations (e.g., the elderly or patients with renal impairment) are identi-
fied. The total duration of the phase II studies is up to 2 years.

e Clinical phase III

Upon obtaining satisfactory outcomes in the phase II studies, the effi-
cacy is now to be confirmed in a large patient population comprising sev-
eral hundreds to thousands of patients with the target disease from
geographically diverse background. A typical phase III study is a multi-
center, randomized, double-blinded, placebo-controlled trial in which the
patients are divided into treatment and control groups in a random manner
and neither the overseeing physician nor the patient knows whether the
administered formulation contains the API or not (placebo). Individual
studies for chronic treatment with the drug under development can extend
over a year, while the entire series of phase III trial commonly has a dura-
tion of 2—4 years. In the end, the overall risk—benefit ratio has to be
evaluated.

Despite the tremendous amount of information gathered during the six to
eight years of discovery and preclinical development for the single compound
under investigation, the road toward achieving the next milestone is paved
with uncertainties, and all too often with unexpected, and above all insur-
mountable, obstacles that make to abandon the entire project. Khanna ana-
lyzed the productivity trend in clinical trials for the years 2009-2010 [22].
In phase I, the rate of success was 70% for all molecules having been
approved as new investigational drugs but a mere 17.5% survived phase II
studies. Conducting phase III studies further reduced the number of molecules
to 8.5%. That means that the success rate of the most expensive phase of the
overall R&D efforts, accounting for about one-third of the overall costs,
amounted to a mere 50%. Eventually, only 6% achieved the level of new drug
application. Regarding the reasons for attrition during clinical phase II trials,
Arrowsmith reported for the period of 2008-2010 that out of 87 drugs (includ-
ing new drugs and new indications for existing drugs), 51% failed due to
insufficient efficacy, while 29% were discarded for strategic reasons [23].
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For 19% of drugs, safety concerns were the reason for failure. On the other
hand, issues associated with poor PK or bioavailability accounted for only
1% of failure. Considering phase III and submission failures for 83 drugs
analyzed in the period of 2007-2010, insufficient efficacy was by far the
major reason for failure (66%), while safety issues, including unfavorable
risk—benefit evaluation, accounted for 21% of failure [24].

3.3 Regulatory Review and Beyond

The last hurdle to market access is the thorough drug review process in which
regulatory agencies assess safety, quality, and efficacy of new medicines. The
evaluation of the application by the responsible authorities (Food and Drug
Administration (FDA) in the United States; European Medicines Agency
(EMA) in the European Union; and Ministry of Health, Labour and Welfare
in Japan) comprises four main stages: receipt of dossier, scientific assessment,
sponsor response, and issuing of authorization (or rejection in case of unsuc-
cessful application) [25]. For novel therapeutics, the median total review time
for small-molecule drugs submitted between 2001 and 2010 was 314 days
reviewed by the FDA and 366 days by the EMA [26]. In case of a positive
decision of the regulatory agency, the approved drug is ready to be manufac-
tured, distributed, and launched on the market(s) and thereby enters into the
so-called phase IV where continuous postmarketing surveillance (pharmacov-
igilance) is initiated. Under uncontrolled and observational conditions, patient
safety is monitored and any (unexpected) adverse events are reported back to
the marketing authorization holder within a context of an epidemiological
focus. Furthermore, the observations may help identify additional indications
of the drug for future approval. As the patient population usually exceeds by
far the size of that enrolled in clinical phase III studies and duration of treat-
ment may be much longer, adverse drug reactions that were not observed in
clinical trials may surface. Depending on the severity of the events and the
level of evidence for causal relationship with drug treatment, the approved
product may either be excluded for treatment of certain subpopulations or,
in the worst case, the market authorization may be revoked. Of a total of
548 new chemical entities that had been approved by the FDA between
1975 and 1999, 45 drugs acquired so-called black box warnings (alerts that
appear on the package insert to indicate that the drug carries a significant risk
of serious adverse effects) whereas 16 were withdrawn from the market [27].
In such instances, the economic damage to the company and the negative
impact on the perception by prescribers and patients may be considerable.

4 PHARMACOKINETICS AND PHARMACODYNAMICS

In order to exert its desired pharmacological effect, a drug has to travel from
the site of administration (or application) to the target site where the binding
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to the receptor stimulates a biological response. Depending on the affinity of
the drug to the biochemical target, a certain local concentration of the ligand
is required. Whereas the study of these concentration-dependent effects of a
drug to the body is referred to as PD, the processes describing how the human
body handles a drug are termed pharmacokinetics (PK).

4.1 ADME: A Journey Through the Body

The schematic in Figure 4 depicts the key processes a drug is subject to after
oral dosing as the most frequently used route of drug administration [28-30].
It illustrates that on its way to the site of action (in this case located in a
peripheral compartment), a combination of physical and particularly
biological events governs its fate in the organism. When taken as a solid phar-
maceutical formulation (tablet and capsule), the API has to be released by dis-
integration and can then dissolve in the fluids of the gastrointestinal tract
(GIT). Given the large pH difference between stomach and intestine, the sol-
ubility of acidic and basic drugs can greatly vary in these two sections of the
GIT. Although drug absorption through the gastric mucosa is possible, its
small surface area of only about 0.053 m? limits the importance of this path-
way. In contrast, the surface area of the small intestine of about 250 m? in
conjunction with a transit time of 2—4 h makes intestinal absorption the major
route of entry into the bloodstream [31]. As only compound being present in
the dissolved phase is available for crossing the brush-border membrane of the
enterocytes, the undissolved fraction of the drug is subject to fecal excretion
in unaltered form and thus becomes a sewage-borne pollutant.

Stomach
(pH2)
Disintegration | dissolution l l L l
Intestine  [Abserption Liver Systemic Kidneys
(PH6-7) Metabolism circulation (pH7.4)

Fecal excretion l Distribution I Renal excretion

Peripheral
tissues and organs

Biliary excretion

harmacological
effect

FIGURE 4 Schematic of pharmacokinetics of orally dosed drug and interface with
pharmacodynamics.
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Although active transport across the intestinal epithelium applies to some
compounds, passive diffusion is the determining factor for most drugs, that is,
the concentration gradient is the driving force for entry into the entero-
cytes [32]. The extent and rate of intestinal uptake of the soluble fraction
depends on the physicochemical properties of the compound. The intrinsic
permeability is a composite of molecular size, charge state at intestinal pH,
and lipophilicity (expressed as the logarithm of the n-octanol-water partition
coefficient, log P). As cell membranes are composed of phospholipid bilayers
in which negatively charged phosphate groups are exposed to the lumen and
cytosol, respectively, while the lipophilic tails are directed toward the inside
of the membrane, the diffusion rate correlates positively with log P. Simply
put, the compound has to be “soluble” in the lipophilic environment of the
cell membrane (too high log P, however, is counterproductive as the molecule
remains inside the lipid membrane). This circumstance implies that an ionic
character of a drug molecule is unfavorable for passive diffusion and therefore
compounds being uncharged at intestinal pH generally exhibit higher perme-
ation rates than charged ones. Once the drug has reached capillaries irrigating
the gut wall, the bloodstream takes it through the portal vein to the liver as the
point of entry into systemic circulation. The liver represents the second impor-
tant barrier before drug distribution in the organism can take place, and its
unique function in protecting the body from potentially hazardous substances
is reflected by the physiological phenomenon that it is the only organ receiv-
ing venous blood in addition to direct supply of oxygenated blood through the
hepatic artery (adding up to about 25% of cardiac output). Upon uptake into
hepatocytes through the sinusoidal membrane, a high affinity of the drug to
metabolizing enzymes can already substantially reduce the amount of drug
eventually available for distribution. Biotransformation during the first pas-
sage through the liver is termed first-pass effect and, for obvious reasons, is
an undesirable process. The fraction surviving the attack of hepatic enzymes
is then distributed between the central and peripheral compartments of the
cardiovascular system. According to Figure 4 in which the drug target, for
example, an enzyme, receptor, or ion channel is proposed to reside in a spe-
cific organ, the drug reaches the site of action and ultimately interacts with
macromolecules to trigger the pharmacological response (carbamazepine as
a frequently detected environmental contaminant, e.g., acts by blocking neu-
ronal sodium channels in the brain and therefore limits repetitive firing of
action potentials).

Besides the liberation of the API from the formulated product, it is the
complex interplay of the four processes of ADME that defines and governs
the overall fate. Since the human body recognizes drugs as foreign substances
lacking an apparent physiological benefit, defense mechanism has been put in
place during the evolution of mankind in order to eliminate them from the
organism. While the aforementioned first-pass effect stands at the frontline
of defense, the efficiency of metabolic reactions in conjunction with excretory
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processes do ultimately limit the lifetime inside the organism. The function of
the former is to convert drugs into more polar, water-soluble metabolites with
improved susceptibility for excretion. With the liver being the major metabo-
lizing organ, metabolites either can directly be secreted across the canalicular
membrane of the hepatocytes into bile that, following intermediate storage in
the gall bladder, is drained through the bile duct into the duodenum or can dif-
fuse back into the bloodstream (at first glance, it may seem contradictory that
more polar compounds formed in an intracellular space such as the liver cells
are more amenable to excretion—membrane permeability is negatively corre-
lated with polarity—but active transporter protein embedded in the cell mem-
brane are capable of performing this task even against concentration
gradients). Traveling further down to the distal parts of the small intestine
and on to the large intestine, the ultimate fate is excretion with fecal matters.
The other important route of excretion of drug metabolites is accomplished by
the kidneys where glomerular filtration and active tubular secretion help elim-
inate biotransformation products. Apart from excretion of metabolites, certain
drugs may also be excreted in unchanged form. Irrespective of the route of
elimination, however, the drug will show up along with its metabolites in
raw sewage at the inlet of sewage treatment plants (this, of course, assumes
that sanitary wastes are collected in the first place, which probably does not
apply to many less developed countries).

4.2 Reducing the Release of Bioactive Drugs into the
Environment: Not as Easy as It Appears

Commissioning an environmental scientist with devising strategies to mini-
mizing the environmental input of orally dosed drugs based on the simplified
scheme outlined in Figure 4, the logical answers would likely include these
PD-related aspects:

e Enhancing affinity of the drug toward the macromolecular target

e Maximizing effect concentrations at the site of action

e Perhaps achieving a sustained stimulus for a long-lasting effect even after
drug concentrations in the effect compartment have started to decline

All this is addressed during the biological screening process in drug discovery
(see Section 3.1) where optimization of potency and activity at the target is a
primary goal. As far as the PK side of the story is concerned, possible solu-
tions would include

e fast liberation of the API and rapid and complete dissolution in the GIT
fluids,

e quantitative absorption through the gut wall to avoid any excretion of
intact drug without appearing in systemic circulation,

e reduction of hepatic first pass to maximize oral bioavailability,
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e minimization of affinity to drug-metabolizing enzymes in the liver for sus-
tained circulating blood levels,

e avoidance of direct excretion of intact parent drug into bile or urine (per-
haps the most relevant aspect for reducing the release of bioactive pharma-
ceutical compounds into the environment).

Medicinal chemists, scientists running biological screening assays, and
ADME experts will undoubtedly endorse the recommendations but the
daily routine in drug discovery tells that all those processes and pathways
are interwoven in a highly complex way that can only be successfully
addressed by carefully balancing out compound properties. To illustrate
the challenges faced in designing small-molecule drugs with suitable
ADME properties, one needs to take into account that the physicochemical
properties may work in opposite directions on the various parameters deter-
mining the overall fate of drug molecules in the human body. But in the
first place, it is the drug binding to the target that defines which molecular
entities are ligands with high affinity. The task of developing quantitative
structure—activity relationships is definitely not a trivial one. Since most
biochemical targets are proteins involved in signal transduction cascades,
for their physiological role to be modulated in a planned manner, the drug
molecule has to establish specific interactions at the molecular level with
amino acids constituting its structure [33]. Through a combination of polar
(hydrogen bonding) and hydrophobic interactions (van der Waals), the drug
binds tightly to the protein, competitively replaces its natural ligand from
the binding site, and eventually impairs or enhances the normal signaling
function. Let us imagine a highly potent ligand for a given protein target
has been identified by conducting in vitro binding assays. It now just has
to make it from the oral cavity to the receptor (e.g., orally taken selegiline
inhibits the mitochondrial enzyme monoamine oxidase B in the brain and
thus prevents neurotransmitters such as dopamine from being broken
down [34]).

Uncoupling the PD requirements from the PK properties (ignoring the
latter has been shown to be highly detrimental for a successful drug devel-
opment (see Section 3.1)), a high compound solubility would be considered
desirable in terms of achieving the maximum soluble fraction in the intesti-
nal lumen. However, the incorporation of polar functional groups, in partic-
ular ionizable moieties that act as charge carriers (e.g., carboxylic acids and
basic aliphatic amines), leads to a drop in membrane permeability that
compromises the movement of drug molecules across the multiple mem-
brane barriers encountered on its way to the site of action [35]. Therefore,
a hydrophilic-lipophilic balance needs to be found in order to accommodate
good solubility (at this point, the dose plays an important role) and accept-
able membrane permeability in the same molecular structure. At the same
time, too high a lipophilic character (log P) makes the compound more
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susceptible to CYP450-mediated metabolic reactions (see Section 5.1) in the
liver and thus results in faster drug clearance. Although not explicitly
depicted in Figure 4, plasma protein binding (PPB) [36,37] is a key determi-
nant in the distribution of a drug between central and peripheral compart-
ments (it also influences hepatic and renal clearance). Almost all drugs
bind to some extent to abundant plasma proteins with neutral and acidic
drugs showing preference for serum albumin while basic compounds prefer-
ably attach to o;-acid glycoprotein. As a general rule, the PPB of a drug
increases with increasing lipophilicity and is most prominent for acidic com-
pounds that strongly bind through electrostatic interactions to protonated
amino acid residues in albumin. The extent of PPB in turn affects the distri-
bution behavior insofar as only the free drug fraction in blood plasma can
diffuse across membranes. Finally, the affinity of a drug to tissue (compo-
nents) is again largely influenced by charge and lipophilicity. Due to elec-
trostatic interactions with negatively charged phospholipids forming the
membrane bilayer, basic drugs exhibit a pronounced affinity for tissues,
whereas acidic drug molecules are rather repulsed and thus tissue—blood
concentration ratios are fairly low. Another aspect to be considered is
molecular size (and shape): in general terms, solubility decreases with
increasing molecular weight (MW), so does membrane permeability.

In conclusion, this brief survey of ADME principles has illustrated that
rational drug design requires a multifactorial optimization [38]. Modulation
of the physicochemical properties has a direct consequence not only on the
interaction with the drug target itself but also on many of the processes gov-
erning the disposition in the organism. As far as drug elimination, that is, the
combined effects of metabolism and excretion, is concerned, the clearing
organs of the human body—first and foremost the liver and kidney—are
actively pursuing to eliminate the exogenous substance, regardless of the
pathway. Although it may be of concern to the environmental scientist
whether a drug is subject to excretion in unaltered form or extensively meta-
bolized in the liver to inactive biotransformation products, to a sophisticated
system such as the human body, this difference does not matter: clearance
is its ultimate mission.

4.3 Physicochemical Space: What Do Drugs Look Like?

The previous section has illustrated how changes of physicochemical proper-
ties of small-molecule drugs modulate their ADME profile (see Section 5.1).
Beside the fact that medicinal chemists consciously design molecules with
drug-like properties and through reiterative processes optimize their PK and
PD characteristics, most marketed (oral) drugs eventually fall within a certain
range of molecular properties. The most frequently used parameters used to
describe the structural features that affect the physicochemical properties are
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MW, lipophilicity (log P), number of hydrogen bond donors (OH, NH
groups), and hydrogen bond acceptors (O, N). The landmark paper by
Lipinski et al. [39,40] examined the impact of these four parameters of a total
of 2245 orally dosed drugs with respect to solubility and permeability as cru-
cial requirements for acceptable oral bioavailability (see previous section).
Their comprehensive analysis revealed that about 90% of molecules complied
with what later became to be known as the rule of five (RO5): MW <500,
log P <5, H-bond donors <5, and H-bond acceptors <10. Compounds outside
that range were less likely to exhibit satisfactory bioavailability; nonetheless,
there do exist clearly successful drugs beyond the space defined by the ROS,
such as macrolide antibiotics. Following the revealing findings of Lipinski’s
computational approach, trends between therapeutics classes were compared,
the evolution over time was examined, and drugs with parenteral routes of
administration were included [41-43]. By adding further, readily accessible
molecular properties describing structural flexibility (number of rotatable
bonds), rigidity (ring count), and the solvent-exposed surface area covered
by polar atoms (so-called polar surface area), valuable insights into the deter-
minants of physicochemical properties have been gained. The data presented
in Table 3 nicely illustrate what structural properties define different drug
classes based on their administration route. The values for oral drugs in the
lower half of the table are in close agreement with the ROS. Injectable drugs,
in turn, reside in a different range of molecular properties characterized by
lower lipophilicity (high aqueous solubility is required) and fewer constraints
regarding MW.

5 DRUG METABOLISM

With the growing interest in including human metabolites of pharmaceuticals
in environmental monitoring surveys in order to generate a more comprehen-
sive picture of the fate, a concise overview of the major human drug-
metabolizing enzymes and pathways is presented here. Metabolic reactions
can broadly be classified into phase I reactions (hydrolysis, oxidation, and
reduction) and phase II reactions (conjugation) [44,45] (Figure 5). Although
in some instances, a combination of both classes is required to convert the
drug into a readily excretable species, modification of the chemical structure
by a single enzyme may be sufficient to generate a metabolite that is subject
to rapid excretion. As indicated earlier, hepatic metabolism represents the
most prominent pathway with its inherent possibility of direct secretion of
the metabolite into bile (it may return to systemic blood by passive diffusion
or active transport across the sinusoidal membrane), but other organs such as
the kidneys and lungs may also play a role in affording metabolic inactivation.
It is worth noting that hepatic drug clearance commonly displays large inter-
individual differences that are determined by genetics, sex, and age but are
also influenced by disease state [46].



TABLE 3 Molecular Properties of Marketed Drugs

H-Bond H-Bond Rotatable PSA (in
Route Mw clogP O+N OH+NH  Acceptors Donors Rings  Bonds A%
Mean values
Oral (1193) 343.7 2.3 5.5 1.8 3.2 1.8 2.6 5.4 78
Absorbent 392.3 1.6 6.5 3.0 3.6 3.0 2.5 7.9 101
(116)
Injectable 558.2 0.6 11.3 4.7 6.2 4.7 3.2 12.7 144
(308)
Topical (112) 368.5 2.9 5.0 1.9 3.2 1.8 2.9 5.3 75
10-90% percentiles
Oral (1193) 200-475 -0.8-5.2 29 0-3 1-6 0-3 1-4 1-10 22-134
Absorbent 172-666 —-2.3-48 2-14 0-7 1-7 0-7 0-4 2-16 20-219
(116)
Injectable 196-1085 —3.3-49 3-23 0-11 1-11 0-11 1-6 2-27 28-311
(308)
Topical (112) 188-495 —-0.6-6.0 2-8 0-3 0-5 0-3 1-5 1-9 21-114

The class “absorbent” refers to dosage forms in which the drug is anticipated to absorb through membranes (ophthalmic, otic, nasal, inhalation, vaginal, or rectal).

“Injectable” denotes drugs for intramuscular, intravenous, or subcutaneous administration.
Adapted from Ref. [42].
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FIGURE 5 Examples of relevant phase I and phase II biotransformations.

5.1 Phase | and Phase Il Reactions: Whoever Is Faster

Hydrolytic reactions mediated by widely distributed esterases (also present in
blood plasma itself ) afford the cleavage of ester and amide bonds thereby
releasing two far more polar molecular entities [47]. In view of the general
ease of hydrolyzing esters, the presence of ester bonds in small-molecule
drugs is uncommon as the bond per se is highly prone to hydrolysis. The
exception to this rule is so-called prodrugs (e.g., enalapril, oseltamivir, and
adefovir dipivoxil) that are specifically designed to produce active drugs upon
hydrolysis [48,49]. Applying this simple synthetic strategy allows to convert
drugs with suboptimal properties in terms of membrane permeability or intes-
tinal solubility into molecules with greatly improved ADME profiles.
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With respect to oxidative reactions, the monooxygenase CYP450 is by far
the most prominent drug-metabolizing enzyme being responsible for metabo-
lism of 70-80% of all marketed drugs [50,51]. Of the more than 50 CYP
families identified to date in humans, metabolizing thousands of endogenous
and exogenous compounds, those isoforms involved in oxidizing drug mole-
cules belong mainly to the families CYP1, CYP2, and CYP3 (order of impor-
tance: CYP3A4>CYP2C9~CYP2C19>CYP2D6~CYPI1A2>CYP1Al~
CYP2B6~CYP2E1). These membrane-bounded enzymes, residing in the
endoplasmic reticulum (ER) of cells, catalyze the NADPH-dependent oxida-
tion of structurally diverse substrates. The selectivity of the various isoforms
ranked earlier depends on structural features of the substrate including size,
charge, lipophilicity, and shape [52]. CYP450 accomplishes C-oxidations (ali-
phatic hydroxylation and aromatic hydroxylation), alkene epoxidations, het-
eroatom dealkylations (cleavages of C-N, C-O, and C-S bond®), and
oxidations of alcohol and aldehydes (Figure 5). Furthermore, they are capable
of oxidizing aromatic amines to the corresponding hydroxylamines, while
N-oxygenations of tertiary amines and N-heterocycles give rise to N-oxides.
Heteroatom oxidation of thioether-bearing drugs can produce the
corresponding sulfoxide and sulfone. The catalytic repertoire of the versatile
CYP450 enzyme system also includes dehydrogenation reactions and oxida-
tive deaminations. The second most important enzyme catalyzing oxidations
of drugs is flavin-containing monooxygenase, which, unlike CYP, exclusively
oxidizes nucleophilic heteroatom-containing substrates [53]. Regardless the
involved enzymes, the large majority of these reactions enhance the polarity
of the substrate and frequently imply partial or complete loss of pharmacolog-
ical activity (as mentioned earlier, the interactions with the macromolecular
target are sensitive to structural modifications such as the incorporation of
an oxygen atom).

This fundamental principle holds true even more in case of phase II reac-
tions in which a larger moiety is catalytically transferred from the cofactor to
the substrate and covalently bound to an existing functional group with nucle-
ophilic character. The two most relevant transferases are soluble cytosolic sul-
fotransferases (SULT), conjugating hydroxyl and amino groups with
sulfonate [54], and ER-membrane-embedded UDP-glucuronosyltransferases
(UGT) that link glucuronic acid to hydroxyl, thiol, amino, and carboxylic acid
groups present in the substrate [55]. As SULTSs are high-affinity but low-
capacity enzymes, sulfate conjugates are quantitatively less important in humans
than glucuronides. In addition, depletion of the cofactor 3’-phosphoadenosine-
5’-phosphosulfate (PAPS) may become the limiting factor for extensive
sulfation. A decisive feature of many sulfate and glucuronide conjugates is the

“By comparing substrate and metabolite structures of dealkylation reactions (Figure 5), it may not
be immediately obvious where the oxidation has taken place. In fact, it is the carbon atom in the
leaving group that has been oxidized to a carbonyl function.
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susceptibility of the formed bond to enzymatic hydrolysis. In particular, sulfate
esters originating from the sulfation of alcohols or phenols and acyl glucuronides
(esters) formed by conjugation of carboxylic acids can be easily cleaved to
release the free drug molecule. When such labile conjugates undergo biliary
excretion and are subsequently discharged into the small intestine, microbial sul-
fatases and glucuronidases produced by gut microflora can liberate the unconju-
gated product. From a PK perspective, this may give rise to a phenomenon
called enterohepatic recirculation in which reabsorption of the parent drug
through the intestinal epithelium enables reentering the blood flow in the portal
vein (see Figure 4) [56]. From a mass balance point of view, which focuses on
determining the fraction of the administered dose exiting the human body intact,
enzymatic breakdown of drug conjugates translates into excretion of bioactive
compound and consequently adds to the environmental burden. In this context,
the question of the relevance and impact of conjugate cleavage in biological
sewage treatment by mixed microbial communities has been brought up
[57,58]. The liberation of the active drug has been speculated to be associated
with the observation that for certain compounds, such as diclofenac [59], the
levels measured in treated effluents exceed those in corresponding raw sewage
samples.

5.2 Metabolism Versus Direct Excretion: A Delicate Balance

In their quest for discovering suitable candidates to be progressed to the
development stage, scientists working in drug discovery teams do probably
not share the concerns—if they are aware of the current environmental discus-
sion at all—related to the extent the parent drug may appear in altered form or
as readily cleavable conjugate, in feces and urine. In the first place, the cri-
teria for selecting appropriate drug candidates include in vitro potency,
in vivo efficacy in animal models, promising ADME profile in preclinical
species, and absence of relevant safety issues. It is not until conducting the
first-in-man studies (see Section 3.2) that quantitative data on elimination
pathways become available.

In most oral drug discovery programs, metabolic clearance is required to
be low as this increases the likelihood of achieving high exposure (see
Figure 4) and ultimately ensures the necessary compound levels in the effect
compartment. During lead identification and lead optimization (see Figure 3),
a set of in vitro and in vivo tools are employed to assess the metabolic fate in
quantitative terms (kinetic measurements) and from a qualitative perspective
(metabolite identification). Incubations with subcellular liver fractions
prepared from preclinical species and human donors allow to address both
aspects in samples obtained in the same experiment. Given the importance
of CYP450 in the biotransformation of drugs, microsomal incubations are
commonly the starting point in metabolic screening [60]. Based on mass
spectrometry-assisted structure elucidation of the metabolites, the medicinal
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chemist then attempts to eliminate or deactivate soft metabolic spots in the
molecule. To circumvent, for example, parahydroxylation on aromatic rings
(see Section 5.1), the hydrogen atom on the paraposition of the phenyl can
be substituted with fluorine [61].

To assess the potential for glucuronidation, liver microsomal incubations
supplemented with the cofactor UDPGA are performed and the formation of
glucuronides is confirmed by mass spectrometric analysis based on their diag-
nostic mass shift. For compounds having advanced in the optimization pro-
cess, incubations in hepatocyte suspensions allow to investigate the role of
different metabolic pathways since these the cells contain the full complement
of drug-metabolizing enzymes [62]. Among the preferred substrates of UGT
are compounds bearing either phenolic hydroxyl groups or carboxylic acids.
Whenever drug molecules contain carboxylic acids—in some cases their pres-
ence may be required for achieving strong binding to the macromolecular tar-
get through electrostatic interactions [63]—there is a good chance that
glucuronidation takes place in humans. Prominent examples include the non-
steroidal anti-inflammatories diclofenac, naproxen, ketoprofen, and indometh-
acin [64]. Although from an environmental perspective, oxidative metabolism
appears advantageous in terms of generating products with largely reduced
biological activity, synthetic strategies rather aim to reduce the relevance of
this pathway. Regardless the balance of phase I and phase II metabolism, or
combinations thereof, the extent of direct renal or biliary excretion in humans
is difficult to predict based on the outcomes of excretion studies in preclinical
species [65,66]. Prior to selecting drug candidates for development, mass bal-
ance studies are conducted in animals by collecting urine and feces (or pref-
erably of bile if bile duct ligation is technically feasible) following
intravenous bolus administration. But due to interspecies differences in meta-
bolic enzyme activity and expression of drug transporter proteins [67], the
findings do not necessarily translate to the behavior in humans. Therefore, it
is not until the first clinical studies that the presence of intact drugs, or readily
cleavable conjugates, can be confirmed and quantified.

6 PHARMACEUTICALS IN THE ENVIRONMENT: THE
MANUFACTURERS’ VIEW

Given the scientific interest in occurrence, fate, and effects of pharmaceuticals
in the environment, and in particular the public concern about the potential
hazards posed to human health by the consumption of drinking water contain-
ing traces of common drugs, pharmaceutical companies have become aware
of the situation and the need to take initiatives to better understand any envi-
ronmental and human health impact. Table 4 compiles key information posted
on the websites of a number of selected Big Pharma representatives as regards
the presence of pharmaceuticals in the environment. To begin with, they stress
that their positive detection is closely linked to the improvements of analytical



TABLE 4 Summary of Position Papers of Major Pharmaceutical Companies Regarding the Presence and Effects of Human

Pharmaceuticals in the Environment

Bristol-Myers

Squibb [68] GlaxoSmithKline [69] Lilly [70] Novartis [71] Pfizer [72] Roche [73] Sanofi [74]
Reason for Improved Improvements in Modern Advances in Ever-increasing Improvement in
detectability analytical analytical capabilities advances in analytical sensitivity of analytical
methods chemical technology analytical methods ~ methods since
measurement the mid-1970s
techniques
Occurrence in At extremely low At extremely low levels At At trace levels In low (ppb) to In very low
the levels concentrations (tiny amounts) extremely low (ppt) concentrations
environment  (concentrations usually in the concentrations (ng/L or pg/L)
in the ppb or ppt range of ppt or
range) lower
Major route of Patient use and  Residues of the Pharmaceutical ~ Pharmaceuticals Prescribed and  Patient use After

entry into
environment

excretion of
unmetabolized
materials

pharmaceutical or its
breakdown products
(i.e., metabolites) may
be excreted as part of

normal biological
processes

active
ingredients are
routinely broken
down or
eliminated by
the body

entering the
aquatic
environment are
an inevitable
consequence of
business activity
and of science-
based healthcare
treatment

normal patient
use and
excretion
(accounting for
over 90% of the
detected
concentrations)

(increasing rate of
widely metabolized
and readily
degradable
biopharmaceuticals
in company is a
welcome
development)

pharmaceuticals
are absorbed or
administered,
they are partly
excreted by
patients either in
the same form or
as metabolites

%




s

the quantities of
pharmaceuticals
detected in the
environment
would be
harmful to
human health

concentrations in
surface waters

are very unlikely
to be harmful to
human health or

2011 Technical Report
on Pharmaceuticals in
Drinking Water)

not present a
health risk for
humans, as they
are below the

Some potential for doses approved

impact on aquatic life  have short-term  as safe by
impacts on medicinal
aquatic regulatory
organisms agencies
according to
Carries out state-of-the- The potential for current
art environment testing subtle and long-  knowledge

term effects on
aquatic
organisms is still
being studied by
the scientific
community

on all their
pharmaceuticals and
use these data in risk
assessments to evaluate
potential for harm to
human health and the

low levels of
pharmaceuticals
in drinking water
would result in
appreciable
adverse effects
on human health

There are no
reported adverse
human health
effects attributed
to drugs in the
aquatic
environment;
recent studies
including those
from the WHO

they have been
shown to have a
therapeutic or
adverse effect in
humans

Even a lifetime of

consuming drinking

water containing
these trace
concentrations of
APIs would not
correspond to one
single daily
therapeutic dose of
the respective
pharmaceuticals

Minor route of Unused Unused products or via Improper Manufacturing Effluent from
entry into medicines pharmaceutical disposal of process and from drug production
environment  discarded by manufacturing unused improper disposal of plants and
consumers discharges medicines and  unused medicines  discharge
normal resulting from
manufacturing the inappropriate
discharges disposal of
unused
medicines
Risk to human  Studies Unlikely to affect Information Believes that the Based on current Environment Risk to human
health and conducted to human health at the published to date levels of APIs observations it is quantities are in health appears
environment  date indicate it is levels detected shows the found in the very unlikely that general far below  low in light of
highly unlikely ~ (according to WHO’s  extremely low environment do  exposure to very the level at which  small

concentrations
based on current
information

Environment
risks are a
genuine
concern,
particularly for
certain classes of
pharmaceutical
products such as
hormonal
substances,
cytotoxic drugs,
and antibiotics

v

Continued




TABLE 4 Summary of Position Papers of Major Pharmaceutical Companies Regarding the Presence and Effects of Human
Pharmaceuticals in the Environment—Cont'd

Bristol-Myers
Squibb [68]

GlaxoSmithKline [69] Lilly [70]

Novartis [71]

Pfizer [72]

Roche [73]

Sanofi [74]

environment. Results of
these assessments
indicate no adverse
impact to public health
or the environment
from post-patient
releases of
GlaxoSmithKline (GSK)
pharmaceuticals to the
environment

Comparisons of
measured
concentrations with
predicted no effect
concentration (PNECs)
for humans find that
the levels of
pharmaceuticals
present in the
environment are too
low to pose any acute
or chronic risk to
people

conclude that
trace amounts of
pharmaceuticals
measured in
water should not
be of concern to
human health
even if
consumed for
many years

Data currently
fail to show any
connection
between the
concentration of
pharmaceuticals
detected in the
aquatic
environment and
acute
environment
effects
(exception:

Potential long-term
effects of low
concentrations and
the potential
combination effects
need to be
investigated further

To date, studies
concur that the low
levels do not cause
short-term impact to
aquatic life

Further studies are
needed to evaluate
the potential effects
associated with
long-term exposure
of aquatic
organisms




However, questions
about the potential for
chronic effects on
aquatic life for multiple
compounds or certain
classes of compounds
have been raised

certain
hormones)

Some studies
suggest that in
specific
situations,
chronic
environment
exposure of
certain species
(e.g., fish) to

There are
indications that
certain hormones
(in particular sex
hormones) and
other substances
exhibiting hormone-
like activity may
have detrimental
long-term effects on
aquatic populations

select classes of
pharmaceuticals
(e.g., hormones)
may be linked
with
environment
effects

Further studies
are needed to
determine any
environment
effects arising
from chronic
exposure

Continued
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Pharmaceuticals in the Environment—Cont'd

Bristol-Myers

of a New Drug
Application
(NDA)

before they are
launched

new medicines
are launched

Regularly
updates testing
protocols for
new and existing
pharmaceuticals
as knowledge
and testing
methods
improve

where necessary,
develops tailored
strategies to
minimize that
impact

properties) has
been developed
on most New
Chemical Entity
(NCEs) registered
in the past

5 years

Squibb [68] GlaxoSmithKline [69] Lilly [70] Novartis [71] Pfizer [72] Roche [73] Sanofi [74]
Actions Collects an Performs Tests and Researches the  Since Carries out ERA is currently
extensive environmental risk assesses own potential impacts implementation  investigations and  required as part
amount of assessment (ERA) to medicines for of newly of the EU ERA  supports or of the marketing
ecotoxicological meet current regulatory potential effects  developed Guidelines contributes to authorization
information requirements and on the medicines on (2006), a research programs  application
about own internal global environmentto  human and comprehensive  to better understand dossier for any
compounds to environment, health, meet current environment ERA data the human and new
support and safety standards for regulatory health already at package (chronic environment health  pharmaceutical
environmental  all new pharmaceutical requirements an early stage in effects, fate, and impacts of launched on the
assessments and consumer and internal their R&D physical— pharmaceuticals in  market in the
required as part  healthcare products standards before process, and, chemical the environment EU, United

(PIE) and to promote

appropriate
approaches to
wastewater
treatment

Investigates new
APIs for
biodegradability
and initial
ecotoxicity during
their development

Develops ERA
based on chronic

environment effects

and advanced

States, and some
other countries

Is committed to
improving their
knowledge about
the potential
environment
impact, if any, of
own products
already on the
market (ERA for
several marketed
drugs on
voluntary basis)

/




environment fate

data and is required

by regulations

Investigates older
APIs, normally at a
simpler scale, in

order to assess their

environment risks
(not a regulatory
requirement)

In total some

30 of own major
products have
been

analyzed —no
significant
environment risk
at the expected
environment
concentration

Manufacturing  Designs clean

processes and
waste disposal

and efficient
pharmaceutical
manufacturing
processes that do
not have an
adverse impact
on the
environment

Treats
wastewater from
manufacturing
facilities
efficiently before
being discharged
to the
environment

Strives to
minimize
discharges of
APls in their
wastewater

Incinerates,
whenever
possible,
pharmaceutical
waste from their
operations

Manufacturing
processes and
facilities are
designed and
operated to ensure
that, as far as
practicable, the
APIs are not
discharged into the
wastewater

All aqueous
manufacturing
emissions are
treated in
wastewater
treatment plant
(WWTPs), where a

Points out that
some recent
publications
suggest that the
emissions from
manufacturing
may be
significant at a
local level and
may have an
environment
impact

/

Continued
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Bristol-Myers

Squibb [68] GlaxoSmithKline [69] Lilly [70] Novartis [71] Pfizer [72] Roche [73] Sanofi [74]
Treatment is significant part of
provided by this waste is
company owned degradable and thus
and operated readily removed via
on-site biological
infrastructure or mechanisms
off-site
municipal If required by risk
WWTP, or a assessments,
combination of facilities pretreat
both wastewater using
additional

technologies prior
to discharge

Collaborations  Works closely Continues to work with Continues to Supports Pfizer works Has provided during Participates in
with regulatory  industry groups and collaborate with  research directly with and the past decade the voluntary
and environment regulators to develop  regulatory, initiatives that in partnership financial support environment
agencies such as the science and academic, and  advance with other and technical classification
the US FDA, US methodologies to research society’s member assistance for system initiated
EPA, and the continually evaluate organizations to  understanding companies on academic research by the Swedish
USGS to ensure  our products and identify new data about the trade programs and Association of
the potential management practices needs on the environment fate associations investigations into  the
impact of transport, fate, and effects of (e.g., PhRMA, the presence, Pharmaceutical
pharmaceuticals and effects of pharmaceuticals EFPIA) to ensure effects, and risks of  Industry (LIF)

on the aquatic pharmaceuticals relevant science  PIE




environment and
on human health
is understood
and minimized

in the
environment

Has published
articles and
made
presentations to
drinking water
and wastewater
forums on the
topic of
pharmaceuticals
in the
environment for
many years

Actively supports
academia,
regulators, and
other
stakeholders in
developing more
efficient risk
assessment
practices for
pharmaceuticals
in the
environment

is understood
and where
necessary,
further advanced
to best ensure
these activities
do not pose risk
to human health
and the aquatic
environment

\

Acquires
essential
information
through
collaborative
projects within
the
pharmaceutical
industry in
Europe and the
United States,
through
membership in
trade groups
such as PhRMA,
EFPIA, LEEM,
and LIF. The aim
of these projects
is to assess the
potential impact
of
pharmaceuticals
in the
environment,
including for
human health

Information
sharing
practices

Safety data sheets
available on website

Summary results
from
environment fate
and effect studies
are available in

Effective

management and

communication
of risk based on
sound science

Has published
several in-depth
ERA of important
older own APIs in
scientific literature

v

Continued
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Bristol-Myers

Squibb [68] GlaxoSmithKline [69] Lilly [70] Novartis [71] Pfizer [72] Roche [73] Sanofi [74]
Publishes environment  product safety should ensure a  Makes available to
data, assessments, and data sheets and well-informed the public its safety
related topics in the are routinely public, data sheets, which
scientific literature updated regulatory contain relevant

community and  environment data
Works with regulators industry. on their APIs
to ensure that relevant Through this
precautions are approach,
included on labels and stakeholders
in information to should be better
patients assured that

controls are
protective of
human health
and the
environment

Disposal Encourages proper and Support efforts to Has established Supports take-
methods of safe disposal by educate the financial incentives back programs
unused and patients and supports  public in the to ensure that for unused
returned the use of approved United States unused or outdated medicines where
medication voluntary “take-back”  about the proper products are applicable and
programs in the drug disposal returned by retailers available

o /




communities and
countries where they
are available

Endorses the Federal
Guidelines on the
Proper Disposal of
Prescription
Pharmaceuticals
developed by the

White House Office of
National Drug Control
Policy and supports the

SMARXT Disposal
initiative

methods for
unused
medicines
through trade
association
sponsorship of
the SMARXT
DISPOSAL™
website

and others in the
supply chain

Requires any
returned or waste
pharmaceutical
product to be
incinerated rather
than disposed of in
landfills

Participates in
pharmaceutical
take-back programs
in the EU and
supports the use of
existing local take-
back programs in
the United States
and elsewhere, as
well as the
implementation of
take-back programs
on national levels
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sensitivity afforded by modern instrumentation, which has allowed to measure
levels ranging from “tiny amounts” to “extremely low concentrations” (it is
true that typical therapeutic blood levels by far exceed environmental concen-
trations). There is general agreement that excretion of drugs (and metabolites)
is a logical consequence of patient use and constitutes the major source of
entry into the environment, whereas discharges of unused medicines and
effluents from manufacturing facilities are secondary. The exposure of
humans through intake of contaminated drinking water is considered very
minor and deemed to pose no risk of therapeutic or adverse effects. The posi-
tion papers recognize the need for conducting further studies to assess long-
term effects in aquatic organisms caused by chronic exposure. In this respect,
drug classes of concern that are specifically mentioned include hormones,
antibiotics, and cytotoxic compounds. From a regulatory perspective, all
seven corporations portrayed in Table 4 point out that they conduct mandatory
environmental risk assessments as integral component of the marketing autho-
rization application of new drugs [75-78]. In addition, they all assert to partic-
ipate in various collaborations with industry groups, governmental agencies,
and academic research groups committed to improve the knowledge about
the environmental impact of pharmaceuticals.

The state of the science in analysis, removal, effects, and risk is the topic
of this book in which researchers from academia and independent research
institutions provide their views on drug residues in the environment.
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1 INTRODUCTION

Many issues and concerns surround the presence in the environment of anthro-
pogenic chemical contaminants. Those involving pharmaceuticals can be
extremely complex—made even more so by a vast network of interacting vari-
ables, coupled with numerous unknowns spanning human actions, activities,
and behaviors and environmental processes (Figure 1). A comprehensive under-
standing of the overall problem requires an integrated study of the spectrum of
drugs that establish a presence in the environment, in what quantities and by
what routes they enter the environment (loadings and resulting concentrations),
their transport and fate across an array of environmental compartments, their
ecotoxicity (the ramifications regarding exposures for microorganisms, animals,
and plants), their human toxicity (ramifications for human exposure to drug
residues via contaminated foods and water), unknowns involving exposure to
multiple stressors at extremely low concentrations, and the countless driving
forces that facilitate or prevent their entry to the environment.

A continuum of source—exposure—effects threads its way through these
interwoven dimensions (see Figure 8.1 in [1]; standalone illustrated poster
available at http://www.epa.gov/esd/bios/daughton/exposure-continuum.pdf).
To reduce the odds of adverse or untoward effects for the environment or
humans, this continuum can be actively short-circuited in key places. This
is the role played by various mitigation strategies such as engineered schemes
for removing drug contaminants from wastewater, solid waste, and drinking
water. Other than specific programs such as consumer take-backs designed
to collect unused, unwanted medications [2], these downstream (control) stra-
tegies are largely incidental since they are designed primarily for improving
indirect measures of chemical contamination (such as chemical or biological
oxygen demand). During these processes (such as sewage treatment), the resi-
dues of drugs (and many other synthetic chemicals) are coincidentally
removed to various degrees; moreover, these mitigation measures involve
costly infrastructure and are resource-intensive. More targeted and efficient
strategies for minimizing the entry of drug residues to the environment
involve upstream (preventative) approaches using more sustainable counter-
measures centered on pollution prevention and sustainable design.

Central to the study of the source—exposure—effects continuum and for
guiding the development of sustainable approaches for reducing the entry of
drug residues to the environment is a comprehensive understanding of their
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FIGURE 1 The origins and sources of active pharmaceutical ingredients (APIs) in the environment; partly adapted from Ref. [128]; original illustration available
[129]. Red denotes possible exposure pathways for humans and wildlife. Orange diamonds denote pollution prevention opportunities for reducing the entry of
APIs to the environment. API, active pharmaceutical ingredient; CAFO, confined animal feeding operation; LTCF, long-term care facility; OTC, over the counter;
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sources and origins. This can reveal which specific active pharmaceutical
ingredients (APIs) enter the environment, in what quantities and spatiotempo-
ral distributions, and where, why, and how they gain entry. Understanding the
sources and origins of APIs is important because it allows assessment of the
ways in which sources can be prevented or minimized and ways in which
the connections between sources and the environment can be reduced.
A better understanding can also serve as an initial guide or filter for selecting
those APIs that should be targeted for environmental monitoring—after prior-
itization on the basis of potential for ecotoxicity (e.g., [3,4]) or human toxicity
[5]. This knowledge can also be used to influence or guide the prescribing
habits of physicians and purchasing habits of consumers, inform new legisla-
tion, or reveal data gaps (e.g., those APIs that have received insufficient atten-
tion). Important to keep in mind is that the presence in the environment of a
particular API may result from multiple sources: excretion, bathing, disposal,
and manufacture, among others. Apportioning occurrence data back to
sources (e.g., [6]) is not frequently done, especially when the contributions
from each source can be episodic, sporadic, continual, or diurnal—with varia-
bility imposed by human activity patterns (e.g., bathroom usage), time of day
(dosing schedules), day of week (lifestyle or enhancement drugs, or recrea-
tional use), season (cold and flu medications, e.g., [7]), and weather (temper-
ature, precipitation, and sunlight, all of which can impact the efficiency of
sewage treatment, natural transformation processes, or cause raw sewage
overflow events, e.g., [8]).

A comprehensive examination of the sources and origins of drugs in the
environment was covered in the first edition of this book [9]. Provided here
is an attempt to expand and update that original chapter, with minimal repeti-
tion of original materials. Some other, more recent overviews of API sources
are also available [10-15].

2 WHAT DO WE MEAN WITH THE TERM “DRUG"”?
A VERNACULAR OF TERMINOLOGY

Discussion of any of the many dimensions of the overarching issue involving
drugs as environmental contaminants requires an understanding of the
basic terminology pertinent to drug products and their active ingredients.
A shared understanding of definitions for basic, widely used terms is required
especially for communicating across disciplines—and the topic of drugs in the
environment attracts specialists across an extremely broad spectrum of disci-
plines, including analytical and environmental chemistry, environmental and
human toxicology, veterinary sciences, animal husbandry, aquatic and marine
sciences, entomology, agricultural and plant sciences, hydrology, pharmacol-
ogy, pharmacy science and practice, medical science and practice, healthcare
practice, nursing, civil and sanitary engineering, risk assessment and commu-
nication, policy making, legislating, forensics, risk communication, and even
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social psychology. There are indeed many dimensions to this topic—a topic
often intensified by the fact that pharmaceuticals can possess profound life-
enhancing or life-saving abilities as well as extreme toxicity that can lead to
tragic injury or deaths of humans, pets, and wildlife.

A clearer appreciation for the importance of terminology can be gained
from the experiences of the National Institutes of Health (NIH) Chemical
Genomics Center (NCGC). The NCGC launched a major program to screen
small-molecule drugs—those substances that had already been market-
approved—for previously unrecognized biological activity [16]. The objective
was to identify candidate substances for potential “repurposing” (already
approved drugs possessing new or extended therapeutic indications that had
previously been unrecognized or unknown). Repurposing is believed to hold
potential as a cost-effective way to address rare or neglected diseases. It also
represents an additional way in which certain approved drugs may gain
increased usage and therefore display higher potential for entry to the
environment. This pioneering effort by the NCGC was to involve systematic
screening of all known approved drugs using a wide array of several hundred
high-throughput biological assays.

An initial objective for the NCGC was to assemble a definitive, compre-
hensive physical collection of all known active ingredients used in approved
drugs. The project immediately faced complications posed by the challenge
of not just assembling such a physical collection, but moreover in the unfore-
seen difficulty in identifying the substances that such a definitive list should
actually contain; the difficulty was amplified in that the list would need to
be one that exclusively comprised unique (nonredundant) chemicals. The
NCGC’s efforts resulted in what is now called the NCGC Pharmaceutical Col-
lection (NPC). While still evolving, the NPC is probably the most definitive
and comprehensive physical collection of drug ingredients that have been
registered or approved (worldwide) for use in either humans or animals.

The information gathered for the NPC concerning the world’s inventory of
approved drugs is extremely useful to the topic of drugs as environmental
contaminants because it presents the most complete and accurate picture to
date of the universe of bioactive chemicals currently being used in healthcare.
It can therefore reveal the entire gamut of pharmacological substances having
the potential to gain entry to the environment. Prior to the NPC project, the
numerous estimates of the number and identities of drugs in use varied
wildly—a problem caused by poorly curated databases, by confusion over
chemical terminology, and even (as we will see) by an inaccurate understand-
ing of what is meant by the term “drug.”

A most unanticipated obstacle faced at the outset in creating the NPC was
the realization that the term “drug” had no definitive definition. Likewise,
unambiguous definitions for other terms used in the vernacular of what consti-
tutes a “drug” (such as API) were also lacking. Any discussion of the many
aspects of “drugs” as environmental contaminants therefore warrants some
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attention to the salient terminology—especially so that we have a common
understanding of how and when many of the terms are used rather loosely
and sometimes interchangeably. The definitions are critical to answer funda-
mental questions such as “How many drugs are there?”

The NCGC was surprised to discover that a definitive list of approved
drugs simply did not exist—even from drug regulatory agencies. This was
partly a result of the lack of a common understanding of what constitutes a
“drug.” As a result, even the supposedly ‘“authoritative” lists maintained by
regulatory agencies were found to be incomplete, they comprised replicate
entries (often as a result of confusion over multiple names for the same name
drug), and they were often outdated (many drugs were no longer marketed, for
any number of reasons including hazard-based market withdrawal). One of the
outcomes from the lack of a definitive list has been the inability of anyone to
offer a confident estimate of the total number of distinct “drugs”—where each
is based on a unique chemical. So the universe of distinct chemicals that could
potentially contaminate the environment as a result of healthcare practices had
essentially been unknown. This may partly be the reason for an overwrought
focus on seemingly simpler lists compiled by healthcare informatics compa-
nies, such as the 100 or 200 most commonly prescribed drugs (e.g., [17]).
Important to recognize is that these lists can also be inaccurate. Even worse
is that these truncated lists tend to impart their own biases as a result of some-
times ignoring over-the-counter drugs and by overlooking numerous other
commonly used drugs. This problem, which may serve to actively bias the
research surrounding drugs in the environment, is later discussed in Section 8.

At the risk of oversimplifying, the following will try to briefly provide a
more accurate picture of the total number of “drugs” currently approved or
under evaluation. With respect to most discussions involving the entry of
pharmaceuticals to the environment, the most commonly used terms—“drug”
and “active pharmaceutical ingredient” (API)—are usually being used in ref-
erence to what is called the molecular or chemical entity (ME or CE). The ME
represents the most fundamental aspect of a drug—its unique chemical struc-
ture (encompassing steric conformation—such as enantiomers and poly-
morphs) that ultimately affords interaction with targeted (as well as
unintended) biological receptors. When formulated into a particular drug,
the constituent ME may be present in various “extended” chemical iterations
such as esters (e.g., as used for certain prodrugs), salts, chelates, complexes,
clathrates, solvates, or hydrates. While these different forms of an ME may
exhibit different pharmacokinetic properties, they do not display significantly
different ultimate interaction with receptors. These different iterations of an
ME are referred to as the API. This means that there can be multiple APIs
based on the same ME, but each of these APIs shares the basic biological
activity of the parent ME.

Next in the hierarchy of terminology is “drug,” which is manufactured to
contain one or more APIs, along with formulation ingredients (which are
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often euphemistically referred to as “inert” or “inactive” ingredients). It is the
“drug” that receives market approval (e.g., by the FDA in the United States).
Multiple or numerous trade/brand names and adopted generic (nonadvertised)
names can eventually receive approval when based on the same API or unique
combination of APIs (a “combination” drug), and the drug may be approved
for prescription only (R or Rx), for availability over the counter (OTC), or
(in certain countries) for availability behind the counter (BTC—which some-
times serves as a transition for an eventual Rx-to-OTC switch). More fre-
quently than not, newly approved drugs are based upon an API (or
combination of APIs) that has already been incorporated in prior drugs. Only
what is known as newly approved molecular entities (NMEs) represent struc-
turally unique APIs appearing for the first time in any drug. NMEs therefore
represent chemicals having the potential to widely contaminate the environ-
ment for the first time (as opposed to sporadic contamination during more
limited use in research laboratories and clinical trials). In contrast, for drugs
withdrawn from market (which usually occurs during postmarket or post-
approval—“phase 4”—=clinical trials), should they represent the only source
for a particular ME, this marks an instance where environmental levels of
an ME may begin a downward trajectory.

The overarching term in the hierarchy relevant to drugs is “drug product.”
A drug product is the ultimate packaged form of a drug readied for commerce
and intended for ultimate end use. Drug products for a given API can contain
a range of dose strengths, dose forms (e.g., tablet, capsule, and lotion), or vari-
ety of dose shapes, colors, and flavors; facilitate different routes of adminis-
tration (e.g., oral, intravenous, transdermal, subcutaneous, ocular, and
insufflation); and offer a spectrum of packaging/container designs or integra-
tion with a delivery device such as a dispenser. Worldwide, there can literally
be hundreds of different drug products that contain the exact same API
(and ME).

For the sake of environmental considerations, the universe of drugs is not
limited to those that have been approved for market or for investigational use
(e.g., clinical trials)—for humans, agriculture, or animals. Veterinary drugs
are sometimes repurposed for human use. Certain substances registered
primarily for use as pesticides have also been approved for medical use—
examples being insecticides and anthelmintics repurposed for systemic or
topical use against head lice, such as pyrethroids, ivermectin, malathion,
lindane, and spinosad; some of the more persistent pesticides (such as
lindane), however, have experienced local bans on use [18]. Pharmaceuticals
can also become repurposed as pesticides—affording another route by which
APIs enter the environment; one example is the use of dead mice laced with
acetaminophen as bait to control invasive brown tree snakes in Guam [19].
Acutely toxic levels of certain APIs can also be inadvertently introduced to
the environment, such as via tainted carcasses; two examples are the fatal poi-
soning of vultures by cattle carcasses containing residues of NSAIDs such as



Analysis, Removal, Effects and Risk of Pharmaceuticals in the Water Cycle

diclofenac (e.g., [20]) and the fatal poisonings of eagles and other scavengers
by consuming improperly disposed carcasses from animals euthanized with
pentobarbital (e.g., [21]).

The universe also includes substances that have been explicitly or implic-
itly banned as illicit, such as the controlled substances maintained by the US
DEA under Schedule I (see discussion in [22]). Furthermore, some approved
drugs are ultimately withdrawn from the market (often because of severe
adverse events) but sometimes only in certain countries. Therefore, a drug
withdrawn by one country may turn up in environmental monitoring surveys
in other countries or in the same country as a result of casual or illegal impor-
tation or from continued use of existing consumer stockpiles.

Finally, while “drugs” can comprise a wide spectrum of basic chemical
structures, functional groups, structural motifs, and molecular sizes and
shapes (represented by general categories such as biologics, antibodies, nano-
particles, diagnostic agents, and radiopharmaceuticals), it is generally the
“small-molecule” substances (<800 Da), which are amenable to oral adminis-
tration, and various diagnostics (the iodinated contrast imaging agents being
one example) that have attracted nearly all of the attention from environmen-
tal scientists. Separate perspectives are available on biologics [23] and nano-
particles [24-27]. Various other classes of potential contaminants related to
healthcare and medical research also exist. One example is the synthetic plas-
mid antibiotic resistance genes, which have been shown to be unintentionally
released from lab settings and enter the environment via waste discharge.
These synthetic plasmids may confer antibiotic resistance in the wild and in
humans [28].

With this vernacular, it should be clearer that when the discussion involves
trace environmental contamination resulting from the use of drugs (usually
residues released primarily via urine and feces and secondarily via sweat,
bathing, and direct dermal transfer [29] or from disposal of leftover or
unwanted drugs to sewers or trash), it is invariably the residual ME (or
API) that is being measured or referenced. When contamination or waste
relates directly to the actual physical commodity (such as undissolved pills
or packaging), only then are the terms drug or drug product technically
appropriate.

3 HOW LARGE IS THE UNIVERSE OF DRUG ENTITIES AND
WHY SHOULD IT MATTER?

With this brief summary of terminology as background, the NPC study [16]
arrived at the following tallies (as of 2011) for the numbers captured by the
hierarchy of drug terms; these are summarized in Table 1. The key number
for purposes of discussions involving environmental contamination is that
2356 unique MEs are approved for human use by the FDA and 3936 MEs
are approved for human use when including major markets worldwide.
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TABLE 1 Number of Entities in Each of the Four Major Hierarchical
Terminologies Involving Human and Veterinary Drugs®

Number of Number
Market- Number of Market-  Approved for
Terminology  Approved by Approved Investigational
Hierarchy FDA Worldwide” Use®
Drug product ~ >100,000 Unknown
Drug >10,000 >25,000
AP 5206 (human use) 9524 (human use)
5445 (human/vet 9700 (human/vet use)
use)®
- 4935
ME' or CE 2356 (human use) 3936 (human use)
2508 (human/vet 4034 (human/vet use)
use)

8969 total approved/
investigational (human/vet)®

“Data adapted from Ref. [16].

bWorldwide: only includes the major markets—the United States, the United Kingdom, Canada,
EMA, and Japan.

“Investigational use includes ME approved for clinical trials and experimental use.

9API: active pharmaceutical ingredient—structurally unique.

°Human/vet use: combined unique entities from both human use and veterinary use.

'ME: molecular entity (or chemical entity, CE)—structurally unique.

ESum of two italicized numbers.

/

Inclusion of veterinary drugs only increases these totals of unique MEs an
additional 6%: a combined 2508 human and veterinary drugs approved by
the FDA and 4034 approved worldwide. An additional 4935 unique MEs
are cataloged in various major databases for experimental use but not yet
approved for market.

The total number of APIs (combined human and veterinary use) resulting
from these MEs are 5445 approved by the FDA and 9700 approved world-
wide. The MEs are incorporated into over 10,000 drugs and over 100,000
drug products approved by the FDA and into over 25,000 drugs approved
worldwide (no estimate on the worldwide number of drug products); see
Table 1. Important to note with regard to the worldwide distribution of APIs
in the environment is that APIs do not necessarily gain approval uniformly
across countries.

These numbers mean that a combined 8969 unique human and veterinary
ME:s hold the potential for entering the environment worldwide. Undoubtedly,
these would display a very broad range of loadings, with many exhibiting
extremely low rates—either because they are infrequently used or because
they are highly potent and therefore manufactured and used in extremely
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small amounts; yearly production rates across APIs span a range of 6 or more
orders of magnitude (from grams to tons). Clearly, the mass loadings entering
waterways (e.g., via treated and raw sewage) would be dominated by those
drugs prescribed in the highest quantities (on the basis of their constituent
ME masses) but modulated by their pharmacokinetics; note, however, that
overall loadings or ultimate concentrations are but one variable in determining
ultimate toxicological significance, as potency and the complexities of simul-
taneous exposures to multiple APIs (as well as other unrelated toxicants) also
play major roles. The escalation in design and manufacturing of the so-called
highly potent APIs (HPAPIs; see [30]) could pose considerable challenges for
their environmental monitoring as a result of their undoubtedly exceedingly
low levels in any environmental compartment.

Now that we understand the world of drugs (or pharmaceuticals) as com-
prising thousands of unique chemical entities (MEs or APIs) and many tens of
thousands of commercially formulated drug products, it is not surprising that
they exhibit a broad range of physicochemical and physiological properties.
Each API can be assigned to one or several therapeutic groups, such as those
implemented in the tiered Anatomic Therapeutic Chemical classification sys-
tem or the analogous system for veterinary medicines (e.g., see [31], Table 5
therein). Some APIs are promiscuous in their ability to interact with a wide
range of receptors—both the intended target and unintended targets—often
leading to adverse effects but also sometimes revealing new potential thera-
peutic uses, which is one of the objectives of the NCGC program.

Of possible importance (but yet to be examined) are the very low individ-
ual potential loadings that could emanate from the thousands of investiga-
tional APIs used in clinical and laboratory studies; investigational use often
extends beyond formal clinical trials (i.e., expanded access or compassionate
use), but such use is comparatively small. Environmental studies on investiga-
tional drugs are just beginning to appear, but they have focused on the future
potential for persistence in the environment once they are introduced to the
market rather than on entry to the environment during investigational use
(e.g., [32]). Nonetheless, certain unapproved substances currently sold as
illicit drugs but which have future potential as approved drugs have been iden-
tified as environmental contaminants. One example comprises the many syn-
thetic (but unapproved) analogs of the approved phosphodiesterase type-5
(PDE-5) inhibitors (e.g., sildenafil, vardenafil, and tadalafil, used primarily
in treating erectile dysfunction) [33-37].

The annual rate at which new molecular entities (NMEs; or new chemical
entities, NCEs) gain FDA market approval in the United States is extremely
low compared with the total number of extant MEs. For example, the rates
were unusually high in 2012, 2011, and 2009, where the FDA approved only
39, 35, and 37 NMEs, respectively; these numbers include small molecules
and biologics. These were the highest rates since 1996, where 53 were
approved [38,39]; furthermore, significant numbers of these NMEs may be
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for orphan, neglected, or rare diseases, where their overall usage may repre-
sent minuscule quantities compared with mainstream drugs. An important
facet of NMEs with respect to their potential for environmental impacts is that
no routine mechanism seems to be in use that prompts efforts for examining
their presence in the environment upon their market introduction.

The value of these drug terminology statistics is in lending accurate per-
spective when discussing the various issues surrounding the environment
and drugs. For example, it is the ME (or API) that is the target of environmen-
tal monitoring and ecotoxicology studies or the chemical entity that we wish
to remove by engineered treatment of sewage and water. It is the drug (and
drug product) that is the target of pollution prevention programs (such as
alteration in prescribing practices) or consumer take-backs of leftover drugs;
statistics for drugs and drug products are used to assess diversion, abuse,
and poisonings. Moreover, an accurate understanding of sales and consump-
tion of drug products is essential for predicting the quantities of MEs (or
APIs) that can enter various environmental compartments or for better under-
standing solid waste treatment or disposal (such as incineration or landfill). To
illustrate the importance of correct use of this terminology, for many discus-
sions involving data on “drug waste” (such as the mass of “drugs” collected
in consumer take-backs), it is often unclear if the data pertain to the physical
drug products (including their packaging), to the drugs themselves (such as
pills or capsules), or to the constituent ME or API. While use of these terms
interchangeably is common, it should always be made clear (as one example)
whether the term drug is intended as vernacular shorthand for API (or ME) or
rather refers to the formulated drug.

4 UNDERSTANDING THE SOURCES FROM WHERE
MEDICATIONS CAN BECOME ENVIRONMENTAL
CONTAMINANTS

Drug residues in the environment are perhaps the most recognizable indicators
of how everyday human actions, activities, and behaviors can directly impact
the environment. Their usually low but measurable levels in the environment
often reflect the collective, continual contributions of seemingly minuscule
quantities from very large numbers of individual, disconnected point sources.
A key aspect of the continual introduction of APIs to waterways via sewage is
that detectable levels can persist indefinitely even when environmental half-
lives are short. Nonpersistent chemicals such as most APIs can exhibit a per-
petual presence by way of continual replenishment—a phenomenon that was
termed “pseudopersistence” in 2002 [40].

The diversity and scope of chemicals involved is extremely broad and
made further complicated by a wide array of factors that drive their entry to
the environment from an extraordinarily complex network of sources. The
basics of this intricate network are captured in the stylized illustration in
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Figure 1; note that also available is an analogous network illustration that cov-
ers the use of illicit drugs (and the illicit use of legal pharmaceuticals) [22].
Medications pervade most societies, posing an extraordinarily wide spectrum
of countless diffuse and point sources [31]. Understanding this network is crit-
ical to managing the many risks posed by medications in society—risks that
range from overt, acute poisonings of humans [41] and wildlife (e.g., [20])
to subtle perturbations such as altered wildlife behavior (e.g., [42—47]).

Potential sources for API entry to the environment are spun off at many
different points along the trajectory of a drug product’s life cycle. These
sources are created intentionally (as a result of the designed and prudent use
of a medication) and unintentionally (from imprudent storage or disposal or
from irrational use). The focus in this chapter concerns the points between
manufacture and final use of the commercial product.

Each source point can feed into another potential source or serve as a
shortcut to direct entry to the environment. Depending on the perspective, sec-
ondary sources are created during myriad other points of the life cycle of an
API; two examples among many are the occurrence of residual APIs in com-
mercial biosolids created from human sewage (e.g., [48]) and the creation of
parent APIs from the hydrolysis of excreted glucuronide conjugates [29].
Understanding and characterizing these sources could inform the design of
the most effective risk management strategies to prioritize where effort and
resources should be expended to reduce the entry to the environment of those
APIs posing the greatest risk and to cost-effectively reduce their overall envi-
ronmental loadings. Among numerous possible examples, compare the poten-
tial contributions to environmental loadings for a particular API when directly
disposed to sewers with its discharge via urinary excretion. If this API is
extensively metabolized to nonconjugates, disposal has the potential to con-
tribute significantly compared with excretion. But if the API is extensively
excreted unchanged, disposal might be a minor contributor. Likewise, the
source contributions from excretion might be insignificant for an API that is
intended solely for topical use (e.g., perhaps because of systemic toxicity),
where bathing would serve as the major source. These factors are discussed
in Daughton and Ruhoy [29].

5 FACTORS THAT OBSCURE OR CONFOUND THE ORIGIN
OF APIs OR SOURCE APPORTIONMENT

Many factors can confuse the process of tracing drugs back to their sources.
Some serve to obscure their presence in the environment. Others complicate
deducing from where an API originated. Four examples involve reversible
metabolic conjugates, natural products, prodrugs, and the disconnects in the
place and time and where drugs are sold and actually used for their intended

purpose.
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5.1 Stealth or “Hidden” Secondary Sources of APIs: Metabolic
Conjugates and Back-Transformations

Reversible metabolic conjugates (i.e., glucuronides) may serve as “hidden”
reservoirs (secondary sources) for many APIs after discharge to sewage or
the environment [29,49]. Deconjugation that does not occur in the gut prior
to excretion can take place later in sewage or in the ambient environment
via hydrolysis mediated by exogenous bacteria or abiotic processes. Recon-
version of these conjugates back to the parent API is often the cause of higher
levels of an API measured in treated sewage effluent than in the raw influent.
Some APIs can be recreated in the environment not only just from hydrolysis
of reversible conjugates but also by abiotic processes such as photolysis of
metabolites. One example is the back-transformation of sulfamethoxazole
by the photolysis of one of its metabolites, 4-nitroso-sulfamethoxazole [50].

5.2 Natural Products Versus Semisynthetics

Another factor that can confound apportionment of an API to its source is that
some APIs can originate from both anthropogenic and natural sources. One
example is 17B-estradiol, an endogenous hormone excreted not only just by
humans and other mammals but also by fish. It is also an API formulated in
various systemic and transdermal estrogen replacement drugs. Another, more
widespread example includes the antibiotics, many thousands of which have
been isolated from native microorganisms (and represent but a minute fraction
of those that exist in nature but have yet to be discovered). Some of these are
also manufactured as “semisynthetics” (i.e., manufactured analogs produced
via fermentation) for use in medications (e.g., see [S1]); a prototypical
example is penicillin G (benzylpenicillin). Other of many possible examples
of natural products (from fungi, bacteria, plants, and animals) that have
semisynthetic, unaltered counterparts include artemisinin, bleomycin, cyclo-
sporine, cocaine, colchicine, digitalis, epibatidine, lovastatin, morphine,
paclitaxel, quinine, streptomycin, testosterone, and tubocurarine. Many others
are derived from natural products—the so-called second-generation natural
products [52].

5.3 Prodrugs

A prodrug is a chemical structure that serves as a precursor for an intended
drug. A prodrug incorporates an active molecular entity within another molec-
ular structure. The prodrug itself is often biologically inactive but may also
possess biological activity—serving as a drug itself. The molecular entity is
subsequently released from the prodrug upon metabolic or physicochemical
processes, such as hydrolysis. Prodrugs are usually designed to improve
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bioavailability; the conversion process (release of the molecular entity) can
take place intra- or extracellularly.

It is important to recognize that drug design and pharmacokinetics can play
a confounding role in tracing sources. For example, some APIs can originate
from multiple other APIs—as metabolites. This occurs by design via prodrugs,
which comprise a significant percentage of all marketed drugs. Roughly 15% of
the top 100 small-molecule drugs (ranked by sales) in 2009 were prodrugs, and
roughly 10% of all approved small-molecule drugs may be prodrugs [53].
Among the “promoiety” prodrugs, the active metabolite is released (detached)
from the generally inactive promoiety. Often, however, the released metabolite
is marketed as an API itself; both the prodrug and the released API serve
as drugs on their own (drug—prodrug pairs). APIs from these particular
prodrug—drugs therefore have at least two separate sources; for some APIs
(5-fluorouracil is one example), numerous market-approved prodrug forms
may be available. This can be important in assessments of environmental
impact. For example, models used for calculating predicted environmental
concentrations (PECs) for these prodrug APIs must account for two or more
separate drugs as contributory sources. Prodrugs may also have intrinsic
biological activity of their own—in addition to the active metabolite (e.g., [54]).

Since prodrugs are a rapidly growing area of drug development, the number
of potential sources of drugs that may need to be examined for specific APIs
will escalate accordingly. Surprisingly, the issue of prodrugs is rarely mentioned
in the environmental literature. Some of the numerous examples of drug—
prodrug connections (in contrast to API/prodrug connections) include mepro-
bamate/carisoprodol, prednisolone/prednisone, beclomethasone/beclomethasone
dipropionate, 17a-ethynylestradiol/mestranol, phenobarbital/primidone, dextro-
amphetamine/lisdexamfetamine, acyclovir/valaciclovir, S-fluorouracil/
capecitabine, enalaprilate/enalapril, morphine/codeine, and canrenone (which
can be formed from both spironolactone and canrenoate). In the environmental
science literature, such pairs are rarely mentioned together in the same article.
Two exceptions involve isolated articles that discuss combined API contributions
from phenobarbital and primidone [55] and from 5-fluorouracil and capecita-
bine [56]. In other instances, individual APIs that could have been released from
prodrugs might sometimes be mentioned, but their interconnection via metabolic
conversion is not noted (e.g., for prednisolone/prednisone [57]). One common
exception is morphine and codeine, which are widely recognized as being meta-
bolically linked, probably because of the extensive research done on dose recon-
struction for the purposes of gauging community-wide illicit drug use [22].

5.4 Spatiotemporal Disconnects: Medication Stockpiling and
Transient Populations

At the same time, sufficient knowledge of sources can inform decisions
regarding which APIs should be targeted for environmental monitoring and
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the actual locations to monitor. Coupled with knowledge of human and animal
pharmacokinetics, environmental transformation processes, and toxicity for
real-world exposure routes and levels, models could be formulated to predict
the risk associated with individual APIs. Furthermore, since such an approach
would facilitate the unbiased selection of APIs to target for monitoring, it
would greatly help to reduce the incidence of bias that derives from the insid-
ious Matthew effect (see Section 8). By factoring in demographics (e.g., to
account for changes in consumption as a function of population and age dis-
tribution) and the market introduction of drugs based on NMEs, models could
be used to anticipate new trends in API emissions. Note that a major obstacle
with determining per capita usage of APIs is posed by the many limitations
and complexities surrounding accurate estimation of local population
size [58].

One variable in the use of medications plays a central but underappreciated
role in creating considerable unknown in models and also in dictating the types
of subsequent exposures that may occur. This variable is the delay in the time
from when a medication is purchased or prescription filled and when it is
finally used as intended (if ever). This means, for example, that even when
real-time, local sales data are available, they cannot necessarily be used reliably
as a proxy for real-time medication usage. The two major causes for delay are
dispensing of long-term maintenance medications in large quantities sufficient
for many months of treatment coupled with poor patient compliance. This
results in considerable delay in ultimate use and also in the accumulation of
leftover or unwanted medications; large, perpetual stockpiles of unused medica-
tions can accumulate when automatic refills are allowed to continue unabated—
a phenomenon with several different causes, one of which derives from patient
behavior and another from deaths of patients [41].

Patient behavior is a factor that strongly determines the fate of medica-
tions. It is also a factor that is particularly refractory to modeling. Adherence
or compliance to prescribed medication regimens dictates if, how, and when a
drug is consumed or instead relegated to unused stockpiles that must later be
disposed or otherwise risk being diverted for other uses. This behavior dic-
tates the frequency, duration, and extent of usage, which in turn determines
the extent to which an API enters sewerage (as a result of excretion, bathing,
or disposal). While these factors are complex, they all have potential for mod-
ification and control in order to reduce an API’s entry to the environment
(see [59], Table 4 therein: “Major variables involving dose and its administra-
tion that can be optimized to reduce excretion as well as the incidence of
ADRs and leftovers”).

Perhaps the major limitation to quantifying the scope (types, amounts, and
locations) of API sources is access to real-time, geographic usage data. In
some countries, such as the United States, comprehensive commercial infor-
matics services compile detailed data on prescription sales/dispensing and
demographics, but access is fee-based and the costs usually preclude utility
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for modeling purposes. Assessing the flow of APIs through commerce is prob-
lematic. The quantity of an individual API that enters commerce via prescrip-
tion could be estimated from the commercial informatics from total sales
volume or total prescriptions written (on a local basis but only for retail pre-
scription drugs, which does not account for institutional drugs), but unknown
is the percentage that is ultimately used versus that which is indefinitely stored
or disposed. The temporal delay between time of dispensing and time of ulti-
mate use can extend to years. There are also disparities in spatial disconnects
between the location of prescription sale and the geographic locale where the
drug is ultimately used (due to population mobility); many drugs experience
ultimate use in countries where they were not originally prescribed, and many
prescription drugs are also widely purchased illegally. Additional problems in
assessing actual API use are shown by Greenblatt [60].

Another factor that may serve to bias sales data is that counterfeit or fraud-
ulent drugs are a growing problem worldwide but especially so for low- and
middle-income countries [61]. Counterfeit drugs have been falsified in one
or more ways. Their relevance to the issue of APIs as environmental contami-
nants is that they introduce an unknown degree of uncertainty for models that
rely on API sales data—as an unknown percentage of drugs that are purchased
OTC or Rx do not contain the amount or types of active ingredients claimed
on the label. Instead, they can contain (i) incorrect doses (ranging from insuf-
ficient or excessive) of the declared (legitimate) API, (ii) fluctuating doses
of the declared API (within and between batches), (iii) solely “inactive ingre-
dients” (absence of any active ingredient), (iv) undeclared (but approved)
APIs, or (v) unapproved or unregistered APIs (or other nonpharmaceutical
bioactive ingredient). When they contain registered APIs, these APIs may
be legitimate (reclaimed from original manufacturers packaging) or they
may be counterfeit themselves (and contain substandard API or unapproved
impurities). Thousands of nonaccredited Internet pharmacies serve not only
as a conduit just for counterfeit drugs but also as an illegal source of unknown
magnitude for bona fide prescription medications (including controlled sub-
stances) and drugs that have been removed from the market [62-64].

6 SOURCE AS A VARIABLE INFLUENCING EXPOSURE AND
ENTRY TO THE ENVIRONMENT

The spatial and temporal distributions of APIs in society comprise myriad
fixed and transient locations [31]; a rhetorical question that lends perspective
to the ubiquity of medications is “where are medications not commonly stored
or used in society?” These locations all serve as potential sources that feed the
routes of API transfer to the environment. The primary routes of transfer
include excretion (via urine, feces, and sweat), bathing (e.g., from sweat
and topical drugs), and disposal (to sewers and trash); these routes are modu-
lated by the route of drug administration, as dictated by pharmacokinetics.
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Secondary routes of transfer include dispersion to air and the direct transfer to
the anthropogenic, made environment (including the physical surfaces that we
touch in the course of our daily activities)—where residues of many drugs
have the potential to be transferred by direct dermal contact. This includes
drugs that are applied dermally (often at much higher levels than systemic
drugs) and those that are excreted partly via sweat [29].

Subsequent routes of unintended exposure include levels ranging from
trace residues (e.g., in contaminated finished drinking water) to complete dose
forms (e.g., incidental or accidental but otherwise avoidable ingestion of med-
ications that are imprudently stored). These exposures often reflect the routes
of transfer, but sometimes, sources translate immediately and directly to
exposures. Exposure routes include ingestion (e.g., via residues that make
their way to ambient waters and foods), inhalation (e.g., airborne dust from
medicated animal feed [65] or residues suspended in the air such as
from smoking [66]), and dermal (e.g., contact with contaminated ambient
waters, sediments, or physical surfaces [29]). Drug residues in fin- and shellfish
destined for human consumption have both incidental origins (uptake of ambi-
ent API residues) and intentional origins (use of unapproved drugs or levels that
exceed regulated tolerances in aquaculture and mariculture [67-72]).

Exposure levels can range from acute (resulting from comparatively high
episodic levels) to chronic (resulting from sustained trace levels). Exposures
can occur from residues in both the ambient environment and the immediate
made environment. Exposures can result from multiple APIs or APIs in con-
junction with other types of anthropogenic or naturally occurring toxicants.
Exposures to trace residues are often unintended, undetectable, unavoidable,
and unrecognized at the time; this aspect of exposure is a particular concern
for pregnant women, infants, and aquatic systems. Exposures to whole-dose
forms (e.g., the medication itself ) can occur from accidental ingestion or der-
mal contact (especially a concern for children and the elderly; see [41]); wild-
life scavengers can also ingest whole-dose forms that have been discarded in
trash. Whole-dose exposures also manifest in purposeful but imprudent human
consumption, such as drugs diverted from their prescribed or intended use
(resulting in abuse and poisonings); this is a concern especially for medications
that are improperly stored or imprudently disposed. Finally, unknown exposures
may occur from the occupational preparation or use of highly toxic chemother-
apeutics or from inadvertent exposure to patients undergoing chemotherapeutic
treatment—by way of contact with high levels excreted via sweat, urine, or
feces and which can later contaminate other materials such as laundry [41].

7 KEY QUESTIONS RELATED TO SOURCE AND THE LIFE
CYCLE OF DRUGS

Of the top 20 critical questions surrounding APIs in the environment—as set
forth in the consensus developed by Boxall et al. [73]—the subject of sources
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is prominently featured in question #9: “What are the environmental exposure
pathways for organisms (including humans) to PPCPs in the environment, and
are any of these overlooked in current risk assessment approaches?” This
includes “Review of potential pathways of release of PPCPs to the environ-
ment at different stages of the product life cycle for different regions of the
world; analysis of existing risk assessment frameworks against this informa-
tion; refinement of frameworks to include ignored exposure pathways where
appropriate.”

Lacking a comprehensive understanding of the numerous potential API
sources that permeate society, progress will be limited in addressing key ques-
tions that are important for managing, mitigating, or preventing exposure
risks. Better knowledge of source contributions is necessary to facilitate the
apportionment of discrete API sources to overall environmental loadings
and for better understanding spatiotemporal distributions. Important questions
include the following:

How much of an API’s environmental loading results from

— disposal versus excretion or bathing (reducing the contribution of APIs to
the environment by disposal to sewers has served as a major justification
in implementing nationwide collection programs for leftover drugs;
this assumption, however, had never been based on any scientific
assessment—see [41]);

— disposal to sewers versus disposal via landfilled trash;

— disposal to land of sewage biosolids (or compost) versus direct discharge
from STPs;

— discharge from treated sewage versus raw sewage, which maximizes the
potential for APIs to enter the environment (the incidence of raw sewage
discharge is very high worldwide [74]);

— CAFOs, agricultural, and veterinary practice [75,76] versus human use;

— semisynthetic forms versus naturally occurring production (e.g., pertinent
to some antibiotics and steroids);

— waste discharge from manufacture [77] or formulation [78,79] versus
therapeutic end use;

— hospitals, nursing homes, long-term care facilities, and hospices versus
consumers (types and quantities of a limited set of drugs—many of
greater potency—might vary greatly; hospitals use many APIs not gener-
ally prescribed to patients on an outpatient basis) (e.g., [80-87]);

— release to sewers during bathing (APIs designed for topical use—with
minimal systemic use) [29];

— delivery devices (many devices, such as medicated transdermal patches,
retain significant quantities of highly concentrated API residuals; some
of these must be disposed by flushing to sewers because of acute toxicity
and abuse potential); for example, sewer disposal of one used patch for
certain medications can introduce the mass of an API equivalent to that
resulting from combined excretion from thousands of oral doses [29].
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Likewise, important questions relevant to sources and immediate exposure
include the comparative significance of

— morbidity and mortality (including childhood fatalities) resulting from
acute human poisonings from ingestion of imprudently disposed or stored
medications [41] versus chronic risks posed by incidental exposures to
trace residues in the environment; one medicated transdermal patch for
certain drugs can contain multiple lethal doses for a child;

— human exposure via API residues occurring in foods (crops that take up
APIs from treated sewage streams or fin-/shellfish exposed to sewage
effluents) versus finished drinking water;

— human exposure via food and drinking water versus dermal contact (inci-
dental “bystander” exposure) [29];

— the entire spectrum and quantities of APIs involved in unintended expo-
sures (simultaneous and sequential), a topic that poses toxicological con-
cerns regarding dose addition and dose interaction;

— the percentage of unwanted, unused drugs that are indefinitely stockpiled
versus disposed (relevant to concerns regarding diversion);

— the percentage of a particular drug (or drugs overall) that goes unused (and
later require disposal) versus the percentage that is consumed as intended
or diverted to unintended use (recreational use, self-treatment, or abuse);

— incidence of acute poisonings (humans, pets, and wildlife) resulting
directly from drugs that are imprudently disposed or improperly stored;
common OTC medications can be very toxic to pets [88];

— effectiveness of consumer take-backs in directing drugs away from dis-
posal to trash or sewers (at least one US study revealed, e.g., that they
are not effective [89]).

The ramifications of sources are critical to understanding the full life cycle of
drugs, as shown from an assessment of Cook et al. [90] and an ensuing cri-
tique [91,92].

8 THE “MATTHEW EFFECT”: A MAJOR POTENTIAL OBSTACLE
TO A COMPREHENSIVE UNDERSTANDING OF DRUGS AS
ENVIRONMENTAL CONTAMINANTS

Historically, the spectrum of chemical stressors considered in risk assessments
has been narrowly restricted to regulate priority and legacy pollutants and
associated conventional chemicals—high-volume commercial products or
those unintentionally produced as ubiquitous by-products from industrial pro-
cesses. These, however, have comprised few chemicals compared with the
tens of thousands in commercial use. These select, targeted chemicals most
likely also represent but a very small subset of the unknown numbers of
yet-to-be-identified xenobiotics (both anthropogenic and naturally occurring)
that play ongoing roles in the totality of biological exposure. Many studies
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over the years have demonstrated the limited extent to which the chemical
composition of environmental samples is understood. A recent example of
the extent to which the totality of exposure is unknown—even in widely stud-
ied matrices—is provided by the chemical characterization of the hydrocar-
bons released from the Deepwater Horizon oil spill, where only 50% of the
total oil was amenable to characterization, with the remainder being domi-
nated by oxygenated hydrocarbons not amenable to the analytical techniques
employed [93]. One outcome was that the fate of the oil could not be fully
accounted for.

This situation can be viewed as an “iceberg” effect, where escalating num-
bers of potential chemical stressors may be present at ever-lower, undetectable
concentrations in various environmental matrices (see Figure 2). Indeed, studies
emerging just in the last few years are beginning to present evidence that the
chemicals remaining unidentified in a given sample may hold the potential
for the predominant share of total biological stress (e.g., [94]).

This same biased, iceberg perspective may also apply to the study of APIs
as environmental contaminants—where only a select few have attracted most
of the attention from the universe of roughly 9000 unique NMEs in use world-
wide. This tendency of comparatively few, select chemicals to occupy the
attention of the many disciplines involved in risk assessment has been noted
over the last decade, even in light of the new perspective on environmental
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FIGURE 2 The iceberg effect: escalating numbers of chemical stressors at ever-lower concentra-
tions in environmental matrices. Chemicals targeted for monitoring may represent a very small
percentage of the totality of anthropogenic and naturally occurring stressors to which biological
systems are exposed. [llustration reproduced from Daughton [130].
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contamination afforded by the so-called “emerging” contaminants, which was
largely catalyzed with interest in pharmaceuticals [95,96].

A potential disparity in data from environmental monitoring continues to
grow as a result of the comparatively few chemical stressors that are targeted
in environmental monitoring. This phenomenon has been deemed as a mani-
festation of a self-fulfilling selection bias referred to as the “Matthew
effect”—where the prominence of those few chemicals targeted for investiga-
tion is dictated largely by the attention already devoted to them in the past.
The Matthew effect as a psychosocial phenomenon was first articulated
by Robert Merton in his well-known work of 1968 [97] and since used by
Grandjean et al. in 2011 [98] to explain the biased path followed by many
of the incremental and repetitive findings of environmental science.

The critical importance of exposure assessment and its role as the weak
link in both ecological and human health risk assessment is made clear most
recently in the European Commission’s report “New Challenges for Risk
Assessment” [99]. Notably, however, this report (like all prior evaluations
of the risk assessment paradigm) perpetuates an extremely limited and biased
view of the chemical space occupied by chemical stressors. The report does
not entertain the question as to whether the universe of stressors is sufficiently
known, nor does it recognize the potential for bias and data disparity created
by ignoring large numbers of chemicals. The same oversight is evident in the
recent NAS report “Environmental Decisions in the Face of Uncertainty”
[100], where the IOM was requested by the US EPA to provide guidance
on managing risk in the face of uncertainty. The possibility of bias and uncer-
tainly (as introduced by the Matthew effect) is not alluded to in this
report either.

While some of the potential ramifications of the Matthew effect in envi-
ronmental science have been discussed by Grandjean et al. [98], evidence of
its playing a possible role in introducing bias has never been actively sought.
After all, establishing an absence of published data for a particular subject is
clearly an onerous task demanding rigorous and time-consuming examination
of as much of the published literature as possible. This would usually be per-
ceived as a thankless endeavor—trying to establish that something has not
been reported—and explains why the Matthew effect (if indeed an active phe-
nomenon) could escape notice. Perhaps the only published example of the
Matthew effect in play involves a recent 2013 study that examined the poten-
tial impact of medication prescribing practices on environmental contamina-
tion by APIs [59]. Data are presented ([59], Table S1 therein) showing a
select group of APIs that are prescribed frequently and whether there is evi-
dence that they also occur in the environment as contaminants. Among the
53 frequently prescribed APIs subject of the evaluation, minimal evidence
existed in the published literature for whether roughly a dozen had ever been
the targets of environmental monitoring or whether they had even been inves-
tigated as contaminants in the environment (an absence of data as opposed to
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data of absence). This absence of environmental occurrence data for 22% of a
sampling of 53 commonly used medications indicates the possibility of a sub-
stantially greater incidence of absence of data for the much larger universe of
APIs in use today.

It should be noted, however, that some of these APIs may have been
actively excluded from consideration for monitoring because of a low pre-
dicted potential to enter the environment as indicated by models based on
pharmacokinetics or because a suitable analytical method was lacking (one
with a sufficient limit of detection). But this overlooks the possibility that
an otherwise poorly excreted API may instead enter the environment as a
result of disposal or bathing rather than excretion [29]. This failure to target
some of the more commonly prescribed drugs points to a possible bias in
how drugs are selected for targeted monitoring.

Another example comes from an examination of the presence of 203 APIs
in monitoring studies conducted in 41 countries [101]. The study revealed that
most of the monitoring effort was devoted to just 14 (7%) of the 203 APIs.

A comprehensive understanding of the APIs that have the highest potential
to enter the environment would be useful for preventing overwrought atten-
tion on a select few APIs simply because they have been the focus of prior
studies. The factors responsible for driving the entry of APIs to the environ-
ment have been discussed in detail in Daughton and Ruhoy [29]. This knowl-
edge would allow better targeting of research across the entire spectrum
of APIs.

After several decades of published works on the occurrence of APIs in the
environment, no centralized, publically accessible, standardized database yet
exists that compiles any type of environmental occurrence data—whether pos-
itive data, negative data (data of absence), or verified absence of data. Now
with the comprehensive database of NPC extant APIs, it would indeed be use-
ful to crosswalk this universe of known APIs with those that have been iden-
tified in a wide variety of published environmental monitoring projects—from
which a subset of APIs that have yet to be targeted for monitoring (those with
an absence of data) could then be derived.

It is surprising that lists of the most widely used drugs (e.g., most fre-
quently prescribed) are not periodically evaluated for those APIs that have
not yet been detected in the environment. Have they been actively ignored
or simply overlooked—casualties of the Matthew effect? APIs lacking occur-
rence data should be further investigated to determine the cause of the
absence of data.

Given that the NMEs in use worldwide roughly total almost 9000, a major
objective should be the development of a filter that selects a subset with the
greatest chance of entry to the environment (a complex function of pharmaco-
kinetics and human activities and behaviors) coupled with inherent hazard (a
complex function of pharmacodynamics and potency). Hazard is particularly
problematic in that it may manifest in a variety of ways, including
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(i) adverse effects in humans as well as in nontarget species; (ii) predictable
acute, extreme toxicity (e.g., single-dose lethality in humans [29,41]);
(iii) unpredictable acute toxicity in nontarget species (e.g., renal toxicity from
many NSAIDs for certain vultures (e.g., [20])); and (iv) unpredictable subtle
effects from chronic low-level exposures (e.g., alteration of behaviors in
aquatic organisms (e.g., [42,102—-104])). The difficulties faced by these
aspects are yet further amplified by the complexities in understanding real-
world exposures, which can entail long-term chronic exposure to multiple
APIs (which may or may not share the same mechanisms of action), at indi-
vidual levels that may be substantially lower than currently established
no-effect levels.

9 SUSTAINABILITY, STEWARDSHIP, AND POLLUTION
PREVENTION FOR MINIMIZING THE ENVIRONMENTAL
IMPACT OF APIs

A considerable body of published literature exists on many of the aspects of
pharmaceuticals as environmental contaminants [105]. This literature
addresses the many facets of fate and transport, environmental monitoring,
biological effects, and engineered treatment of wastewater, drinking water,
and solid (medical) waste. Notably absent, however, has been concerted dis-
cussion regarding potential solutions to the overall problem—how to design
a sustainable system of pharmaceutical use that maximizes therapeutic utility
and minimizes the environmental footprint.

Given the countless complexities associated with society’s relationship
with pharmaceuticals and the widespread occurrence of APIs in the environ-
ment (the full magnitude and scope of which is still emerging), it should
not be surprising that the many approaches currently relied upon for mitigat-
ing or controlling the entry of APIs to the environment or for reducing the
potential for exposure may not be sufficiently effective. These control mea-
sures usually involve considerable infrastructure and resources. They range
from conventional engineering approaches (engineered treatment of industrial
wastewaters, sewage, or drinking water) to waste diversion measures, such as
consumer take-back programs for collection and centralized destruction (often
involving incineration) of leftover medications—thereby averting disposal to
sewers or landfills.

Unwanted leftover medications have been recognized as a public hazard
and as a challenge to waste management since the 1960s [106—108], where
a primary focus was on how to remove them from households—a forerunner
to today’s organized collection programs. Despite the costs associated with
these conventional downstream control approaches and the many questions
as to whether they are sufficiently effective, little consideration has been paid
to applying the principles of sustainability and pollution prevention—to
reduce or avoid the need to control waste by reducing or eliminating it to
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begin with. The current conventional approaches (downstream end-of-pipe
control) essentially address symptoms rather than the causes of the overall
problem. Addressing the causes requires upstream solutions guided by sus-
tainability and pollution prevention.

Few actions have been considered for tackling the problem at its main
points of origination: prescribing and dispensing (and the influence of require-
ments imposed by health insurers) coupled with ultimate usage by the con-
sumer or patient. A major impediment has been the persistent tacit
assumption that the standards of care promulgated in the healthcare industry
regarding the use of medication cannot be modified without jeopardizing
the quality of healthcare. But this long-standing assumption may be fallacious.

A series of articles spanning 2003-2013 [41,59,109-113] presents a
framework for the sustainable use of pharmaceuticals that makes this assump-
tion moot. These articles assert that the current paradigm for the use of phar-
maceuticals in medical care is not sustainable. As an alternative, they present
a framework for designing a healthcare system that employs the sustainable
use of pharmaceuticals, with emphasis on pollution prevention. This series
of articles argues for directly linking environmental concerns with the practice
of healthcare—under an umbrella system of the Green Pharmacy guided by
pharmEcovigilance. PharmEcovigilance is a holistic version of conventional
pharmacovigilance that ties the environment and the individual together as a
single, integral patient—emphasizing the need to treat the patient and the
environment as an interconnected whole. A key message is that drugs have
afterlives that extend far past their intended medical uses.

The objective of the Green Pharmacy and pharmEcovigilance framework
is to guide prudent prescribing, dispensing, and end use of medications in
order to minimize the entry of drug residues to the environment from excre-
tion and also to reduce the incidence of leftover medications that later require
disposal or result in indefinite stockpiling in the home (sometimes extending
to decades); stockpiling, in turn, breeds unlimited opportunities for uses never
intended—many leading to failed or compromised therapies (e.g., via self-
medication), diversion, abuse, and unintended poisonings. Drugs tend to not
experience a routine or predictable path from manufacture to end use. Count-
less intervening factors (many involving human behavior) can block their
intended consumption and lead to other problems. The eventual usage rates
for many drugs can be extremely low, a problem greatly exacerbated when
prescriptions are continually refilled but never used. A key to success is that
the very same measures designed for incorporating sustainability and pollu-
tion prevention into the practice of prescribing could also have collateral ben-
efits in dramatically improving therapeutic outcomes, reducing some of the
major costs associated with healthcare (leftover drugs are often an overt
symptom of numerous inefficiencies, imprudence, and irrationality in the con-
duct and administration of healthcare), and reducing the incidence of drug
diversion and unintended drug poisonings (a major problem in the United
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States and a key priority for the White House Office of National Drug Control
Policy—ONDCP).

Poisonings from intended and unintended ingestion or other types of expo-
sure (including dermal contact and inhalation) to certain drugs are a very real
concern. Drugs with extreme acute toxicity pose demonstrated risks for mor-
bidity and mortality, especially for children [29,41]. These highly potent
drugs pose challenges in developing prudent, efficient, and protective strate-
gies for disposing of leftover medications, as well as for their safe storage.
One perspective on the range of drugs that pose particular hazards can be
obtained by examining the US FDA'’s list of “Approved Risk Evaluation
and Mitigation Strategies (REMS)” [114]. REMS are required for certain
drugs to ensure that their benefits outweigh their known, significant risks.
This is often achieved by limiting the subpopulation targeted for therapy,
determined, for example, by screening prospective patients for various risk
factors (some of which are genetic markers) or by considerations of outright
toxicity. Many of these REMS drugs (as well as certain non-REMS drugs)
need to be stored and disposed with utmost care.

This body of work posits that any of the numerous actions, behaviors, and
customs involved with the prescribing and dispensing of drugs can be altered
to (1) reduce the incidence of leftover medications (and thereby lessen the
need for disposal—which is usually done by flushing to sewers, discarding
in trash, or collecting by infrastructure-intensive consumer take-back
programs—while at the same time reducing drug diversion, abuse, and unin-
tended poisonings caused by directed leftovers) and (2) reduce the quantities
of unmetabolized residues excreted or washed into sewers by bathing [29].
The second point is one that had essentially been discounted as infeasible
(purportedly because it would compromise medical care), but one that actu-
ally offers the greatest potential for minimizing the environmental burden of
pharmaceutical ingredients. This can be done in large part by implementing
lower-dose, off-label prescribing [59].

Some of the summary materials contained within this core group of papers
that might prove useful in pollution prevention are the following. Daughton
and Ruhoy ([109], Table 1 therein) provides a summary of failures in health-
care that lead to the accumulation and imprudent disposal of leftover medica-
tions. Box 2 in Daughton and Ruhoy [109] lists the many factors that
influence the consumption of medications (which, in turn, impacts excretion
of APIs) and lead to the accumulation of unused medications (thereby leading
to the need for disposal). The first examination of how adjustment in
dose could be a viable means of reducing excretion of APIs is presented in
Daughton and Ruhoy [59], where a network illustration (Figure 1 therein;
also available at http://www.epa.gov/esd/bios/daughton/how-prescribing-
impacts-the-environment-(13Nov12).pdf) shows the interactions within the
prescriber—patient relationship network that lead to leftover drugs specifically
from the failure to consider adjustment of doses to levels lower than the
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“standard” (on-label) dose. Daughton and Ruhoy ([59], Table 2 therein) lists
the many advantages of prudent prescribing (especially lower doses) in reduc-
ing adverse outcomes for patients, public safety, and the environment. Daugh-
ton and Ruhoy ([59], Table 4 therein) lists the major variables involving dose
and its administration that can be optimized to reduce excretion as well as the
incidence of adverse drug reactions and leftovers.

Finally, a large collection of nearly 2000 articles has been compiled that
covers the numerous aspects of drug stewardship, sustainable use of medica-
tions, and issues relevant to the disposal and diversion of leftover, unwanted
drugs, and acute poisonings in humans and wildlife from improperly disposed
medications [115].

Physicians and other healthcare professionals currently have no resource
for quickly learning about Green Pharmacy and pharmEcovigilance and
how they could benefit medical care. Since environmental pollution by phar-
maceuticals is ubiquitous, this far-reaching topic could be incorporated in
medical core curricula and in continuing education. There are innate connec-
tions between the natural environment and human health. This topic makes
this dramatically evident and provides an ideal context within which health-
care professionals can learn about the natural environment, how their actions
can directly affect the environment, and how corrective actions could improve
healthcare.

With respect to downstream pollution control measures for reducing the
entry of leftover medications to the environment, several recent developments
in the United States are worth noting.

Landmark federal legislation—the “Secure and Responsible Drug Dis-
posal Act of 2010”—was signed into law on 12 October 2010 [116]. This
act is partly designed to allow the Drug Enforcement Administration (DEA)
to rectify the problems imposed on consumer drug collection take-back pro-
grams by long-standing, stringent requirements designed to ensure the secure
handling of controlled substances [117].

Attention in the United States is beginning to be directed toward pharma-
ceutical manufacturers, with EPR (extended producer responsibility) as a pre-
ferred means of dealing with postconsumer drug waste [118]. The first
attempt at legislating EPR in the United States for postconsumer drug waste
was made by Alameda County, California, in September 2012 [119] but faced
immediate opposition by the pharmaceutical industry [120]. Legislation intro-
duced in the State of Rhode Island would address (for the first time in the
United States) possible actions for preventing entry to the environment from
excretion of highly toxic chemotherapeutics [121]. Ontario and British
Columbia, Canada, have also been targeting EPR [122,123].

Finally, interest in developing new approaches for consumers to deactivate
unwanted medications to facilitate a safer means of in-home disposal is shown
by a solicitation from the NIH and the Centers for Disease Control and
Prevention [124].
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Additional developments will undoubtedly emerge as innovative appro-
aches for minimizing leftover drug waste or for dealing more effectively with
drug waste. One example that shows the large range of possibilities is one that
proposes to add value to drug waste by reclaiming APIs for use as corrosion
inhibitors (e.g., [125-127]).

10 FINAL THOUGHT: TREATING THE PATIENT AND THE
ENVIRONMENT TOGETHER AS ONE

The pervasive use of pharmaceuticals worldwide, coupled with the growing risks
and attendant problems surrounding leftover, stockpiled, and disposed medica-
tions throughout society, indicates that the current paradigm for the use of med-
ications in medical and self-care may not be sustainable. A sustainable system
would incorporate designs for prudent, efficient, and safe use of pharmaceuticals.
Such a system would serve not just to reduce or eliminate the entry of APIs to the
environment. By striving to protect the environment, collateral benefits for sus-
tainable use could be significant. Therapeutic outcomes could be improved, med-
ical care costs could decline, and the incidence of drug diversion and unintended
drug poisonings (which are recognized as major problems at least in the United
States) could be greatly lessened. Leftover medications—Ilater requiring
disposal—are a direct measure of wasted healthcare resources. Even the excre-
tion of a certain portion of APIs—some of which later survive in the
environment—is a direct measure of nonoptimal practices used in dispensing
and prescribing [59]. The many benefits that could derive from designing a sus-
tainable system for pharmaceutical use that directly links environmental con-
cerns with the practice of healthcare—treating the patient and the environment
as an integral whole—are substantial. A comprehensive understanding of the
ubiquitous occurrence and distribution of drugs throughout society provides the
basis for mitigating the seemingly countless sources from which they later gain
entry to both the natural and human-made environments.

A sustainable system of medication usage can only be sought by optimiz-
ing the many variables at work in the intersection between human and ecolog-
ical health. The ultimate question is “What types (APIs) and quantities (doses
and durations) of medications are necessary to maintain, improve, or protect
human health and the well-being of society, while also ensuring a sustainable
environment?” Perhaps, the practice of prescribing and the ultimate consump-
tion of medications may serve as an integrative measure of societal and eco-
logical health and well-being. A perfectly optimized system of healthcare
might be one that would not generate any leftover medications and also result
in minimal excretion of API residues [110].

US EPA Notice: The US Environmental Protection Agency through its
Office of Research and Development funded and managed the research
described here. It has been subjected to agency’s administrative review and
approved for publication.
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1 INTRODUCTION

Continuous contamination of the environment with diverse groups of chemi-
cal compounds and their adverse effects on both ecosystem and human
health is one of the most relevant environmental issues of today. According
to European Inventory of Existing Commercial Chemical Substances
(EINECS), in European Union (EU), there are more than 100,000 registered
chemicals of which 70,000 are in daily use. Moreover, since analytic

Comprehensive Analytical Chemistry, Vol. 62. http://dx.doi.org/10.1016/B978-0-444-62657-8.00003-3
Copyright © 2013 Elsevier B.V. All rights reserved. 71


http://dx.doi.org/10.1016/B978-0-444-62657-8.00003-3

Analysis, Removal, Effects and Risk of Pharmaceuticals in the Water Cycle

techniques continue to improve, the number and frequency of detections of
still unregulated, emerging contaminants are increasing [1]. Additionally,
chemical compounds that have been previously detected in the environment
but whose potential adverse effects on human health and environment are
only now being noted are also considered emerging contaminants. Although
many of those compounds are present at low concentrations in the environ-
ment, their effects on ecosystems are still unknown, especially because they
occur in complex chemical mixtures [2]. Some of those compounds are
continuously introduced into the environment; therefore, regardless of their
persistence in given conditions, they are permanently present (pseudo-
persistent), which might lead to unexpected chronic effects of affected species
[3]. Considering the high number of chemical compounds entering the envi-
ronment on a daily basis and their potential adverse effects on ecosystem
and human health, while having in mind budget limitation and time restric-
tions, there is a definite need to develop prioritization schemes for risk assess-
ment, regulation, and management.

Pharmaceuticals are a large group of chemicals that are in daily use in
terms of human medicine and veterinary use. This group of anthropogenic
chemicals is among the ones with the largest input into the environment. After
consumption of pharmaceuticals, their active substances undergo metabolic
processes in the organism. Many transformation products and some percent-
age of unmetabolized compounds are excreted from the body and discharged
into the sewage system where further biotic and abiotic transformation pro-
cesses may also take place, giving rise to additional transformation products.
As a whole, parent compounds and the associated transformation products
(TPs) may enter the environment since conventional wastewater treatment
plants are not efficient enough for their removal [4]. On the other hand, they
might reach natural systems by improper disposal of sewage or unused med-
icines as well. Furthermore, pharmaceuticals can enter environmental systems
from sludge that is used as fertilizer, manure that comes from veterinary
medicine-treated animals, or directly into water from use in aquaculture [5].
The detection of pharmaceuticals in environmental samples has been reported
worldwide [6-9]. Even though pharmaceuticals are the groups of chemicals
designed to affect specific receptors in human or animal organisms, their envi-
ronmental effects are still not examined enough. Occurrence of pharmaceuti-
cals in freshwater systems is most commonly in orders of nanograms to
micrograms per liter. Whereas acute ecotoxicity effects at those levels of con-
centrations are not very probable [5], chronic effects can be more likely
expected. Moreover, toxicity in real systems can be influenced by additive
and synergistic effects of constituents of mixture [10]. Several examples of
toxic effects of pharmaceuticals on aquatic species have been examined
[11,12]. However, more adverse effects of pharmaceuticals in natural ecosys-
tems can be expected, such as endocrine disruption, genotoxicity, and devel-
opment of antibiotic-resistant pathogenic bacteria.
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This chapter will give the overview of (a) general principles of prioritiza-
tion, (b) pharmaceutical risk assessment, and (c) existing prioritization
schemes for prioritization of pharmaceuticals.

2 GENERAL PRINCIPLES FOR PRIORITIZATION
OF CHEMICAL COMPOUNDS

Increasing number of manufactured chemical compounds in volumes of few
hundred million tons that are being emitted into the environment each
year [13] represent a big challenge in risk assessment and management.
Some of environmentally occurring chemicals might have notable adverse
effects. However, not all of them pose the threat to ecosystem and human
health, certainly not in the same extent. The knowledge of hazardous proper-
ties of majority of these chemicals is still unknown and data for assessment
of their risk are required. Still, because of the huge number of chemicals
released and present into the environment, it is not possible to conduct envi-
ronmental monitoring for all of them. This has led to development of chem-
ical compound prioritization schemes for risk management and regulation
purposes.

2.1 EU Existing Legislation

2.1.1 Registration, Evaluation and Authorization of Chemicals

Registration, Evaluation, Authorization and Restriction of Chemicals (REACH)
is the European Community regulation on chemicals [14], which is in power
since 2007. It is based on the idea that chemical industry itself should ensure
that the chemicals it produces and puts on the market do not adversely affect
human health or the environment. It requires early identification of the intrinsic
properties of chemical substances by placing the responsibility of supporting
that information on the industry. The aim of REACH is to achieve better pro-
tection of environmental and human health in the EU but without obstructing
development and competitiveness of chemical industry. Industry is obliged to
have certain knowledge of the properties of its substances and to provide infor-
mation of the chemicals, which are then registered in a central database run by
the European Chemicals Agency (ECHA). The database is open to public and
provides hazard information. Authorities should ensure that manufacturers are
fulfilling their obligations and taking action on substances of very high concern.
REACH was established in order to fulfill the knowledge gaps on the vast num-
ber of chemicals in use and to ensure that industry is able to provide risk and
hazard assessment of the substances to finally implement the risk management
measures to protect humans and the environment. However, it should be
stressed that pharmaceuticals are not included in the domain of the REACH
regulation.
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2.1.2 Water Framework Directive

Considering environmental perspective with the aquatic environment focus,
the big upturn was made by establishing Water Framework Directive
(WFD), which aims to achieve good ecological and good chemical status of
European surface waters by the year 2015. WFD identifies a list of 33 priority
substances [15] and 8 other hazardous substances regulated by previous legis-
lation that pose a significant risk to the EU aquatic environment. The lists of
priority and hazardous substances include contaminants that have been recog-
nized as dangerous especially for the human health and are regulated mainly
on the basis of persistence, bioaccumulation, and toxicity (PBT) properties.
Water bodies must meet the Environmental Quality Standards (EQS) [15]
for these substances, that is, to keep the levels of concentrations of these com-
pounds below the EQS to successfully achieve water quality requirements.
The list of priority substances is reviewed and updated every 4 years. In last
update proposal [15] of the European Commission, 15 new substances were
added. As far as pharmaceuticals are concerned, until now, only the anti-
inflammatory diclofenac has been included in the last update proposal [15].

Furthermore, EU member states are obliged to identify pollutants of
regional or local importance and provide EQS, monitoring schemes and regu-
latory measures for them.

2.2 Prioritization of Chemical Compounds

Prioritization of chemical compounds may be done for several purposes and
with different focuses, that is, ranking for identifying data gaps or data
gathering and organizing, ranking for further testing (to select the compounds
of highest concern and to focus testing efforts), ranking for risk assessment,
and, finally, ranking for decision making and legislation establishment.
According to their importance as aquatic contaminants, many prioritization
schemes have been developed [16]. Some of the most representative are sum-
marized in Table 1.

In general terms, the majority of prioritization schemes follow the same
order sequence (Figure 1). First step involves the preselection of the chemi-
cals to be prioritized. The preselection of chemicals may be done according
to existing legislation and monitoring data or by identification of sources
and pressures [22]. Afterward, it is followed by the exposure and hazard esti-
mation. The occurrence and hazard data quantification might be done in dif-
ferent ways. Exposure can be determined by experimental measurements of
concentration, that is, measured environmental data (MEC), or can be esti-
mated by different models that use the information about the chemical’s pro-
duction quantity, frequency of its release to the environment, and predictions
of its persistence and mobility in the environment giving predicted environ-
mental data (PEC) [16]. Effect assessments in environmental risk assessment
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TABLE 1 Prioritization Schemes with Focus on Aquatic Environment
Preselected
Compounds Criteria Results References
78 Compounds of ~ PBT properties  Chlorpyrifos, ametryn, [17]
“high concern” estimated dichlofluanid, prometryn,

exposure chlorothalonil, cyanzine,

levels trifluralin, atrazine
100 Occurrence Mestranol, bisphenol A, AHTN, [18]
Pharmaceuticals,  treatment in TDIP, estrone, tri(2-butoxyethyl)
personal care water phosphate, celestolide,
products, and treatment ethylhexyl methoxycinnamate,
endocrine plants musk xylene, musk ambrette,
disruptors Ecological bezafibrate, propylparaben,

effects, health linuron, HHCB, atorvastatin,

effects lindane, 17p-estradiol
250 Compounds Potential Pentachlorophenol, [19]
(WFD, relevant occurrence in Perfluorooctanoic acid (PFOA),
substances for the water Perfluorooctanesulfonic acid
river Rhine, phase (PFOS), azithromycin, ofloxacin,
measured in clarithromycin, erythromycin
Swiss waters) roxithromycin, fluconazole,

diatrizoate, pentachlorobenzene

500 Classical Frequency and  Diazinon, azoxystrobin, [20]
(WFD) and extent of terbuthylazine, heptachlor,
emerging organic  exceedance of  endosulfan I, 4,4'DDD, diuron,
contaminants PNEC DEHP, Irgarol, 2,4-DDD,

(predicted alachlor, pyrene, endosulfan 11,

no-effect PCB-180, 4,4'-DDE, heptachlor

concentration)  epoxide B
Chemicals of Human health Dichlorvos, arsenic, cobalt and [21]
Japanese environmental  beryllium compounds,
Pollutant Release  effects disulfoton, fenitrothion,
and Transfer parathion, diazinon, antimony
Register (PRTR) compounds, chlorpyrifos-methyl
Adapted from Ref. [16].

/

(ERA) most commonly include acute or chronic toxicity of chemicals, which
can be determined by in vivo toxicity tests for standard test species represen-
tative of different trophic levels (algae, Daphnia magna, and fish), combined
with bioaccumulation and persistence potential of substances. By in vivo tests,
concentration of the chemical that provokes certain harmful effect or lethality
of test species is being measured. The most common is the use of EC50 or
LC50 (50% effect concentration or 50% lethal concentration, respectively)
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Preselection of the
contaminants

Hazard assessment Occurrence assessment
(measured/modeled) (MEC or PEC)

<

Risk assessment

<~

Prioritization

<

Regulation

FIGURE 1 General prioritization scheme for legislation purposes. Preselection of candidates for
prioritization might be done according to existing legislation, production volume, usage data, etc.
Occurrence data might be measured (MEC—measured environmental concentration) or predicted
by models (PEC—predicted environmental concentration).

as the indicator of acute toxicity of the chemical. Acute toxicity tests provide
information of chemical concentration, which, after short-term exposure to
test species, provokes targeted endpoint effect (mortality, immobility, growth
stagnation, etc.). On the other hand, chronic toxicity gives information
concerning the dose of a chemical compound to which an organism is exposed
for longer time (or even its whole lifetime) and is provoking certain sublethal
effect.

Chronic toxicity data seem to be quite scarce and sometimes can be
derived from LC50 or EC50 by applying certain assessment factor (AF).
Another approach is estimation of toxicity by QSAR (quantitative structure—
activity relationship) models [23], sometimes referred as in silico methods.
Most commonly used tool for environmental toxicity assessment is
EPA’s ECOSAR™ tool. The structure—activity relationships (SARs) in the
ECOSAR™ are used for aquatic toxicity prediction based on the similarity
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of structures to chemicals for which the aquatic toxicity-measured data exist.
Toxicity estimations are based on mathematical relationships between the
Kow values and the corresponding measured toxicity. Since 1981, the US
EPA has used SARs to predict the aquatic toxicity of new industrial chemicals
in the absence of test data [24] and several authors [25-27]. ECOSAR™ pre-
dicts toxicity for three general types of chemicals, that is, neutral organics,
organic chemicals with excess toxicity, and surfactant-active chemicals.
Neutral organics are chemicals that are nonreactive and provoke effect of nar-
cosis, which is referred as baseline toxicity. Organic chemicals with excess
toxicity represent the group of chemicals that have reactive functional groups
and due to that have different toxicological mode of action. Surface-active
compounds have hydrophobic and hydrophilic part of their molecule. In
ECOSAR™, they are grouped on the basis of the total charge of the
molecules (anionic, cationic, neutral, and amphoteric).

Besides risk of toxic effects, substances with persistency and bioaccumu-
lation potential pose an additional risk to the environment because they can
remain present in the environment for a long time or they can be easily accu-
mulated in biota. To provide integrated information of risk, indexes or scoring
systems for integration of information of possible adverse properties of che-
micals can be used [17,18,28].

The last step for prioritization includes procedure or models for calculat-
ing the comparable risk of chemicals and final ranking or grouping the chemi-
cals according to their risk.

3 PHARMACEUTICALS: ENVIRONMENTAL RISK ASSESSMENT

Occurrence and potential risk of pharmaceuticals in the environment
become an issue of increased concern over the years [10]. This is espe-
cially due to worldwide detections of those products in the environment
[6-9]. Pharmaceuticals are in general less persistent than other known per-
sistent organic pollutants, but because of their everyday use and continuous
release into the environment, they are constantly present, that is, so-called
pseudo-persistent [3]. For some pharmaceuticals, adverse effects are
already noted, for example, synthetic sex hormones [29]. For some,
because their low levels of detection in the environment and reasonably
low acute toxicity, acute effects are not expected. On the other hand, phar-
maceuticals are compounds designed to affect biological receptors even in
small quantities and therefore they need special attention [30]. Moreover,
chronic environmental effects are still unknown for the majority of these
compounds.

The regulation of pharmaceutical products in Europe started in 1965
by implementation of European Economic Community’s directive [31].
In 1993, assessment of pharmaceutical product risk toward the environment
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was introduced by European Economic Community [32]. Later in that year,
the European Medicines Evaluation Agency (EMEA) was created and
subsequent guidelines for the ERA of pharmaceutical products were
issued [32]. In the current EMEA regulations, a threshold safety value of
10 ng/1 is set, and compounds whose PEC exceed this quantity have to be
subjected to toxicity tests and can, therefore, be considered as potential can-
didates to be included in monitoring programs [33]. A draft of the guideline
was published in 2001, and the final document came into force in December
2006. The latter EMEA guideline describes the stepwise tiered procedure
for estimation of potential risks of pharmaceutical products to the environ-
ment. However, whatever the impact the pharmaceutical product has on the
environment, this will not be a criterion for prevention of its marketing,
since the benefit of pharmaceutical to patients is considered priority.
If it is likely that certain pharmaceutical product poses risk for the environ-
ment, precautionary and mitigation safety measures must be taken [33].
The guideline is focused on the possible environmental risks associated
with the use of the pharmaceutical under concern, although possible ways
of entering into the environment arising from disposal and manufacture
are not considered. The general principles of the approach are presented
in Figure 2.

Phase |
PEC estimation

PEC>10ngl/l

PEC<10ng/l
PEC/PNEC > 1
Phase lI—Tier A _ END of
physicochemical report

properties and toxicity

PEC/PNEC <1

Phase lI—Tier B
emission, fate and
effects

FIGURE 2 Scheme for tiered environmental risk assessment as proposed by EMEA
guideline.



Prioritization of Pharmaceuticals for Monitoring

3.1 Phasel

First phase includes estimation of exposure by calculation of the PEC. It is
restricted to the aquatic compartment and is calculated according to some gen-
eral information of pharmaceutical as release information and environmental
fate. The calculations are made according to Equation (1):

DOSEai x Fpen
PEC (surf, ter) = 1
(surface water) = G Winhab x DILUTION (1)

Where, DOSEai is maximum daily dose consumed per inhabitant, Fpen is
market penetration factor of the active ingredient of pharmaceutical product,
WASTEWinhab is volume of wastewater generated per inhabitant, and DILU-
TION is dilution of wastewater effluent in recipient surface waters. If the esti-
mated PEC of pharmaceutical product does not exceed the threshold value of
10 ng/l, no further risk assessment is necessary. Exceptions are the com-
pounds with high endocrine disruption potential or very lipophilic properties
that may have adverse effects even below the threshold value. Regardless of
their PEC values, second-tier assessment must be performed for them. Addi-
tionally, in case the log Kow values of the compound are equal or higher than
4.5, PBT assessment is required.

3.2 Phase ll

Second phase involves tier A and tier B. In tier A, base set data of physico-
chemical properties and on the fate of a substance in the environment are
determined. This includes degradation, transformation in aquatic environ-
ment, adsorption—desorption properties, and organic carbon—water partition
coefficient (Koc).

Besides, toxicity data for three standard test species (algae, Daphnia sp.,
and fish) are required. Acute toxicity data for selected common pharmaceuti-
cals either experimental or calculated using ECOSAR are given in Tables 2
and 3 as an example. Risk assessment is conducted for surface water, ground-
water, and microorganisms in water, and if one or more result show indication
of risk, further assessment is necessary leading to tier B. PEC value from the
first tier is compared with the respective predicted no-effect concentrations
(PNECs). PNEC values are obtained from derivation of acute toxicity data
(EC50 or LC50) by applying AF of 1000 or by applying AF of 10 to no
observed effect concentration (NOEC) as represented by Equation (2):

lowest acute EC50,/LC50 NOEC
, PNECyater =——— 2
1000 0 @)
If indication of risk is presented by one or more of the resulting risk quo-
tients, that is, they exceed 1 (HQ>1), in case of surface water, more data

need to be provided for specific risk assessment in tier B. If PEC/PNEC ratios

PI\IECwater =
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TABLE 2 Acute Toxicity Data for Some Common Pharmaceuticals A
Obtained Using ECOSAR
ECOSAR Data [24]

EC50 Algae EC50 Daphnia sp. LC50 Fish
Pharmaceutical (mg/l) (mg/l) (mg/l)
Amoxicillin 3316 350 366
Acetaminophen 2549 42 1
Clarithromycin 2.08 3.31 17.36
Clofibric acid 192 293 53
Carbamazepine 70 111 101
Cimetidine 40 35 571
Diclofenac 2911 5057 532
Erythromycin 4.3 7.8 61
Gemfibrozil 6.7 4.9 11
Ibuprofen 26 38 5
Naproxen 34 15 22
Ofloxacin 2444 1786 19352
Roxithromycin 4 6 50
Sulfamethoxazole 51 4.5 890
Numbers in bold were not taken from Ref. [24], but estimated by authors using ECOSAR.

in tier A show the value higher than 1, additional data of the compound are
required. PEC and PNEC values are refined in this step by implementing
more data of emission, fate, and effects of tested compound. Even if the risk
of the compound is proven, still, refusal for marketing authorization is not an
outcome due to precedence for patient benefit. However, some risk mitigation
measures are introduced considering mainly proper disposal suggestions to the
consumers by labeling the product.

Risk may be generally defined as the combination (i.e., product) of a
probability of occurrence of a certain event by its hazard effects [16]:

Risk = Occurrence x Effects

Different existing risk assessment approaches have been developed in
order to identify and rank compounds of environmental concern for both reg-
ulatory and monitoring purposes. Whereas most of all the existing schemes
share the basic underlying risk assessment paradigm, they differ on how risk,
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TABLE 3 Acute Toxicity Data for Most Representative Pharmaceuticals
EC50 Algae EC50 Invertebrates  LC50 Fish
Pharmaceutical  (mg/l) (mg/l) (mg/l) References
Amoxicillin 0.004 - - [34]
Acetaminophen 105 300 900 [35]
Clarithromycin 0.09 25.72 280 [36-38]
Carbamazepine 74 14 35 [39-41]
Cimetidine - 271 - (41]
Diclofenac 16 22 - [40]
Erythromycin 0.02 15 900 [35]
Gemfibrozil 4 10 0.9 (42]
Ibuprofen 342.2 101 110 [35,39]
Naproxen 626 166 600 [35,39]
Ofloxacin 1.5 30 10 [35]
Roxithromycin - 7 50 [43,44]
Sulfamethoxazole 0.027 >100 563 [40,43]
/

occurrence, and effects are defined and hence quantified. While hazard is usu-
ally represented by intrinsic properties of compounds and includes PBT esti-
mations, since not all hazardous compounds are present in all geographic
areas, estimations of risk are performed by adding the corresponding exposure
data to hazard information. Exposure data can be expressed in the form of
MEC or PEC, which can be indirectly predicted on the basis of, for example,
the data of annual production, sales rate, and number of prescriptions. Toxic-
ity data of chemicals can as well be measured in vivo or be predicted by the
so-called in silico models. All the schemes commented in the succeeding text
use different types of PBT and/or exposure methods to rank and prioritize
pharmaceutical compounds and systematic comparison of those approaches
is convenient to make improvements in pharmaceutical risk assessment and
prioritization to be further used on the previously described tiered process.
The following section is a summary of some of the most relevant proposed
pharmaceutical prioritization methods.

The topic has been recently reviewed by Ross et al., and the classification
given in the succeeding text is largely based on this comprehensive work.
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4 SUMMARY OF SOME RELEVANT PRIORITIZATION
METHODS: EXPOSURE-, HAZARD-, AND RISK-BASED SCHEMES

Reliable prioritization schemes must be clearly defined, based on validated data,
and widely applicable to as much compounds as possible. Furthermore, adequate
prioritization methods to be used in tiered procedures rely mostly on the genera-
tion of a minimum number of false-negatives. False-positives are less crucial
since they are considered in the next tier step, while false-negatives are omitted.

Main drawbacks are usually the lack of data (i.e., ecotoxicity data). On the
other hand, compounds whose biological target is different than prokaryotes
are often excluded from the ranking (i.e., antibiotics and antiviral) and those
whose purpose is other than pharmaceuticals (e.g., caffeine and nicotine) [45].

In the succeeding text, we briefly examine 12 existing prioritization meth-
ods. They may be classified as exposure-, hazard-, or risk-based depending on
the data they use, which are summarized in Table 4. On the other hand, their
more relevant features are reported on Table 5.

Finally, the 20 top-ranked compounds as issued from some of the methods
considered are shown in Table 6.

5 CONCLUSIONS

Due to the large number of chemical compounds entering the natural environ-
ment on a daily basis, it is necessary to expand the knowledge on their possible
adverse effects on ecosystem and human health. Pharmaceuticals are the group
of compounds that are in common use and their input in the environment is
constant. Regardless, their long-term adverse effects are still largely unknown.
Due to their low concentrations in the environment, acute effects of most of the
pharmaceuticals are not likely expected; however, chronic toxicity and other
possible adverse effects should not be excluded. The existing legislation in
EU gives the guidelines for ERA for pharmaceuticals for her member states.
However, to perform more accurate risk assessment, it is necessary to obtain
more information about toxicity of those compounds, to develop models based
on real test data, and possibly to link the observed concentrations and risk
expected to real ecosystem status. To identify pharmaceuticals of possible envi-
ronmental concern, many prioritization schemes have been developed. In gen-
eral, only few among the vast number of pharmaceuticals are identified as
possible pollutants. However, it should be stressed that the risk of pharmaceu-
ticals is strongly dependent not only on their hazard, fate, and transport patterns
but also on the site-specific sociogeographic situation and consequential usage.
This should be taken into account when prioritization works are done.

Finally, the relevance of prioritization schemes for public management
purposes should be recognized since they provide the necessary scientific
background to properly allocate monitoring efforts under the always increas-
ing budgetary constraints.



TABLE 4 Classes of Data Included in Some Selected Prioritization Methods

Data

Method
1

Method
2

Method
3

Method
4

Method
5

Method
6

Method
7

Method

Method

Method

Method
11

Method
12

Sales statistics

(kg)

N

J

N

Prescriptions

Production

Potency
(pharma)

Effect data

Water
concentration

Log P

Modeling

Persistency/
fate

WWTP
removal

Model type

Risk

Exposure

Risk

Risk

Risk

Hazard

Hazard

Hazard

Hazard

Risk

Risk

Hazard

Adapted from Ref. [45].
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TABLE 5 Main Characteristics of Selected Prioritization Methods

\

Method #

Remarks

References

1

FPM fish-plasma model

Comparison between human plasma concentration for a
determined pharmaceutical and fish-plasma steady-state
concentration

[46]

Sales annual

Based on sales statistics. Used often for regulatory
purposes. In this study, data taken from Sweden
(2009)

[47]

PEC/PNEC

Ranking based on the risk quotient RQ ratio “predicted
environmental concentration/predicted no-effect
concentration.” It is the most classical and general
approach to ERA. RQ>1 indicates environmental
concern

(48]

MEC/PNEC
Idem as the previous but based on “measured
environmental concentration” (MEC) rather than PEC

[49]

“Aquatic environment” ranking

Focused on risk to the aquatic environment.
Based on surface water concentration, half-life,
and fish and crustacean toxicity

Critical environment concentration (CEC)
Hazard measure similar to FPM but independent
of exposure value

(51]

PBT (persistence-bioaccumulation-toxicity)
Classical effect-based approach widely used
in ERA

[52]

QSAR

Pharmaceuticals are ranked according to their
predicted aquatic toxicity, removal by WWTP,
bioaccumulation potential, and number of compounds
included in each therapeutic class (as surrogate of
volumes produced)

Cornerstone method is the prediction of aquatic
ecotoxicities using QSAR (EPIWIN software from
EPA) and specifically ECOSAR for predicting

fish, Daphnia, and algae chronic toxicities

from Kow

About 3000 substances belonging to 51 classes are
assessed. Different ranks of the different classes
(rather than single compounds) according to the
various criteria are issued

(53]




Prioritization of Pharmaceuticals for Monitoring

TABLE 5 Main Characteristics of Selected Prioritization Methods—Cont’d

Method #

Remarks

References

9

Log P (log Kow)

Octanol-water partition coefficient can be
experimentally measured or estimated by SAR. In this
method log octanol-water partition coefficients were
calculated using EPI Suite™ KOWWIN software.

(54]

Extended EMEA (2-tier)(France)

Method essentially inspired on the EMEA guidelines
(2-tier procedure). Exposure is predicted (PEC) based on
consumption/sales and excretion. Effects considered
include ecotoxicology, pharmacological factors (mode
of action, enzyme modulation, and adverse effects, such
as carcinogenicity), and log P. If a compound shows a
potential for any of listed adverse effects it is considered
as a priority supstance. Expert judgment is also included
as part of the process

The method has been applied to the French case. 120
Pharmaceuticals and 30 active metabolites belonging to
blood-lipid-lowering agents, analgesics, anxiolytics,
antidepressants, nonsteroidal anti-inflammatory drugs,
antihypertensives, antipsychotics, antibacterial,
anticonvulsants, and corticoids are assessed, giving rise
to a list of 40 priority parent compounds and

15 metabolites

‘w1
%2

Toxic load (TL)

Quantitative risk-based ranking approach, combining
mass load (estimated through number of prescriptions
and/or annual production), human metabolism
(elimination), WWTP removal, and multiple toxic
endpoints (human, mouse, and aquatic toxicity).

This allows estimating a toxic load ratio TL=mass
loading/toxicity threshold

Different priority lists are issued based on the different
criteria

The 200 most prescribed drugs are assessed using this
method

EOCRank

Ranking system for pharmaceuticals in stream/source
water based on: occurrence, treatment, ecological effect,
and human health effects. The following properties were
considered in the ranking: prevalence, frequency of
detection, removal, bioaccumulation, ecotoxicity,
pregnancy effects, and health effects (carcinogenicity,
mutagenicity, impairment of fertility, central nervous
system acting, endocrine effects, immunotoxicity, and
developmental effects)

(18l




TABLE 6 Ranked Lists of Top 20 Compounds for Some Selected Methods

Method 1 Method 2 Method 3 Method 4 Method 5 Method 6 Method 7 Method 8 Method 9
1 Orlistat Acetylsalicylic  Ethinyl Propranolol Fluoxetine Iloprost Acitretin Permethrin Mivacurium
acid estradiol bromide
2 Fluphenazine Paracetamol Atovaquone Ethinyl estradiol Ibuprofen Ethinyl estradiol Aprepitant Loperamide Atracurium
3 Montelukast Metformin Sertraline Estradiol Paracetamol Estradiol Atovaquone Biperiden Montelukast
4 Loratadine Ibuprofen Estradiol Naproxen Estradiol Loratadine Beclometasone Clomifene Fulvestrant
5 Simvastatin Acetylcysteine  Mycophenolate Fluvoxamine  Diclofenac Clemastine Betamethasone Amiodarone Fluphenazine
mofetil
6 Fulvestrant Glucosamine  Propranolol Sertraline Carvedilol Azelastine Bromocriptine  Haloperidol Amiodarone
7 Telmisartan Levodopa Acetylsalicylic ~ Felodipine Propranolol Buprenorphine Carvedilol Itraconazole Lumefantrine
acid
8 Estradiol Metoprolol Naproxen Fluoxetine Gemfibrozil Misoprostol Citalopram Bromhexine Cetylpyridinium
9 Felodipine Naproxen Felodipine Ketoconazole ~ Naproxen Etonogestrel Clemastine Stiripentol Verteporfin
10 Amiodarone Mesalazine Ketoconazole  Amlodipine Diazepam Medroxyprogesterone Clobetasol Pentamidine Telmisartan
isethionate
11 Sertraline Cholestyramine Paracetamol Citalopram Paroxetine Estriol Clozapine Acitretin Orlistat
12 Verapamil Sulfasalazine  Amitriptyline Bromhexine Amitriptyline  Flupentixol Cyproterone Dinoprostone  Bexarotene
13 Irbesartan Valproic acid ~ Fluoxetine Furosemide Carbamazepine Meclozine Dasatinib Meloxicam Permethrin
14 Dextropropoxyphene Gabapentin Dipyridamole  Budesonide Risperidone Felodipine Docetaxel Desogestrel Paricalcitol
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15 Meclozine Carbamazepine Chlorprothixene Metoprolol Codeine Terbinafine Estradiol Oxybuprocaine Acitretin
16 Clomipramine Tramadol Bromhexine Carbamazepine Phenobarbital ~ Simvastatin Ethinyl Amylmetacresol Lercanidipine
estradiol
17 Duloxetine Furosemide Entacapone Carvedilol Fosinopril Haloperidol Felodipine Estriol Cinacalcet
18 Levomepromazine  Diclofenac Fulvestrant Mirtazapine Fenofibrate Loperamide Isradipine Felodipine Clomifene
19 Atorvastatin Atenolol Galantamine Loratadine Furosemide Levomepromazine Ketoconazole  Pizotifen Toremifene
20 Estriol Allopurinol Propofol Tamoxifen Atenolol Pizotifen Ketotifen Tamoxifen Tafluprost
Rank Method 10(a)  Method 10(b) Method 11(a) Method 11(b) Method 11(c) Method 11(d) Method 12
1 Allopurinol Salicylic acid Acetaminophen Potassium Metformin HCI Levothyroxine Musk moskene
chloride sodium
2 Amiodarone Fenofibric acid Hydrocodone Acetaminophen Polyethylene glycol Ranitidine HCI Octocrylene
bitartrate
3 Amoxicillin Perindoprilat Hydrochlorothiazide ~ Metformin HCI Amoxicillin Clopidogrel bisulfate  Desulfinyl fipronil
trihydrate
4 Amphotericin B Ramiprilat Lisinopril Ranitidine HCI Cephalexin Fluticasone Demeclocycline
propionate
5 Atenolol Demethyltramadol Levothyroxine Gabapentin Ranitidine HCI Furosemide Celestolide
sodium
6 Bezafibrate Hydroxy-ibuprofen Simvastatin Amoxicillin Trimethoprim Montelukast sodium  Ethylhexyl
trihydrate methoxycinnamate
7 Buflomedil Carboxy-ibuprofen Amoxicillin Ibuprofen Furosemide Trimethoprim Musk xylene
8 Carbamazepine  Acetyl Metoprolol Cephalexin Levothyroxine Atenolol Musk ambrette
sulfamethoxazole succinate sodium
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TABLE 6 Ranked Lists of Top 20 Compounds for Some Selected Methods—Cont'd

Rank Method 10(a) Method 10(b) Method 11(a) Method 11(b) Method 11(c) Method 11(d) Method 12
9 Ceftriaxone 14- Amlodipine besylate  Methocarbamol Fluticasone Tramadol HC1 Bezafibrate
OH-clarithromycin propionate
10 Ciprofloxacin Norfluoxetine Metformin HCI Divalproex Gabapentin Simvastatin Propylparaben
sodium
1 Clarithromycin ~ OH-metronidazole Ethinyl estradiol Polyethylene Atenolol Hydrochlorothiazide  Ethylparaben
glycol
12 Cyamemazine B-Hydroxy-acid Azithromycin Levothyroxine Hydrochlorothiazide ~ Acetaminophen Methyl parathion
metabolite sodium
13 Diclofenac 2-OH-atorvastatin Albuterol sulfate Metoprolol Ciprofloxacin HCI Metformin HCI Methylparaben
succinate
14 Diosmin 4-OH-atorvastatin Oxycodone HCI Trimethoprim Acetaminophen Bupropion HC1 Norfluoxetine
15 Doxycycline - Alprazolam Furosemide Clopidogrel bisulfate  Olmesartan Equilenin
16 Fluoxetine - Atorvastatin calcium  Sulfamethoxazole  Levetiracetam Sulfamethoxazole 17a-Estradiol
17 Fosfomycin - Fluticasone Ciprofloxacin Levofloxacin Pioglitazone Equilin
propionate HCL
18 Fosfomycin - Atenolol Omeprazole Sulfamethoxazole Levetiracetam Clofibric acid
19 Furosemide - Omeprazole Guaifenesin Fexofenadine HCI Risperidone Musk ketone
20 Ibuprofen - Zolpidem tartrate Carisoprodol Valacyclovir HCI Citalopram HBr Sulfamethoxine

Method 1: FPM fish-plasma model; Method 2: Sales annual; Method 3: PEC/PNEC; Method 4: MEC/PNEC; Method 5: “Aquatic environment” ranking; Method 6: Critical environmental

concentration (CEC); Method 7: PBT (persistence-bioaccumulation-toxicity); Method 8: QSAR; Method 9: log P (the same as method 1); Method 10(a): Extended EMEA (2-tier)(France), parent
compounds; Method 10(b): Extended EMEA (2-tier)(France), active metabolites; Method 11(a): Toxic load (TL), number of prescriptions; Method 11(b): Toxic load (TL), production kg/year; Method

11(c): Toxic load (TL), lad; Method 11(d): Toxic load (TL), all endpoints; Method 12: EOCRank, overall.

Adapted from Ref. [45].
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1 INTRODUCTION: PHARMACEUTICALS IN WATERS

Pharmaceuticals found in water samples, due to human activities (via direct or
indirect sources), are by far the most extensive range of emerging contami-
nants reported to date. In the late 1990s, reports and studies began to appear
on the detections of pharmaceuticals and personal care products in drinking
water sources, including both groundwater and surface water [1,2]. It was
quickly realized that discharges from domestic wastewater treatment plants
(WWTPs) were a major source for these contaminants. Initially, there was
not as much concern as there is today because concentrations that could reach
drinking water were below many laboratory analysis detection limits, or it was
believed that dilution of the contaminants, combined with water treatment,
would remove them from our water supplies. However, the level of concern
increased due to the detection of three classes of pharmaceuticals: endocrine
disruptors, antibiotics, and antidepressants.

Endocrine-disrupting compounds (EDCs) in raw water supplies were dis-
covered at extremely low levels downstream of WWTPs. The concentrations
were at the low sub-ng/L levels. Several key studies showed that fish were
being impacted by these low levels of hormones [3,4]. In particular, male fish
were being feminized by the female hormone, 17-beta-estradiol. This work
culminated in a US Geological Survey study in 2002 that showed the presence
of hormones in many US streams [2].

The presence of pharmaceuticals in drinking water sources has now
become an important water quality issue, as evidenced by the 2008 Associated
Press’s report on pharmaceuticals in drinking water of the United States,
which states, “A vast array of pharmaceuticals — including antibiotics, antic-
onvulsants, mood stabilizers and sex hormones — have been found in the
drinking water supplies of at least 41 million Americans” [5].

Research has not determined the human health effects of exposure to con-
centrations of pharmaceuticals in drinking water. However, federal research
has demonstrated the potential impact to human health from exposure to some
pharmaceuticals found in drinking water, such as antibiotics and those that
interfere with the functioning and development of hormones in humans [6].
Little is known about the potential interactive effects (such as synergistic or
antagonistic toxicity) that may occur from complex mixtures of these com-
pounds in the environment, but some studies have shown that toxicity
increases when other compounds are present [7].

Recent research also shows that the traditional toxicological approach used to
determine the doses at which compounds become toxic is inadequate for some
compounds, in particular, for endocrine disruptors [8]. This study demonstrated
that non-monotonic responses and low-dose effects are remarkably common
in studies of natural hormones and EDCs. Epidemiological studies show that
environmental exposure to EDCs is associated with human diseases and dis-
abilities. When non-monotonic dose—response curves occur, the effects of low
doses cannot be predicted by the effects observed at high doses. Thus,
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fundamental changes in chemical testing and safety determination are needed to
protect human health. The rapidly growing body of research demonstrates the
importance to water professionals of understanding the occurrence, fate, and
potential environmental and human health effects of emerging contaminants
in general and for their source waters in particular.

It has already been more than a decade since pharmaceutical compounds
were widely reported in several water bodies of the United States [2]. This
paper is still the most cited paper in the history of pharmaceuticals in water
samples. The results of this reconnaissance by the US Geological Survey
showed that 80% of all surface water had detectable concentrations of phar-
maceutical compounds. Approximately 82 compounds were detected includ-
ing steroids, antibiotics, analgesics, heart medications, and other
compounds. Since then, hundreds of papers have been published on the detec-
tion and identification of pharmaceuticals in diverse types of water samples.
In the last 10 years, pharmaceuticals have been extensively detected in surface
water in Europe [9-11] and in the United States [12—15]. Thus, the identifica-
tion of pharmaceuticals in water samples has been the focus of many water
agencies and water treatment facilities around the world.

In general, there is a trend in the literature to only report and measure already
known and published emerging contaminants. Only a few studies have reported
newly identified and discovered new pharmaceutical compounds and their degra-
dation products [16—18]. It is important to mention that, sometimes, degradation
products or metabolites exceed concentrations of parent compounds, becoming
then more environmentally relevant than the starting active ingredients. The
advent of new methodologies (more sensitive and selective) has controlled the
concentrations and type of analytes reported in the environment. However, no
consensus about which of the pharmaceuticals to report has been achieved
from any of the regulatory agencies. Specifically, in the United States, the Envi-
ronmental Protection Agency (EPA) has guided and released new regula-
tions [19] in order to narrow the contaminant candidate list (CCL3) to possible
toxic emerging compounds of interest. Most recently, a new candidate list called
“The Third Unregulated Contaminant Monitoring Rule (UCMR 3)” from EPA
was launched in May 2012 [20]. The Unregulated Contaminant Monitoring Rule
(UCMR) provides EPA and other interested parties with scientifically valid data
on the occurrence of contaminants in drinking water. These data serve as a pri-
mary source of occurrence and exposure information that the agency uses to
develop regulatory decisions. The UCMR 3 monitoring will take place from
2013 to 2015 and includes monitoring for 28 chemicals and two viruses. Regu-
latory water agencies will be required to report concentrations for these contami-
nants in the near future. No pharmaceuticals are included in this recent list, only
hormones. But in the meantime, a trend to detect as many compounds as possible
in environmental water sources has become the main challenge.

This chapter gives an overview of the different analytic techniques used in
LC/MS for the detection of pharmaceutical compounds in water samples, with
a specific focus on tandem mass spectrometry and time-of-flight (TOF)
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techniques, and the applications that have recently generated in the environ-
mental field. This manuscript gives several examples of pharmaceutical
analysis that exemplify the unique features of these techniques for the identi-
fication of target and non-target or unknown compounds.

2 ANALYTICAL TECHNIQUES

Emerging contaminants are a growing concern to human health and the envi-
ronment, particularly in drinking water supplies. The laboratory analyses can
be costly and there is currently no clear standard list of constituents as analyt-
ical methods continue to develop. Due to their polarity, the majority of the
pharmaceuticals identified in environmental samples have been detected using
liquid chromatography/mass spectrometry (LC/MS). This is the technique
most commonly used for the identification and quantitation of pharmaceuti-
cals in water samples [21]. Among diverse LC/MS techniques commonly used
for the routine monitoring and quantitation of pharmaceuticals in water sam-
ples, the preferred one is tandem mass spectrometry (LC/MS-MS), using
either collision cells or linear traps, to obtain information on fragment ions.

However, it is worth mentioning that the advent of TOF techniques
applied to environmental analyses has also begun in the last few years [22].
Applications range from routine analytical methods that analyze a few target
compounds to more extensive methods that include a variety of analytes,
including also non-target and unknown identification. Due to the high com-
plexity of some environmental samples (i.e., wastewater, sludge samples,
and soil samples), high-resolution techniques with additional structural infor-
mation on fragment ions are needed and this has made these techniques
become more and more popular. These techniques provide a high degree of
confidence for identification of target analytes and aid in the structural eluci-
dation of degradation products and unknown compounds, which are also usu-
ally present in environmental samples. Furthermore, the possibility of creating
universal accurate mass databases with TOF analyses for sets of compounds
has broadened the range of applications as well, going from target to non-
target identification, as we will see in the next sections.

2.1 Solid Phase Extraction

Because detections at low concentrations (usually at the ng/L) have to be
achieved, a priori preconcentration step is necessary for water samples in
order to isolate the analytes of interest. The main challenge is to perform
a simultaneous extraction of groups of analytes with widely diverse
polarities. There is no doubt that the most effective and used preconcentra-
tion technique is based on solid phase extraction (SPE). In this sense, a
water sample is extracted by a solid media (i.e., C18 or polymeric sorbents),
which traps the analytes of interest. Following a solvent elution, analytes
are desorbed from SPE cartridges and collected into tubes. Evaporation
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of solvent to almost dryness concentrates the analytes and allows them
to be analyzed by regular LC/MS techniques.

Several authors have reported the use of SPE for a wide variety of pharma-
ceuticals in water samples [11-18]. Usually, a single-step extraction proce-
dure is performed for a rather small number of compounds. However, there
are also multiple extraction procedures reported for a wide range of com-
pounds, as that outlined by the original EPA method 1694 [23]. This method
classifies target analytes in two or more groups according to their physical—
chemical properties, and extractions are performed under different conditions.
Another option consists of the combination of two different SPE sorbents in
series. Without doubt, Oasis HLB cartridges are preferred for the extraction
of pharmaceutical compounds from water samples since they allow the extrac-
tion of acidic, neutral, and basic compounds at neutral pH. Silica based C,g is
another sorbent usually employed for these types of extractions, although in
this case, sample pH adjustment prior to extraction is generally required
depending on the nature of the compounds. There is a nice review by Gross
et al. [21] that reviews different SPE approaches for the extraction of several
groups of pharmaceuticals in water samples.

Our group recently reported the optimization of a single SPE procedure for
a large group of pharmaceuticals [15]. The optimization was performed with
the aim of reaching acceptable recoveries for wide variety of compounds in
a single extraction step. For recovery studies, environmental water samples
were spiked with a known amount of pharmaceuticals and processed through
the cartridges. Areas obtained after chromatographic analyses were then com-
pared to the areas corresponding to the analyses of blank matrixes of the same
type spiked directly with the same amount of pharmaceutical compounds. In
general, acceptable recoveries were obtained for the majority of compounds,
which was in agreement with previous methods. Comparison at neutral pH
and at acidic and alkaline conditions was also tested. Recoveries were not bet-
ter, in general, after pH adjustment due to the incompatibility of the com-
pounds and hydrolysis reactions of several analytes, which was especially
true for the penicillin family that is highly susceptible to hydrolysis, as com-
mented earlier. Tetracyclines were not recovered under the conditions used
here; they involve addition of a complexing agent, such as EDTA, which
requires a separated SPE method [24].

Initial recovery experiments were carried out in spiked deionized water, sur-
face water, drinking water, and wastewater. Each matrix presents a different set
of circumstances that must be addressed. Deionized water, because of the low
ionic strength, often gave the highest recoveries but do not reflect real water
samples. Likewise, drinking water, which contains adjuvants or treatment sub-
stances such as alum, organic coagulants, metal ions, and chlorine, gave varying
results. Finally, wastewater samples have higher concentrations of suspended
solids that also may affect recovery of pharmaceuticals. In general, recoveries
from wastewater were between 10% and 15% lower than reagent water sam-
ples, probably due to strong matrix effects and competition of interferents for
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specific sites in the sorbent. After testing these various matrices, we determined
that surface water gave the most reproducible recoveries by SPE and the recov-
ery experiments reported in the previous work were carried out with this matrix.
The absolute recoveries of the pharmaceuticals varied from 10% to 123% and
they were similar to the ones reported by other works [11,23]. Usually, the
use of labeled standards is a necessity for good recovery data and quantitation
in order to account for potential losses during the extraction process.

2.2 Triple Quadrupole Mass Spectrometry Analysis (LC/MS-MS)

To develop a triple quadrupole tandem mass spectrometry method, one needs
to first generate multiple reaction monitoring (MRM) transitions for each
compound. An optimized MRM transition includes a precursor ion, a product
ion, and an optimized collision energy. The first step consists in selecting a
proper precursor ion, which usually consists of the protonated or deprotonated
molecule. The second step is to generate product ions at different collision
energies and then choosing a couple of fragments. Each pair of precursor and
a fragment ion is considered a transition. According to EU identification cri-
teria [25], it is enough to achieve identification of a certain compound using
two MRM transitions and their relative ion abundance ratio, provided the reten-
tion time matches. This application of identification criteria is essential to
ensure the unequivocal identification of target analytes in environmental sam-
ples. Usually, the transition with the higher abundance is used for quantitation,
while the other transition is used as a confirmatory one. The instrument is then
set up to monitor as many transitions as possible for a wide range of pharma-
ceutical compounds. Some instruments require the use of retention time win-
dows for a multianalyte approach, whereas other instruments will schedule
the different transitions by using time-dependent algorithms.

As a generality, LC/MS-MS is more focused to target analysis where the
analyst is looking at a specific group of analytes; some may vary from few
analytes within a family (3—4) to large multiresidue methods (>100). Thus,
LC/MS-MS using linear traps and triple quadrupoles seems to be the pre-
ferred method for routine analysis of pharmaceutical compounds in environ-
mental samples. Overall, hundreds of papers have been published reporting
findings of pharmaceuticals in nontreated and treated waters using these types
of methodologies [26—44]. However, in spite of the numerous papers reported
for analysis of pharmaceuticals, no analytical methodology seems to be the
preferred one as a standardized methodology for these types of compounds.
Each analyst chooses the specific methodology that is more adequate for the
analysis of certain families of pharmaceuticals and each method is optimized
for the detection of trace amounts of these compounds in water samples. How-
ever, some generalities can be made regarding the analysis of pharmaceuticals
by tandem mass spectrometry techniques, as discussed next.

Because pharmaceutical compounds contain chemical groups with amino,
carboxylic, and keto moieties, they are easily ionized under electrospray (ESI)
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conditions. Most of the pharmaceuticals ionize well under positive ion
ionization [15] due to the existence of nitrogen atoms in their chemical
structures. However, some groups, such as the anti-inflammatory/analgesic
drugs (i.e., ibuprofen, naproxen, and gemfibrozil), are easily ionized
under negative ion conditions due to their carboxylic group moieties in
their structures.

Most of the pharmaceuticals fragment well under tandem mass spectro-
metric conditions, yielding two or more product ions. However, there are a
few cases when some compounds only yield one fragment ion. In these cases,
either the signal of an isotope such as S or Cl could be used as a secondary
transition or retention time has to be taken into account. It is the view of many
authors that confirmation of positive identifications in real samples requires
the additional second MRM transition and the evaluation of ion ratios
between the two monitored transitions as compared to a reference standard
[15,25]. Confirmation of the identity of target analytes in real samples is usu-
ally based on ion ratio statistics for the transitions monitored. Thus, the con-
firmation criteria using tandem mass spectrometry cover a range of
maximum permitted tolerances according to relative ion intensity, expressed
as a percentage of the intensity of the most intense transition.

Another issue that has usually been discussed in detail is the existence of
matrix effects, which can cause an underestimation or overestimation of
detected concentrations of pharmaceuticals in water samples. Matrix effects
are common in surface and wastewater samples due to the presence of natural
organic matter in such samples [13]. Matrix effects typically mean suppression;
however, they also mean matrix interferences that are present in the sample and,
hence, they have an effect on the ionization and/or detection of the compounds.
In some cases, the elimination of sample preconcentration prior to analysis
minimizes suppression or enhancement effects from interfering matrix compo-
nents during analysis. Direct analysis of aqueous samples permits reducing the
amount of matrix going into the system, thus decreasing the matrix effects.
Other approaches used consist of reducing sample volume extraction (from
1 L to hundreds of mL of sample extracted) or performing extra cleanup steps.

Finally, limits of detection (LODs) achieved by tandem mass spectromet-
ric techniques have seen a huge improvement in the last few years. Newer and
more sensitive systems with innovative ionization sources have been recently
developed by several instrument companies. This has allowed decreasing
LODs for pharmaceuticals to even an order of magnitude in many cases, thus
permitting the identification of very low levels of these types of compounds in
environmental waters. Similarly, quantitative performance in terms of
dynamic range, linear response, and reproducibility generally covers three
orders of magnitude, thus making LC/MS-MS systems great tools for the
quantitation of pharmaceutical compounds in water samples.

As a general rule, LC/MS-MS analyses, using triple quadrupoles or linear
traps, can target hundreds of compounds in one single run once the methodol-
ogy has been optimized for each individual compound [21]. Often, these types
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of methodologies will require a lot of initial work for the optimization of the
best fragmentor voltages and collision energies for each analyte. Once the
method is optimized, low sensitivity levels can be achieved by monitoring
the characteristic transitions for each compound. However, sensitivity can
become an issue when targeting a large number of compounds, as well.
Another issue is that targeted LC/MS-MS methods usually do not take into
account potential metabolites or degradation products that may be also present
in the samples. These are some of the reasons why TOF techniques that oper-
ate in full spectrum have gained terrain on the identification of pharmaceuti-
cal compounds [22].

2.3 Quadrupole Time-of-Flight Mass Spectrometry Analysis
(Q-TOF-MS)

LC/MS employing accurate mass measurements has been proven as a success-
ful technique for quantitative analysis of target compounds and rapid qualita-
tive analysis of “unknown” environmental mixtures. One of the main reasons
that TOF has become so popular in the last few years is the fact that accurate
mass measurements are specific and universal for any kind of analyte and do
not depend on the type, brand, or specific instrumentation used. The degree of
fragmentation may vary depending on the instrument, but the specific accu-
rate mass value and/or accurate isotope information will be consistent for a
given analyte, no matter what type of ionization, collision-induced dissocia-
tion, and MS-MS fragmentation are used. Accurate mass determination
allows obtaining unique information for a given molecule, plus additional
information from isotopic patterns, mass defect, and specific fragment
ions [22].

Recently, LC/TOF-MS has been used for the unequivocal confirmation of
contaminants (including pharmaceuticals, pesticides, and surfactants) in a
variety of samples, such as water and sediments [26] by accurate mass mea-
surement of protonated molecules. Similarly, several authors have reported
accurate mass confirmation of pharmaceuticals in surface and wastewater
samples [45—49] and sediment and sludge [50] using TOF techniques. Detec-
tion of drugs in urine has also been one of the topics that have been widely
covered by LC/TOF-MS techniques [51-54]. In many of these studies, TOF
techniques were successfully used for the unequivocal identification of degra-
dation products and unknown compounds [16,55]. It is worth mentioning also
several applications of TOF mass analysis for the identification and confirma-
tion of metabolites or degradation products of pesticides and pharmaceuticals
in environmental samples [56—60].

In the last few years, major improvements such as sensitivity, mass accu-
racy, and resolving power have been achieved with LC/MS instruments,
mainly driven by competition between instrument companies. This improve-
ment on resolving power benefits analyses involving complex environmental
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matrices, by separating isobaric interferences from the contaminant signals of
interest. The improved resolution also facilitates the measurement of accurate
masses within 3 ppm, which is accepted for the verification of elemental com-
positions. Elemental compositions of contaminants and their fragment ions
clearly constitute higher-order identifications than those afforded by nominal
mass measurements.

Sometimes, a single stage time-of-flight mass analyzer (TOF/MS) gener-
ates valuable information by imparting enough energy into the [M+H]" ions
in the source region to cause fragmentation [22]. Some of these fragments gen-
erated by single-stage mass spectrometry can be used for the elucidation of
fragmentation pathways and/or identification of target compounds. But spe-
cific MS—-MS accurate mass measurements of fragment ions become particu-
larly important in the structure elucidation of non-targets and unknowns. In
this sense, the Q-TOF-MS-MS is unique among TOF instruments in its ability
to give accurate mass measurements (1-2 millimass units) of the fragment ions
that are ejected from the collision chamber. This is very useful when trying to
elucidate the identity of unknown or non-target compounds; the more fragment
accurate mass information one can get from TOF mass techniques, the better
understanding for the structural elucidation of a certain compound. The same
reasoning applies to the elucidation of possible degradation products or meta-
bolites. When knowing what the starting compound is, the information about
fragment ions and their accurate masses will play an important role in deci-
phering the chemical structure of the metabolite or degradation product.

Most published methods only include information on the exact mass of the
protonated or deprotonated molecule; a few report just one fragment ion per
compound. To our knowledge, no studies include also accurate mass informa-
tion of more than one fragment ion obtained by MS—-MS for a large number of
compounds (>80). Only recently, an extensive accurate mass library was
developed and commercialized by Broecker et al. [61] for more than 2500
compounds. Another study by our group compiled information on 100
pharmaceutical compounds including detailed data on fragment ions obtained
by a Q-TOF-MS instrument [62]. We also included a total of 16 different
metabolites for the most environmentally relevant pharmaceuticals. Accurate
mass information for each compound was obtained and compiled, as it is
shown in Table 1.

Another important tool that has made TOF one of the key methodologies
for identification of compounds is the existence of accurate mass databases,
as published extensively. An individual scientist can apply these universal
databases to each specific problem and then often get a correct identification
on the analyte of interest [63—65]. Other tools that are available with TOF
instrumentation, and will be discussed in this chapter, include the use of
molecular features, accurate mass filters, and isotopic mass defect and the
use of mass profiling to distinguish between control samples and positive
samples. Examples will be given for each one of these accurate mass tools.
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TABLE 1 LC/Q-TOF-MS Exact Masses for the Protonated and Deprotonated Molecules of 100 Pharmaceuticals and Their Main

Elemental
Compound Ret. Time (min)  Composition® [M+H]"  Frag.lon1 Frag.lon2 Frag.lon3 Frag.lon 4
1,7-Dimethylxanthine 6.3 C,HgN,O, 181.0720 163.0614 124.0505
10,11-Dihydroxy-carbamazepine ~ 12.9 Cy5H14NL053 271.1077  253.0972 236.0706 210.0913 180.0808
10-Hydroxy-carbamazepine 13.9 Ci5H14NL0, 255.1128  237.1022 194.0964
Acetaminophen 6.5 CgHoNO, 152.0706  134.0600 110.0600 93.0335
Albuterol 4.0 Ci3H21NO; 240.1594  222.1489 166.0863 148.0757
Ampicillin 10.4 Ci6H19N30,4S 350.1169  192.0478 160.0427 106.0651
Atenolol 4.2 Cy4H2N,05 267.1703  190.0863 225.1234 145.0648
Azithromycin 12.2 C35H72N201, 749.5158  591.4215 375.2615 158.1176
Bupropion 13.6 Cy3H5CINO 240.1150 184.0524 166.0418 131.0730
Caffeine 9.8 CgH10N4O; 195.0877  138.0662 110.0713 123.0427
Carbamazepine 17.2 Cy5H12NO 237.1022  194.0964 179.0730
Cefotaxime 12.9 Ci6H17N5075, 456.0642  396.0431 368.0482 324.0583
Cetirizine 16.3 C1H35CIN, O3 389.1626  201.0466 166.0777
Cimetidine 4.3 CioH16Ne6S 253.1230  159.0699 117.0481 95.0604
Ciprofloxacin 11.0 Cy7H15FN304 332.1405 314.1299 288.1507 231.0564
Citalopram 15.2 CooH21FN,O 3251711 262.1027 109.0448
Clarithromycin 16.0 C33HeoNO13 748.4842  590.3899 158.1176
o /




/
Clofibric acid®

20.3 Ci0H11ClIO3 213.0324  126.9956 85.0295
Clonidine 7.7 CoHoCloN; 230.0246  212.9981 44.0495
Cloxacillin 19.7 Ci9H18CIN3O5S 436.0728 277.0374 178.0054 160.0427
Codeine 7.0 CigH21NO3 300.1594  243.1016 215.1067 199.0754 165.0699
Cotinine 3.2 CyoH12N,O 177.1022  146.0600 98.0600 80.0495
Dehydronifedipine 20.5 Cq7H16N204 345.1081  284.0917 268.0968
Demethyldextrorphan 12.0 Cy6H21NO 2441696  201.1274 199.1117
Des-venlafaxine 11.3 Ci6H25NO, 264.1958  246.1852 201.1274 58.0651
Dextromethorphan 14.6 CygH,5NO 272.2009  213.1274 171.0804 147.0804
Dextrorphan 121 Cy7H,23NO 258.1852  201.1274 199.1117 159.0804
Diazepam 20.7 Ci6H13CIN,O 285.0789  193.0897 154.0418
Diclofenac 23.0 Ci4H11CILNO;, 296.0240  250.0185 215.0496
Digoxigenin 13.4 Cy3H3405 391.2479  373.2373 355.2268 337.2162
Digoxin 15.2 Ca1HesO1a 781.4369  651.3739 521.3109 391.2479
Dihydrocarbamazepine 17.1 Cy5H14N,O 239.1179  222.0913 194.0964 180.0808
Diltiazem 15.2 CaoH26N204S 415.1686  370.1108 178.0321 150.0372
Diphenhydramine 15.1 Cy7H21NO 256.1696  167.0855 152.0621
Enrofloxacin 11.5 Ci9H22FN303 360.1718  342.1612 316.1820 245.1085

-

/

Continued
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TABLE 1 LC/Q-TOF-MS Exact Masses for the Protonated and Deprotonated Molecules of 100 Pharmaceuticals and Their Main
Fragment lons—Cont'd

Compound Ret. Time (min)  Elemental Composition [M+H]"  Frag.lon1 Frag.lon2 Frag.lon3 Frag. lon 4
Erythro-hydrobupropion 13.7 C13H20CINO 242.1306  186.0680 168.0575
Erythromycin 14.6 Cs37He,NO 5 734.4685  576.3742 558.3637 158.1176
Erythromycin anhydrate 15.6 C37HesNO; 716.4580  558.3637 158.1176
Flumequine 18.1 Ci4H1,FNO;3 262.0874  244.0768 202.0299 174.0350
Fluoxetine 16.9 Cy7H48F3NO 310.1413  148.1121 117.0699 91.0542
Fluvoxamine 16.1 Ci5H21F3N,0, 319.1628  258.1100 200.0682 71.0491
Furosemide” 12.0 C1,H1:CIN,O5S 329.0004 285.0106 204.9839 126.0111
Gabapentin 6.5 CoH17NO;, 1721332 154.1226 137.0961 67.0542
Gemfibrozil” 25.0 Ci5H,05 249.1496  121.0659
Guaifenesin 12.7 CioH1404 199.0965 163.0754 151.0754 135.0804 125.0597
Hydrocodone 10.1 CigH21NO3 300.1594  243.1016 199.0754 171.0804
Hydroxy-bupropion 12.3 Cq3H3CINO, 256.1099  238.0993 166.0418
Ibuprofenb 23.6 Ci3H150, 205.1234 161.1336
lopromide 4.4 C1sH2415N304 791.8770  773.8665 572.7784
Ketoprofen 19.0 Ci6H1405 255.1016  209.0961 105.0335 77.0386
Ketorolac 19.7 Ci5H13NO3 256.0968 105.0335 77.0386
Lamotrigine 12.1 CoH;Cl,Ns 256.0151  210.9824 166.0292 58.0400
Lincomycin 8.7 C15H34N2065 407.2210  359.2177 317.2071 126.1277
- /




Lomefloxacin 11.2 Ci7H19F2N305 352.1467  334.1362 308.1569 265.1147

Mefenamic acid 24.6 Cy5H:5NO, 2421176 224.1070

Meprobamate 14.7 CoH15N,04 219.1339  158.1175 97.1012 55.0542

Metformin 2.3 C4H11Ns 130.1087  113.0822 88.0869 71.0604

Methadone 16.6 Cy1H,;NO 310.2165  265.1587 105.0335

Metoprolol 12.1 Ci5H25NO;3 268.1907  116.1070 56.0495

Metoprolol acid 9.4 C14H21NOy 268.1543  165.0546 145.0648 56.0495

Miconazole 19.2 CigH14CI4NL,O 4149933  227.0137 158.9763

2-N-Glucuronide lamotrigine 8.4 C;5H15CIoN504 432.0472  256.0151

Naproxen” 20.9 Ci4H1405 229.0870  185.0972 170.0737 169.0659

Norcitalopram 15.3 Ci9H19FNL,O 311.1554  262.1027 109.0448

Nordiazepam 18.5 C15H11CIN,O 271.0633  243.0684 208.0995 165.0214 140.0262

Norfloxacin 10.7 CreH1sFN30; 320.1405  302.1299 276.1507 233.1085

Norfluoxetine 16.7 CieH16F3NO 296.1257  134.0964

Ofloxacin 10.7 CigH20FN304 362.1511 344.1405 318.1612 261.1034

Oxacillin 19.2 Ci9H19N305S 402.1118  243.0764 160.0427 144.0444

Oxolinic acid 15.4 Ci3H11NOs 262.0710  244.0604 216.0291 160.0393

Oxcarbazepine 15.8 Ci5H12N,0, 253.0972  236.0706 210.0913 208.0757 180.0808
o _/

Continued
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TABLE 1 LC/Q-TOF-MS Exact Masses for the Protonated and Deprotonated Molecules of 100 Pharmaceuticals and Their Main

Compound Ret. Time (min)  Elemental Composition [M+H]"  Frag.lon1 Frag.lon2 Frag.lon3 Frag. lon 4
Oxycodone 9.4 CigH21NO4 316.1543  298.1438 256.1332 241.1097

Paroxetine 15.9 Ci9H20FNO; 330.1500  192.1183 70.0651

Penicillin G 16.9 Ci6H18N204S 335.1060 160.0427 176.0706 114.0372

Penicillin V 17.9 Ci6H18N205S 351.1009  160.0427 192.0655 114.0372

Phenytoin 17.1 Ci5H12N,0; 253.0972  225.1022 182.0964 104.0495

Primidone 12.7 C12H1aN,0, 219.1128  162.0913 119.0855 91.0542

Propranolol 14.4 Ci6H21NO; 260.1645  242.1539 218.1176 183.0804

Ranitidine 4.6 C13H2:N4055 315.1485  270.0907 224.0978 176.0488 130.0559
Roxithromycin 16.2 C41H76N2015 837.5318  679.4376 158.1176

Sarafloxacin 12.4 CaoH17FaN305 386.1311  368.1205 342.1412 299.0990

Sertraline 16.9 Cq7H17CILN 306.0811  275.0389 158.9763 129.0699

Simvastatin 26.9 Cy5H3505 419.2792  285.1849 243.1743 225.1638 199.1481
Sulfachloropyridazine 15.6 C10HoCINLO,S 285.0208 156.0114 108.0444 92.0495 130.0167
Sulfadiazine 9.9 CioH10N4O5S 251.0597 156.0114 108.0444 92.0495
Sulfadimethoxine 16.5 Cy2H14N4O4S 311.0809 156.0114 156.0768 108.0444 92.0495
Sulfamerazine 11.5 Ci1H12N4O,S 265.0754 156.0114 110.0713 108.0444 92.0495

o




/
Sulfamethazine 12.4 CqoH14N4O5S

279.0910  186.0332 156.0114  108.0444  124.0869

Sulfamethizole 12.7 CoH1oN405S, 271.0318 156.0114  108.0444 92.0495
Sulfamethoxazole 15.3 C1oH11N3055 254.0594 156.0114  108.0444 92.0495
Sulfanilamide 46 CeHsN20,5 173.0379  156.0114 108.0444 92.0495
Sulfathiazole 10.6 CoHoN30,5, 256.0209 156.0114 108.0444 92.0495
Thiabendazole 8.8 CroH5N3S 202.0433  175.0324  131.0604 92.0495
Tramadol 1.1 Cy6H25NO, 264.1958  246.1852 58.0651

Triclocarban 25.6 C13HoCl5N,0 314.9853  161.9872 128.0262 127.0183
Trimethoprim 10.4 Cy4H15N405 291.1452  261.0982  230.1162 123.0665
Tylosin 15.0 CaeH77NO; 5 916.5264 772.4478  174.1125

Venlafaxine 13.5 Cy7H2,NO, 2782115  260.2009  215.1430 58.0651
Virginiamycin 18.4 CasH35N50; 526.2548 508.2442  355.1288  109.1012
Warfarin 21.4 CroH1604 309.1121  251.0703 163.0390  121.0284

All exact masses have been theoretically corrected.
“Elemental compositions correspond to neutral molecules.
bCompounds detected in negative ion mode [M—H]~.
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3 TARGET ANALYSIS OF PHARMACEUTICALS: LOW-LEVEL
DETECTION AND CASE STUDIES

3.1 Establishment of a Selective Target List for Low-Level Work

The development of a multiresidue method for the analysis of a large group of
pharmaceuticals was carried out by our group [15]. The implementation for
this method consisted of the analysis of 70 analytes and 18 labeled internal
standards, which are a mixture of pharmaceuticals and personal care products
that are currently analyzed by LC/MS-MS. In our work, we addressed some
of the analytic issues encountered, such as degradation of some compounds
in solvent mixtures and assignment of a second transition for MRM transitions
for additional mass spectrometry quality assurance. The main goal of this
work was to show the usefulness of this method for generic screening and
monitoring of pharmaceuticals in water and wastewater. This method was
applied initially to the analysis of several drinking water, surface water, and
wastewater samples from several locations in Colorado, United States. Sur-
prisingly, only 8 out of the 70 compounds were consistently found in environ-
mental water samples: caffeine, carbamazepine, clarithromycin, diltiazem,
diphenhydramine, erythromycin, sulfamethoxazole, and trimethoprim, which
were confirmed with two MRM transitions. Concentrations ranged from
5 to 1200 ng/L. These samples are representative of several inputs of waste-
water contamination. One drinking water sample was also analyzed and gave
a positive hit for carbamazepine, a common antiepileptic and antidepressant
prescribed drug.

Since then, we have refined our target methods using triple quadrupole
mass spectrometry for a subset of 20 compounds that are regularly found in
surface and wastewater samples. The pharmaceuticals chosen for LC/MS-MS
analysis met three criteria. First, the compounds posed health concerns that
merited their monitoring. Second, the compounds are not removed through
wastewater treatment processes, since WWTPs were hypothesized as the
major source of pharmaceuticals in surface water samples. This means that
the compounds should not be degraded rapidly by bacteria nor adsorbed to
the sediments and sludge of the WWTP. Third, the compounds should be
measurable and accurately detectable by modern mass spectrometry techni-
ques at the trace levels that have been reported in the environment [2].
A few of the compounds on the list were included to determine the impacts
of recreational activities and septic systems. For example, the presence of
caffeine, and sucralose, while a by-product in WWTP effluent, could also
indicate human impacts from recreational activities. Sucralose is an artificial
sweetener and its presence in water not only occurs in WWTP effluent but
also may be a result of people directly discarding portions of their artificially
sweetened drinks into the water. Similarly, the presence of caffeine in water
could be the result of discarding unfinished caffeinated beverages directly into
the water.



Analysis of Pharmaceuticals in Waters 107

Table 2 shows a list of the analytes selected for low-level detection,
including the LODs for surface water samples. Most of the compounds
included in this list do not have any aquatic life or drinking water quality stan-
dards associated with them. In fact, many of the drugs and pharmaceuticals
are normally consumed at levels that are many orders of magnitude higher
than the part-per-trillion levels detected in water. However, waters flowing
through our environment and being used as drinking water supplies may be
of higher concern, particularly since the potential interactive effects (such as
synergistic or antagonistic toxicity) that may occur from complex mixtures
of these compounds in the environment are unknown. Additionally, some
compounds, particularly the endocrine disruptors, can produce harmful effects
even at very low concentrations [66].

3.2 Case Study: Analysis of Pharmaceuticals in WWTP Effluents

In Colorado, Northern Water, a public agency created in 1937, provides water
for agricultural, municipal, domestic, and industrial uses to an eight-county
service area with a population of about 830,000. Northern Water and the
US Bureau of Reclamation operate the Colorado-Big Thompson (C-BT) Proj-
ect, which collects water on the West Slope and delivers it to northeastern
Colorado through a 13 mile tunnel beneath Rocky Mountain National Park.
The C-BT Project annually delivers an average of 213,000 acre feet of water
to northeastern Colorado. Water is provided to many cities and several smaller
communities, rural and domestic water districts, and local industries.

As explained previously, emerging contaminants are a growing concern to
human health and the environment, particularly in drinking water supplies.
Our lab was involved in the analysis of pharmaceuticals for ~130 water sam-
ples collected over a 3-year time period from November 2008 until November
2011. The samples were analyzed for the selected pharmaceuticals as men-
tioned in the earlier section. The monitoring program included 21 sites
throughout the C-BT Project and South Platte River tributaries. The program
also evolved to include more sample events during the year.

In order to better understand contributions from WWTPs, a baseline of
compounds was established by collecting and analyzing samples from various
effluents. This analysis was not conducted to pinpoint the source of contami-
nants to a specific WWTP, as there were several in the study area, but rather
to pinpoint what compounds were unique to the study area. The effluents sam-
pled were considered to be representative of WWTP discharges in the area
and were later used to help identify which contaminants to look for at the
sampling sites downstream of WWTPs.

The WWTP effluent samples collected were analyzed using the low-level
LC/MS-MS method described in Section 3.1. Eighteen of the 20 compounds
on the low-level list were detected, many with concentrations in the 1000s and
100s of ng/L range, which is typical of WWTP effluents [2]. Table 3 shows



TABLE 2 MRM Transitions and MS Operating Parameters Selected for the Analysis of the Selected Group of Pharmaceutical

Compounds

Compound Fragmentor Voltage MRM Transitions (m/z) Collision Energy (eV) LOD (ng/L)

Acetaminophen 90 152>110 15 5
152>65 35

13¢C,-"*N-acetaminophen 90 155> 111 15
155> 93 25

Atenolol 110 267>190 15 5
267 >145 20

Bisphenol A 120 227>212 15 20
227>133 25

Bupropion 80 240>184 5 1
240>166 10

Caffeine 110 195>138 15 10
195>110 25

13C;-caffeine 110 198> 140 15
196> 112 25

Carbamazepine 120 237>194 15 2

-




-

237>179 35

Carbamazepine-d;o 120 247> 204 15
247> 202 35

Clarithromycin 110 748.5>590 15 2
748.5>158 25

Cotinine 90 177>98 25 5
177 >80 25

Cotinine-ds 90 180> 80 25
180> 101 25

Diltiazem 130 415>178 25 5
415>150 25

Diphenhydramine 70 256>167 15 5
256>152 35

Erythromycin 90 734.5>576 15 10
734.5>158 35

13C,-erythromycin 90 736.5> 160 25
736.5>578 15

Gemfibrozil 70 249>121 5 5

Gemfibrozil-d, 70 255> 121 5

N

J

Continued



TABLE 2 MRM Transitions and MS Operating Parameters Selected for the Analysis of the Selected Group of Pharmaceutical
Compounds—Cont’d

Compound Fragmentor Voltage MRM Transitions (m/z) Collision Energy (eV) LOD (ng/L)

Lamotrigine 120 256>211 25 5
258>213 25

Metoprolol 110 268>116 15 1
268>56 30

Propranolol 120 260>116 15 1
260>56 30

Sucralose 110 419>221 15 15
419>239 15

Sulfamethoxazole 80 254>156 10 5
254>92 30

13C4-sulfamethoxazole 110 260> 162 15
260> 98 25

Triclosan 70 287>35 5 20
289>37 5

13Cy s-triclosan 75 299> 35 5

-




Trimethoprim 110 291>230 20
291> 261 25

13Cs-trimethoprim 110 294> 233 20
294> 264 25

Venlafaxine 90 278>260 5
278>58 15

The labeled standards are shown in italics.
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TABLE 3 Concentrations (in ng/L) for Pharmaceuticals Found in Two h
Representative Wastewater Effluent Samples in Northern Colorado in 2010
Compound WWTP Eff-1 WWTP Eff-2
Acetaminophen <5 <5

Atenolol 1515 160
Bisphenol A <20 <20
Bupropion 756 74.6
Caffeine 336 393
Carbamazepine 368 114
Clarithromycin 2877 68.3
Cotinine 48.0 49.3
Diltiazem 494 <5
Diphenhydramine 2000 5.6
Erythromycin 793 139
Gemfibrozil 2881 370
Lamotrigine 456 266
Metoprolol 2535 9.9
Propranolol 286 <1

Sucralose 45,100 29,096
Sulfamethoxazole 1261 133

Triclosan 856 777
Trimethoprim 1531 15.3
Venlafaxine 547 129

the concentrations for these compounds from two wastewater effluents. The
“<” values listed on this table indicate that the compound was not detected
above the reporting limit; the value is set equal to the reporting limit. It is
clear from these preliminary data that the selection of the targeted list was
successful, as 90% of the compounds selected for monitoring were found in
these samples.

3.3 Case Study: Analysis of Pharmaceuticals in Surface Waters

Now that a baseline was established for the type of compounds detected, a
more specific monitoring program was carried out in the same area. Most of
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FIGURE 1 Concentrations for the pharmaceuticals found in a wastewater treatment plant
(WWTP) effluent and 1 mile downstream of the WWTP. Graph has been rescaled for sucralose
due to higher concentration for this compound (45,100 pg/L).

the sampling sites for surface water were located downstream of one or more
WWTPs. Samples downstream (~1 mile) of the WWTPs were collected and
analyzed using the same method in order to assess the impact of these effluents
on surface water. Concentrations of the compounds present at the WWTP site
were considerably lower at the downstream site due to dilution, but the low-level
analysis was sensitive enough to capture any compound that would be of con-
cern at other sampling sites further downstream (see Figure 1). As it can be seen
in this figure, the concentrations for most of the compounds decrease by a factor
of at least two, with most of them decreasing by a factor of 10, except for two
compounds: caffeine and cotinine. These two compounds were present at a sim-
ilar concentration in the downstream site compared to the WWTP site.

These results showed that effluent from WWTPs is the probable source of
many of the pharmaceuticals found in the downstream surface waters. In many
cases, the sampling sites influenced by the WWTPs may not show a strong cor-
relation to the WWTP effluent due to the large distances between the WWTP
and the sampling site and the presence of significant diluting flows. As
expected, the influence of WWTP effluent is more apparent at the sites closest
to points of discharge and decreases as the water moves through the system.
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Most of these discharges are significantly diluted as they are mixed with reser-
voir water and the influence is insignificant at downstream sampling sites.

This study constituted a baseline study for pharmaceuticals in wastewater,
surface water, and drinking water sources and represents an important first
step in monitoring these compounds in the environment in this specific area.
It is important to reach as low of a concentration level as possible, while still
maintaining quality control and accuracy, to develop baseline information for
future studies and an excellent long-term monitoring program.

It is important to keep in mind the meaning of low-level pharmaceuticals
when looking at the results presented in this study. Two things have happened
over the past decade. First, the instruments and methods of isolation for phar-
maceuticals have been improved so that it is possible to monitor these com-
pounds at the nanogram per liter concentration level compared to a
microgram per liter concentration level. This low level of detection means that
there will be some detections of the more commonly used drugs and to a lesser
extent the endocrine disruptor compounds (such as bisphenol A and triclosan),
as they are more difficult to measure at the nanogram per liter level. Secondly,
the biological importance of these low-level detections is poorly studied at this
time. Generally, biological study lags behind the analytical methodology; thus,
one should exercise caution in interpreting the low-level detections. When the
concentrations of the pharmaceuticals are detected at microgram per liter levels,
there is more concern, since these are the levels that have been studied in the
recent past for biological effects in aquatic life [66].

4 NON-TARGET ANALYSIS OF PHARMACEUTICALS

Up to now, we have seen examples of analysis for the most commonly used
technique for detection of pharmaceutical compounds, which is tandem mass
spectrometry using LC/MS-MS. However, as mentioned in Section 2, TOF
mass techniques have become quite popular in the last few years, thus allow-
ing to detect, quantify, and discover new metabolites and degradation pro-
ducts of pharmaceutical compounds. In the next two sections, some
examples will be given for the major findings, using the diverse tools that
LC/TOF-MS techniques offer.

4.1 Discovery of New Metabolites by TOF Techniques

After analyzing a large number of samples, we have come up with some find-
ings (new compounds detected and new metabolites) that were worth men-
tioning here and this is the reason that these compounds were included in
previous data sets [62]. Identities of compounds were based on retention time
and accurate mass of the protonated/deprotonated molecules and their frag-
ment ions. MS-MS acquisition was performed on those cases where a new
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compound or metabolite was discovered. For example, a new finding was the
anticonvulsant (also used as antidepressant) lamotrigine and its
N2-glucuronide found in wastewater, surface water, and even groundwater
samples [16]. To date, no other environmental reports of this pharmaceutical
and/or metabolite were reported in the literature. This compound is frequently
detected in water samples (as shown in the earlier section) and at high concen-
trations, suggesting that it is replacing the “older” anticonvulsant drugs
(carbamazepine, citalopram, and fluoxetine) prescribed for human intake.
Other findings include metabolites of already well-known drugs such as
bupropion, carbamazepine, and venlafaxine, to mention a few. These are
important findings as the metabolite concentrations often exceed the parent
compound concentration. Figure 2 shows an example of a common detected
drug (metoprolol) and its newly identified acid metabolite in a surface water
sample. The MS—-MS experiments at 30V revealed the most important frag-
ments of this metabolite (as shown in the inset spectrum). This finding shows
that it is possible to fully identify a new metabolite without the need of a stan-
dard. Figure 3 shows the complete pathway fragmentation for this compound
and shows how the accurate masses obtained in the MS-MS experiment
(shown in Figure 2) match very closely with the calculated exact masses.

4.2 Accurate Mass Tools for Identification of Pharmaceuticals
and Metabolites

4.2.1 Molecular Features

For many years, the use of reverse-search methods for gas chromatography/
mass spectrometry (GC/MS) has made it possible to search large National
Institute of Standards and Testing (NIST) pesticide libraries in minutes [67].
Unfortunately, similar reverse-search methods have not been available for
LC/MS for two reasons. First, the single quadrupole and triple quadrupole
mass spectrometers do not operate in full scan mode for pesticide screening
because of a lack of sensitivity [68]. Secondly, although libraries for LC/MS
three-dimensional ion trap have been made, they have not been popular
due to difficulties in reproducibility of fragmentation and the need for authentic
standard analysis for each instrument [69-71]. So, the only approach that uses
full spectrum information is liquid chromatography/time-of-flight mass spec-
trometry (LC/TOF-MS), which is both sensitive and accurate [72], but uses
only the accurate mass of the [M+H]" ion. The combination of accurate mass
and sensitivity is needed for screening compounds by their molecular formula.

The molecular feature extraction (MFE) software compiles accurate mass
ions, excludes background noise, and plots extracted ion chromatograms of
the most intense peaks found in a chromatogram. So a molecular feature is
defined as a discrete molecular entity defined by combination of retention
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FIGURE 3 Fragmentation pathway for metoprolol acid metabolite.

time, mass, and response in an LC/MS analysis. In general, MFE operates on
raw mass spectral data generating lists of chemically qualified molecular fea-
tures (while background is removed, interferences are resolved, and isotopic
clusters and molecular adducts are recognized). The screening criteria usually
consist of +5 ppm accurate mass window, £0.2 min retention time window,
and a minimum of 10000 counts (signal to noise of ~10:1) for moderately
complex samples. The ions are grouped by entities that include common
adducts (sodium, ammonia, etc.) and isotope clusters.

Usually, by following this approach, a total of 20009000 features are
found in a chromatogram of a water sample. One can generate as many molec-
ular formulas as wanted and from there one can try to elucidate the chemical
structure. But, the most common approach is to compare the data obtained to
a known database to try to match as many compounds as possible. This
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approach is explained in Section 4.2.2. Strengths of the MFE include rapid
screening of hundreds of compounds at sensitive levels compared to a manual
approach and the simplicity of use of the library for any accurate mass spec-
trometer instrumentation capable of routinely measuring sub 5 ppm mass
accuracy.

4.2.2 Accurate Mass Databases

The pioneer efforts to search data using an accurate mass database were made
by several authors, such as Thurman et al. [73], Bodeldijk et al. [74], and Laks
et al. [75]. For example, Thurman et al. [73] used an approach of TOF, ion trap,
and the Merck Index database to identify pesticides in food and also degrada-
tion products, without the initial use of primary standards. Bobeldijk et al. also
used the Merck Index, the NIST library, and their own database to screen water
pollutants [74]. The methods in these examples rely on manually searching the
databases, compound by compound. Recently, several papers have extended
this approach and have been published [54,75] that use mass accuracy of
30 ppm and database analysis to identify ~600 drugs in blood and urine with-
out the use of primary standards, using only the protonated molecule.

In spite of the progress that has been made, the ability to do true library
analysis is still a problem to be solved for LC/MS and for rapid analysis of
environmental samples. The problems to be overcome include reproducible
spectra and ion ratios, routine programs for rapid screening of samples rather
than manual checking of data, and some estimate of the probability of the cor-
rect identification. Variation in fragmentation intensity is not critical with the
use of accurate mass since the accurate mass of the fragment ion gives
its molecular formula. In fact, accurate mass measurements are specific
and universal for every target analyte regardless the instrumentation used.
Usually, unambiguous identification is accomplished by means of accurate
mass measurements from (de)protonated molecules, fragment ions, and
isotope intensity/signature matching. Thus, the accurate mass database
approach is a screening tool and it is powerful and fast because only the
molecular formula is needed.

The approach most commonly used is called “reversed database search” in
which a total ion chromatogram is searched for ions included in the specified
database. Databases usually contain information of the monoisotopic exact
mass of the MH™, at least one product ion, and retention time of the com-
pound. This automatic screening method requires a thorough full optimization
of the accurate-mass window used and retention time (always optional) toler-
ances, which play an important role on the selectivity, accuracy, and success-
fulness of the whole procedure. In this way, and by running a commercial
database, we verified the presence of one of the metabolites of dextromethor-
phan, also known as dextrorphan, in a surface water sample impacted by a
wastewater source.
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Figure 4 depicts an excerpt of the automated generated report of a database
search for a surface water sample analyzed by LC/Q-TOF-MS. The analyte
identified was dextrorphan, a phase I metabolite of the cough suppressant med-
ication that contains dextromethorphan. It is important to note the high score
obtained for this particular hit. This score is a combination of mass accuracy,
isotope intensity, and isotope matching. Also, as shown in the figure, a good
mass accuracy (with an error below 2 ppm) was obtained for this identification,
thus confirming the presence of dextrorphan in the sample. Again, in this case,
no standard had been analyzed by this instrument when this finding was made,
so a pure standard was purchased, analyzed, and verified this positive identifi-
cation in a water sample. This shows again the power of TOF techniques for the
discovery of new metabolites in environmental samples.

4.2.3 Accurate Mass Filters and Isotopic Mass Defect

Chlorine appears in many pesticides and pharmaceutical products that are
important to environmental analysis. Because chlorine contains two isotopes,
CI?® and CI%7, there is a distinctive A+2 isotope pattern that is generated by a
single chlorine atom in a molecule. Furthermore, there is an isotopic mass
defect that occurs with chlorine-37 that makes the identification of chlorine
in a molecule relatively easy [76]. More than one chlorine atom in a molecule
generates an A+2 and A+4 isotopic pattern, which is characteristic and com-
monly shown in all mass spectrometry books as a key to compound identifi-
cation of chlorinated compounds [77]. In this sense, a chlorine mass filter
was developed by our group [78]. The chlorine mass filter is used to screen
both LC/TOF-MS and LC/QTOF-MS data files in order to discover com-
pounds that contain chlorine. The chlorine filter uses MassHunter software
to generate formula of chlorine-containing compounds.

An example is given for a wastewater sample. The initial identification of
lamotrigine, a nonreported antidepressant pharmaceutical to date, in water
samples was accomplished using the mass defect filter that looked for chlori-
nated analytes in the extract of a wastewater sample after LC/TOF-MS analy-
sis in MS-only mode. The mass defect filter essentially looks at the accurate
mass of the monoisotopic mass of an analyte and the A+2 isotopic mass. Both
the intensity and the accurate mass are used to detect chlorinated compounds
using the mass defect filter. In the case of lamotrigine, the chlorine filter
detected a peak at 13.7 min with a mass of m/z 256.0153 and an A+2 isotope
with a mass of m/z 258.0122 and an intensity of 66% (see Figure 5). The mass
defect filter showed that the A+2 peak had a relative isotopic mass defect
of —0.0030 u, indicating a chlorinated compound with two chlorine
atoms [76]. The second step after the mass defect filter was to determine
the molecular formula of the unknown chlorinated compound. The best fit
for the ion formula was CoHgCl,N5 with a match of 99 out of 100 based on
MassHunter software, which evaluates the accurate mass of the A ion, the
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isotope intensity matching, and isotope spacing (also called the isotopic mass
defect) or accurate mass of the isotopes. The neutral formula, CoH,Cl,N5, was
then run through a forensic database for a formula match and gave lamotrigine
as its only formula. When the formula was put through a much larger data-
base, ChemSpider, the match was for 65 compounds; however, there were
only 13 patented structures and only 1 compound was listed in Wikipedia-
available article and that was lamotrigine. A quick read showed that this com-
pound is the number three most used bipolar medication in the United States
at this time; thus, it was given the most likelihood of a correct identification.
Later on, a standard was purchased and the identification was verified [16].

The combination of mass accuracy, database matching, and identifying a
fragment ion shows the power of using the chlorine mass filter to find and
identify trace chlorinated substituents in water samples impacted by wastewa-
ter. This approach works really well for complex water matrices by identify-
ing specific chlorinated compounds, which in turn could be potential
metabolites from known target analytes.

4.2.4 Accurate Mass Profiling

Urine metabolic profiling combined with LC/QTOF-MS was used to find and
identify the metabolites of dextromethorphan, a common over-the-counter
(OTC) cough suppressant [17]. Chromatograms of both blank urine and urine
taken 4 h after ingestion of dextromethorphan were compared using Mass Pro-
filer software. The software first analyzes all groups of ions (known as features)
in the chromatogram of both samples and compiles this into a database. Three
replicates of each sample are taken and averaged. Next, the software compares
the two samples looking for features that are unique to the dextromethorphan
urine (Figure 6). The comparison resulted in 27 features (in red or dark gray)
that were unique to this sample and 136 individual ions. Ions at the same reten-
tion time, for example, 15.7 min, are usually the same fragment ions of a
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feature. Using this approach, seven new glucuronide metabolites were identi-
fied, as well as dextrorphan and N-demethyldextrorphan. Four of these com-
pounds are reported in the pharmaceutical literature [79—82]. The metabolites
are dextrorphan and N-demethyldextrorphan and glucuronides of each of these
two compounds. The calculated exact masses for each of these compounds
were extracted from the total ion chromatogram of the positive urine sample
and compared to the measured masses. The measured masses for the protonated
molecule of each compound varied from 0.1 to 0.3 mmu, which is 1 ppm mass
accuracy or less for all targeted compounds. The rest of the metabolites had
never been reported in the literature before.

4.2.5 Metabolic Analogy

An interesting approach to identify metabolites in water samples is the use of
a metabolic analogy. Diagnostic ions, which are chemical structures that are
common of a specific class of compounds, can be used to detect chemically
related compounds in a sample. This approach was used by Writer
et al. [83] to detect a series of known metabolites of carbamazepine and
new metabolites for bupropion in wastewater samples. The extracted ion
chromatograms for bupropion and its metabolites, erythro-hydrobupropion,
threo-hydrobupropion, and hydroxy-bupropion, are shown in Figure 7A. The
erythro and the threo metabolites are isomers and almost coelute in a
chromatographic run of 30 min. This figure shows how sometimes metabo-
lites are more important and abundant than the parent compounds.
Figure 7B shows the corresponding mass spectrum for each metabolite.

5 CONCLUSIONS

Pharmaceuticals are ubiquitous in many water sources, including surface
water, groundwater, and wastewater. Two main methodologies involving
LC/MS are commonly used for the detection of low level of pharmaceuticals
in water samples. A tandem mass spectrometry approach (LC/MS-MS) is
usually applied for the detection of a group of target compounds. On the other
hand, TOF-MS analyses using LC/Q-TOF-MS proved to be very successful
for the discovery and identification of new pharmaceuticals and related meta-
bolites. Several tools using accurate mass analysis, such as molecular features,
database searching, chlorine filters, and metabolic profiling, were highly use-
ful in the identification of several pharmaceutical metabolites. Wastewater
treatment plants were identified as the major sources for pharmaceutical
occurrence in surface water, and analyses of downstream and upstream sam-
ples allowed comparing the presence and degradation or dissipation of
selected analytes. Analytical techniques using tandem mass spectrometry for
target analysis and TOF for non-target and screening purposes are comple-
mentary and can be applied successfully for the identification of pharmaceu-
tical compounds in water samples.
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1 INTRODUCTION

Pharmaceutically active compounds (PhACs) have an important role in
treatment and prevention of diseases in both humans and animals. After the
administration, they are excreted from the body as a parent compound and/or
as their metabolite and released into influents of municipal wastewater
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treatment plants (WWTPs). They are only partially eliminated in such plants,
which brings to their release into the environment via effluents or sewage
sludge. The degree of removal and biodegradation of PhACs during wastewa-
ter treatment (WWT) varies considerably, depending on their physicochemi-
cal properties. In terms of soluble PhACs, transfer to sludge is only of
minor concern. Strongly hydrophobic (lipophilic) and not readily biodegrad-
able compounds are retained in the sludge. Most pharmaceuticals used for
human treatment are not biodegradable [1]. Furthermore, PhACs used in vet-
erinary medicine end up, after excretion by animals, in manure. Treated sew-
age sludge is often disposed of on agricultural land because of its fertilization
value similar to that of manure from farms. Since veterinary drugs tend to end
up in manure, either of the earlier-mentioned products have a strong potential
to introduce PhACs and contaminate soil, surface, and groundwater [1-4]. In
addition, surface water receiving effluents from WWTPs contaminated by
PhACs may lead to contamination of sediment, another solid matrix that
requires monitoring of pharmaceuticals. Also, effluents from WWTPs are
used for facilitation of the ecological flow in wetlands and for irrigation of
farm areas thus introducing PhACs in the soil compartment [5]. As a result,
pharmaceuticals are found in different environmental compartments (surface
water [6], sediment [7], and soil [8]).

Therefore, analysis of solid environmental matrices is of importance
in assessing pharmaceuticals’ fate and behavior in the environment. Sampling
is the first activity in sample analysis, often underestimated, but significantly
contributes to the overall uncertainty of the final results. Since environmental
matrices, especially solid samples, are very heterogeneous, their heterogeneity
is the main source of this uncertainty. Therefore, obtaining representative
samples is one of the most important aspects of monitoring campaigns and it
ensures valid test results [9]. Furthermore, the four dimensionality (time being
the fourth dimension) of solid environmental samples should be regarded
during the preparation of sampling protocols. The final step in analysis of solid
environmental samples is usually based on chromatographic techniques (liquid
chromatography (LC) or gas chromatography (GC)) hyphenated to mass
spectrometry (MS). The major difference, in comparison with water sample
analysis, is associated with the tedious sample preparation step.

2 TRANSPORT AND FATE OF PhACs IN SOLID MATRICES

Sediments originate from processes of weathering and erosion of minerals and
soils and are transported down the river to the coast where they are discharged
to seas and oceans. In lowland areas where the river flow rate declines, trans-
ported sediments settle along the riverbanks and beds through the sedimenta-
tion process. Sediments are, like the water, a highly dynamic part of river
systems.
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Emission of anthropogenic substances to the surface water as a result of
different human activities can cause rapid deterioration of the sediment qual-
ity. Depending on pollutant properties, these substances could accumulate in
sediments and reflect the history of the pollution in a respective river basin
[10,11]. After entering into water, PhACs are distributed to water phases, sus-
pending particles and sediments depending on their physicochemical proper-
ties [12]. Water-soluble compounds are presented in the water phase in
dissolved forms, while the hydrophobic ones are absorbed by particles in
water. With particle dropping, PhACs enter into the sediment. The water tem-
perature, salinity, and pH value could impact adsorption and desorption pro-
cesses, while the water flow velocity, particle size and shape, and the river
bed morphology could affect the particle dropping [10,12]. Therefore, trans-
port of PhACs could be very different in different river systems. In water
where stream is rushing, PhACs may travel long distances. On the contrary,
in stable water with little disturbance, PhACs are easily sedimentated not
far away from the place where they enter the aquatic environment [12]. Parti-
cles dropped into the sediment may be suspended into the water again due to
various water disturbances, which leads to the second water pollution. Conse-
quently, organic pollutants may be transferred a long way from the discharge
point through the repeated sedimentation-suspending process [10,12]. Because
of the sediment ability to transport and accumulate contaminants and release
this historical contamination, contaminated sediments remain potential
sources of adverse effects on the surface and groundwater.

Sewage sludge is, besides the effluent, the end product of WWTPs and
could be used for land application as a nutrient source (supplying nitrogen
and phosphate) or soil conditioner (improving the organic matter content,
water-holding capacity, or structure) [10]. However, lipophilic and not readily
biodegradable compounds are retained in the sludge where they are accumu-
lated. Consequently, sludge is a potential source of substances such as heavy
metals and organic compounds that are harmful to humans and animals and
entail potential adverse effects on the environment [1,9]. After application
of sewage sludge or manure contaminated with PhACs to soil, these com-
pounds could reach deeper soil layers or the groundwater through the runoff
and leaching, which depends on several factors: washout of soil particles with
precipitation (soil erosion), the proportion of soluble organic substances, and
the solubility of compounds [13].

Besides the physical transport of PhACs in the sediment and soil, PhACs
are subjected to several other processes that can lead to their elimination in
the environment and consequently to a loss of their pharmacological activity.
These processes refer to adsorption/desorption, degradation by chemical reac-
tions (abiotic degradation)—including photolysis, hydrolysis, and oxidation—
and biotic elimination through bioaccumulation and microbial degradation
[14,15]. Photodegradation is only likely to occur in the top layer of the soil
surface and after plowing of agricultural fields when sorbed PhACs are
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exposed to sunlight. Despite the fact that the degradation rate in soil is lower
than in aqueous solutions, photochemistry could be a significant degradation
path for otherwise chemically resistant PhACs (such as fluoroquinolones
(FQs)) [16].

With respect to highly water-soluble pharmaceuticals, adsorption is not a
significant elimination process. These pharmaceuticals are mobile and tend to
leach through the soil into the groundwater. Unlike highly water-soluble
pharmaceuticals, hydrophobic compounds strongly sorb to solid matrices and
tend to accumulate. The sorption of pharmaceuticals to the soil or sediment
includes different mechanisms. The most important ones are sorption to organic
matter, surface adsorption to mineral content, ion exchange, complexation with
metal ions (Ca®", Mg>", Fe®>", or AI’"), and H-bonding [15]. Depending on a
species, interactions with soil can occur through electrostatic attraction, surface
bridging, hydrogen bonding, or hydrophobic interactions [17]. Apart from
surface adsorption, diffusion into porous soil particles also contributes to
PhAC:s elimination. Compounds adsorbed to the surface of the particles possess
exchanging properties that constitute a reversible adsorption part, whereas com-
pounds entering to the interior of the particles form an irreversible adsorption
part [12].

The degree of sorption mainly depends on PhACs physicochemical proper-
ties (Ky4, Koc, Kow, and pK,), the type of solid matrices (content of organic mat-
ter and soil minerals), and environmental conditions (pH and temperature). The
distribution of chemicals between the solid and water phase is described by
means of a soil-water partition coefficient K defined as a ratio of the chemical
concentration in the sorbent and in the water at equilibrium. As far as hydropho-
bic compounds are concerned, K4 varies depending on the organic carbon con-
tent, and hence, application of the organic carbon-normalized partition
coefficient (Koc) approach is recommended for prediction of the environmental
fate [14,15]. Furthermore, Koc values are easily derived from the octanol-
water partition coefficient (Kow), which describes chemical lipophilic or
hydrophobic properties [18]. The degree of sorption for different PhACs varies
to a great extent. These variations could not be explained only by variation in
the soil organic content. The sorption and consequently accumulation of anti-
biotics in solid matrices are firmly governed by the ionization property of
numerous PhACs with pK, values within an environmentally significant pH
range [19]. The Kow coefficients of ionizing compounds change considerably
in the pH range around the acid dissociation constant (K,). As a consequence
of the PhACs’ ionization ability, they are present in the environment as nega-
tive, neutral, zwitterionic, and positively charged species with a different ten-
dency of sorption to solid matrices [17]. For example, the adsorption
coefficients (K4) of sulfonamides increase as the soil pH decreases due to the
ionization of amphoteric sulfonamides [20]. At pH values 8-9, acidic pharma-
ceuticals (such as ibuprofen (IBF) and diclofenac) appear as anionic species
while basic pharmaceuticals (such as sulfamethazine) are positively charged.
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Therefore, it is expected that the sorption would be weak due to electrostatic
repulsion from the charged functional groups in the sludge and sediment [5].
Except by the pH value, PhACs’ sorption onto solid matrices is influenced by
ionic strength as shown for tetracyclines (TCs) since they form reversible com-
plexes with multivalent cations [20]. TCs have three pK, values: they always
possess a local charge and are zwitterionic at an environmentally relevant pH.
As a consequence thereof, TCs may interact with cationic and anionic sites in
soil. Despite their hydrophilic property (polar structure) and potential biode-
gradability, they are widely detected in solid matrices. This could be explained
by the fact that TCs complexate with divalent metal ions (e.g., magnesium, cal-
cium, and ferric ion) and therefore accumulate in the sediment or in solid frac-
tion during WWT [5,19,21]. Three major mechanisms are proposed for TCs’
sorption [20]: complexation with divalent cations, ion exchange, and hydrogen
bridging from acidic groups of humic acids to polar groups of the TCs. The
most prescribed FQs worldwide, ciprofloxacin and ofloxacin, are frequently
detected in solid environmental matrices. FQs have two pK, values and exist,
within an environmentally relevant pH range, mostly as zwitterions that favor
their hydrophobicity [5]. High FQ concentrations in solid samples could be
related to their high potential to chelate with cations and to bind to solid
matrices [22].

3 OCCURRENCE OF PhACs IN SOLID SAMPLES

The discussed sources and fate of PhACs result in detectible concentrations in
soil, sediment, and sludge. The number of papers dealing with investigation of
PhACs occurrence, fate, and behavior in solid environmental matrices has
gone up in the last year, but such papers are still less numerous in relation
to those dealing with aqueous matrices. When investigating the fate of PhACs
in WWTP, most studies focus only on the aqueous phase (influent and efflu-
ent) although screening of sewage sludge can show that PhACs are persistent
in this matrix. This is probably due to demanding efforts and the tedious sam-
ple preparation step in the analysis of this complex matrix. Anyhow, sewage
sludge is the most widely investigated solid sample. The amounts of PhACs
found in solid environmental samples are different and range from those
below the limit of detection (LOD) to several milligrams/kilograms (Table 1).

Recent investigation of sludge samples from three conventional WWTPs
in Spain has revealed accumulation of 21 PhACs out of 43 analyzed ones at
concentrations up to 100 pg/kg [62]. The most abundant PhACs included
diclofenac, bezafibrate, carbamazepine, hydrochlorothiazide, furosemide,
atorvastatin, and clarithromycin, while beta blockers, beta agonist, and hista-
mine H2-receptor antagonists were found at very low concentrations. The
investigation has shown that PhACs accumulated in sludge samples belong
to different therapeutic classes covering a wide range of physicochemical
properties.



TABLE 1 Sample Preparation and Quantification Methods for Pharmaceutical Determination in Solid Environmental Samples

Sample LOD Detected
Compounds Matrix Preparation  Clean-up Analysis Recovery (%)  (ug/kg) LOQ (ug/kg) Level (ug/kg)  References
17 PhACs Sediment  PLE SPE LC-ESI-MS/MS 71-119 0.2-6.8 <15.1 (5]
Soils (SAX-HLB) 0.1-5.3 <8.4
18 PhAc Soil MAE SPE (HLB) GC-MS 92-101 0.8-4.7 9-460 (8]
Sediment 91-101 8.5-360
Sewage 91-100 30-2300
sludge
8 Qs Sediment  PLE SPE (HLB) LC-ESI-MS/MS 71.5-132.2 0.2-0.5 65.5-1166 [22]
9 SAs 96.8-132.3 0.02-0.3 <LOD-8.48
5 MAs 63.4-100.5 0.1-0.3 0.58-304
14 SAs Soil Shaking SPE UHPLC-ESI-MS/MS ~ 3.2-188.2 0.010- 0.034-0.663 [23]
(SAX-HLB) 0.343 (SMZ)
Antibiotics Sediment  Shaking SPE (HLB) LC-ESI-MS/MS <30-128.4 0.3-3.6 1.2-32.8 [24]
Ivermectin Marine Shaking SPE (C8) HPLC-FLD 78.5-87.3 0.5 0.93 1.4-6.8 [25]
sediment
8 Acidic drugs Sediment  USE SPE (MCX) LC-APCI-MS/MS 56-206 0.4-8 [26]
Ivermectin SPE LC-ESI-MS/MS 31-41 0.4
7 Antibiotics (Lichrolut EN) 22-82 3-20
SPE (Lichrolut
EN and C18)
11 Acidic PhACs  Sludge USE SPE (MCX) LC-ESI-MS/MS 43-76 20-50 ng/g 0.20-0.45 [27]
8 Neutral PhACs SPE (C18) 25-78 (diclofenac)
7 PhACs Sludge USE SPE LC-ESI-MS/MS 31-83 0.5-51 3.6-778 [28]
(Strata X)
SMZ Soil USE SPE LC-ESI-MS/MS 38-73 3-5 10.4 (SMZ) [29]
CTC (SAX-HLB) 55-87 (CTC)
TYL <LOQ (TYL)
o




11 Veterinary Soil USE SPE (C18) HPLC-ESI-MS/MS 61-89 0.49-25 [30]
antibiotics
TCs Soil USE SPE HPLC-DAD 60-86 10-25 [31]
FQs (SAX-HLB) HPLC-FLD (for FQs) ~ 46-55 20-50 (ENR)
SAs 69-101 <400
5 FQs Soil USE SPE (MIP) HPLC-UV (C18) 75.2-85.3 40-70 [32]
HPLC-UV (MIP) 87.9-103.5 190-350
4 Qs Soil USE - HPLC-UV 82.5-104.3 40-80 150-250 [33]
5 FQs
SAs Sewage USE SPE (HLB) LC-ESI-MS/MS 74.7-111.8 2.2-66.9 6.8-125.6 [34]
MAs sludge
T™MP Sediment
Chloramphenicol
7 Acidic PhACs Sediment  USE SPE (MIP) LC-MS/MS 77.4-90.6 4-10 6.6-17.9 [35]
25 Antibiotics Sediment  USE + vortex SPE RRLC-ESI-MS/MS <10-343 0.64-6.67 3.41-127 [36]
Sludge (SAX-HLB) <10-235 1.5-28.6 1.45-5800
5 Acidic PhACs Soil USE SPE (C18) GC-MS 99.5-118.3 0.2-1.2 0.55-9.08 [37]
Scp Soil USE SPE LC-UV-FLD 68-85 18 (38
OTC (SAX-HLB) (FLD for SCP) 27-75 18
TYL 47-105 40
66 PhACs Sewage Combination  SPE (HLB) LC-MS/MS 40-130 3-8680 ng/g (39]
sludge PLE and USE UHPLC-MS/MS
SAs Sewage PLE SPE (HLB) LC-ESI-MS/MS 79-106 3-41 <197 [40]
MAs sludge 91-142
TMP 78
MAs Soil PLE SPE (diol) LC-APCI-MS/MS 38-118 0.2-1.6 0.6-5.3 0.7 (TIA) [41]
IPA
TIA
11 Antimicrobials  Sludge PLE SPE (HLB) LC-ESI-MS/MS 1-104 0.001-0.27 0.005-0.59 0.07-0.23 [42]
(SDX)

.
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Sample LOD Detected
Compounds Matrix Preparation  Clean-up Analysis Recovery (%)  (ug/kg) LOQ (ug/kg) Level (ug/kg)  References
TCs Biosolid PLE SPE (HLB) LC—ESI-MS/MS 49-68 0.6-146 1.9-488 2.6-743.6 [43]
SAs 64-95
Others 77-88
17 PhACs Soil PLE SPE LC—ESI-MS/MS 34-105 0.1-6.8 0.25-23 MDL-35.62 [44]
Sediment (SAX-HLB)
7 Avermectins Sediment  PLE SPE (HLB) LC-APCI-MS/MS 63-88 0.5-2.5 <LOD [45]
Soil 63-80
Toltrazuril Soil PLE SPE (C18) LC—ESI-MS/MS 77-110 0.01-0.03 <0.335 [46]
Toltrazuril
sulfoxide
Toltrazuril
sulfone
5 SAs Soil PLE - LC-ESI-MS/MS 41-93 5-15 <530 [47]
43 PhACs Sewage PLE SPE (HLB) LC—ESI—(Q—LIT)—I\/\S2 38.2-215 0.01-8.84 0.05-29.4 0.2-126 [48]
sludge 33.2-206 0.01-3.20 0.02-10.7 -
Sediment
10 PhACs Sewage PLE SPE (HLB) HPLC-ESI-MS 54-95 2-8 20-100 1300-4000 [49]
sludge
3 FQs Sewage PLE SPE (HLB) LC-ESI-MS 26-95 0.1-160 [50]
2 TCs sludge SPE (SCX) 3-96
2 SAs
TCs Soil PLE SPE LC-ESI-MS/MS 50-80 0.6-5.6 1.1-12.8 0.6-15.5 [51]
SDz (SAX-HLB) 50-80 0.9-2.9 1.2-6.4 (CTO)
MAs 60-100 0.4-5.5 1.2-11.0 1.8-57.4
(TYL)
= J




Acidic PhACs Irrigated PLE SPE (HLB) GC-MS 62-102 0.1-2.0 <1 [52]
Carbamazepine soils 75-118 0.5 5.14-6.48
11 PhACs Soil PLE SPE UHPLC-Orbitrap- 34-100 >50 (OTC) (53]
(Strata X) MS
4 Avermectins Soil SFE - LC—ESI-MS/MS 82.5-96.2 1.5 5 [54]
Shaking Column 56.4-118.6 0.3 1
(Florisil)
4 NSAIDs Sewage SHWE HF-LPME LC-ESI-MS 38.9-90.3 0.4-3.7 1.5-12.2 7.7-588 [55]
sludge
4 Acidic PhACs Sewage MAE SPE (HLB) GC-MS 80-101 100-540 10-150 [56]
sludge DME-SPE 83-106 15-22
(HLB)
4 Acidic PhACs Sediment  MAE DME-SPE GC-MS 95-103 2-6 2-38 [57]
(HLB)
8 PhACs Sediment  MAME SPE (HLB) HPLC-UV-DAD 6-114 4-167 12-556 [58]
12 PhACs Sediment  MSPD - LC-ESI-MS/MS 37.1-115 0.125-500 0.5-5000 - [59]
Ibuprofen Soils QUEChERS - LC-FLD 82.2-101 <22.4 46.1 [60]
Hydroxy-I1BP (carboxy-IBP)
Carboxy-IBP
4 NSAIDs Sewage HF-LPME - LC-ESI-MS 53-62 29-138 [61]
sludge

CTC, chlortetracycline; DAD, diode-array detection; ENR, enrofloxacin; FLD, fluorescence detection; FQs, fluoroguinolones; IPAs, ionophore antibiotics; MAs, macrolides; NSAIDs, nonsteroidal
anti-inflammatory drugs; OTC, oxytetracycline; RRLC, rapid resolution liquid chromatography; SAs, sulfonamides; SCP, sulfachloropyridazine; SDX, sulfadimethoxine; SDZ, sulfadiazine; SMT,
sulfamethazine; SMZ, sulfamethazine; Qs, quinolones; TCs, tetracyclines; TIA, tiamulin; TMP, trimethoprim; TYL, tylosin.

%
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Comprehensive investigation [63] of 110 sewage sludge samples from the
United States and 72 target pharmaceuticals and personal care products
(PPCPs) has shown that next to disinfectants (triclocarban and triclosan),
antibiotics were the most abundant PPCPs. Among antibiotics, FQs, more
precisely ciprofloxacin and ofloxacin, appeared to be the most abundant ones,
with medium concentrations of 6.8 +2.3 mg/kg and 5.4 + 1.9 mg/kg dry weight
(dw), respectively. TCs (4-epitetracycline, tetracycline, minocycline, and doxy-
cycline) were found with mean concentrations around 1-2 mg/kg dw, while the
macrolide antibiotic azithromycin was found at 0.8 +0.2 mg/kg dw. Azithro-
mycin has also been found in sludge from Switzerland and Germany, at concen-
tration up to 0.16 mg/kg dw [40]. Since azithromycin is a frequently prescribed
antibiotic, fairly hydrophobic, and not readily biodegrade, it is expected to be
detected at higher concentrations. A relatively low-determined amount could
be attributed to incomplete azithromycin extraction from solid samples result-
ing in low recovery (only 12% [63]).

Sulfonamides have also been found in different activated sewage sludge
samples from Germany and Switzerland, with concentrations within the range
of 24197 pg/kg for sulfapyridine and 18—113 ng/kg for sulfamethoxazole [40].
Unlike the German and Swiss samples, sewage sludge samples taken in
WWTPs in the south of Catalonia have disclosed that the amount of sulfona-
mides were below the method limit of quantification (LOQ) [49]. The only
pharmaceuticals quantified were tylosin (TYL) and roxithromycin, with the
highest value of 4.0 mg/kg dw for TYL and 1.8 mg/kg dw for roxithromycin.

Several studies have indicated that irrigation of soil using wastewater efflu-
ents (reclaimed water) [52,64] or spreading treated sewage sludge onto soil
[65,66] could introduce these micropollutants into the environment. Similarly,
fertilization of agricultural land with manure contaminated with PhACs could
contaminate the soil and groundwater and be uptaken by vegetables. Once they
enter the soil, PhnACs’ behavior is very different depending on substance prop-
erties, soil type, and environmental conditions. It was reported that carbamaze-
pine and diclofenac can be classified as slow mobile compound in soil rich in
soluble organic matter (SOM), while in SOM-poor soil, their mobility increases
significantly due to poor sorption [67]. In another study, it was shown that
naproxen and trimethoprim showed moderate to strong sorption, while the sorp-
tion of diclofenac, IBF, and sulfamethoxazole was negligible [68].

Hu et al. [4] have investigated the occurrence and seasonal changes and
migration of TCs, sulfonamides, and quinolones from manure to soil and from
soil to vegetables and groundwater. They have observed seasonal changes in
antibiotic concentrations with a significantly lower concentration in summer
than that in winter in all the investigated matrices. The highest observed con-
centration in soil referred to TCs (2683 ng/kg for oxytetracycline (OTC)). As
it is expected, concentrations of water-soluble antibiotics in groundwater are
higher in comparison with low water-soluble TCs, which have high concentra-
tions in soil. Ciprofloxacin was found in most groundwater samples but not
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detected in vegetable samples indicating its high mobility from soil to
groundwater.

Recent investigation on the occurrence of 17 PhACs with a great variety of
polarities and pK, values in water, soil, and sediment from Mediterranean
wetland has revealed their presence in all the investigated matrices. As much
as 94% of the sediments and 80% of the agricultural land samples were pol-
luted; the most abundant PhACs were carbamazepine in the sediment and
acetaminophen in the soil samples. The concentrations in the sediment
reached 15.1 ng/g (acetaminophen) and 8.4 ng/g (norfloxacin) in the soil.
Also, diffusion of codeine and FQs to deeper soil horizons was observed [5].

A study of sorption of acidic pharmaceuticals to sediment [57] has shown
that the concentration of pharmaceuticals sorbed to the sediment is dependent
on pharmaceutical concentration in the water phase (higher in winter) and lin-
early dependent on total organic carbon content in the solid phase. Naproxen
and diclofenac were quantified in sediment from the Danube River and the
figures fit within the range of 2-20 and 5-38 ng/g, respectively, while the
concentrations of IBF and ketoprofen were below their LOQ values.

Hu et al. [7] have investigated natural accumulation and attenuation of anti-
biotics in river sediment by long-term field and modeling studies. The concen-
trations of 12 investigated antibiotics from seven different antimicrobial groups
in sediment samples ranged from 97 pg/kg (trimethoprim) to 12.4 mg/kg
(rifampicin). They measured antibiotic concentration in the sediments at
1 month, 1 year, and 2 years after the dredging and observed that the antibiotic
concentration increased significantly, confirming that sediment accumulates
antibiotics and could act as a sink of antibiotic contamination in river water.

Li et al. [22] have investigated the occurrence and distribution of sulfona-
mides, quinolones, and macrolides in water, sediment, and biota samples. The
most abundant antibiotics in the sediment samples were quinolones (up to
1140 pg/kg dw for norfloxacin) and macrolides (up to 302 pg/kg dw for rox-
ithromycin), while sulfonamides were prominent in the water and accounted
for only 1.06% of the total antibiotics present in the sediment samples.

Results from different studies have revealed that PhACs are found in solid
environmental matrices throughout the world. FQs and TCs seem to be the
most abundant ones due to their wide consumption and strong sorption to
solid samples. Since pharmaceuticals are excreted as a parent compound
and/or metabolite, metabolites should also be included in monitoring of solid
samples. To date, only few papers have focused on determination of pharma-
ceuticals and their metabolites in solid environmental samples [46,60].

4 SAMPLE PREPARATION

Solid samples are complex in their nature and the extraction of pharmaceuti-
cals therefrom has proved to be more challenging than the extraction from
aqueous samples [69]. This is the case due to heterogeneous characteristics
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of soil, sediments, and sludge [70] that tend to suffer from several interfer-
ences that deeply affect the extraction and the separation steps of the analysis.
These types of samples are completely different from the homogeneous nature
of water or liquid samples, which are easier to handle than solid ones [15].
Furthermore, the target analytes often exist at very low concentrations in these
samples, which is why it is essential to carry out effective sample preparation
procedure.

Extraction of pharmaceuticals from solid samples is a process in which
analytes desorb from the sample matrix and then dissolve into the solvent.
The extraction efficiency of the applied extraction method is affected by three
interrelated factors: analyte solubility, mass transfer, and matrix effects.
A highly soluble analyte can be “unextractable” due to being locked in the
matrix pores or being strongly bound to its surface. Mass transfer is dependent
on the diffusion coefficient and on the particle size and structure of the
matrix, and it is enhance by high pressure, high temperature, low solvent vis-
cosity, and small particle size [71].

Pretreatment of the sample is needed to assure good contact between the
solvent and the matrix in the extraction process. The pretreatment usually
comprises three different steps and usually depends of sample type. The first
step is drying of solid samples. The existence of water in the sample can be
eliminated using air-drying, heating, or lyophilization. The temperature
applied to different analytes is critical, particularly if the analytes are thermo-
labile and degrade when they are heated. However, if samples are lyophilized,
the analytes are neither evaporated nor degraded and the drying time is
shorter. After drying, homogenization by grinding and sieving follows [72].

Solvent selection is probably the most important step in the development
of an extraction method. The analyte should have a high solubility in the
extraction solvent so as to ensure efficient desorption of analytes from solid
ones. Many pharmaceutical compounds, such as antibiotics, are relatively
hydrophobic and have relatively low water solubility, making it necessary to
use organic solvents for extraction. However, even when pharmaceuticals
have high water solubility, they also have high K coefficients that could com-
plicate the desorption of analytes. Solvent modifiers (acids, bases, etc.) are
sometimes added to extraction solvents to increase the solubility of target ana-
lytes in the extraction solvents and to improve extraction efficiencies. Some
compounds such as TCs, as mentioned in Section 2, are known to form com-
plexes with di- and trivalent cations in the clay minerals or with hydroxyl
groups at the surface of solid particles. Accordingly, complexing agents such
as ethylenediaminetetraacetic acid (EDTA) are often added to the extraction
buffer to improve the extraction recovery [73].

Various methods have been applied to the extraction of pharmaceuticals
from the solid matrices. These include initial slurrying of samples into an
aqueous matrix followed by liquid—liquid extraction using various organic
solvents and more advanced extraction techniques (Figure 1) such as
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pressurized liquid extraction (PLE), superheated water extraction (SHWE),
ultrasonic solvent extraction (USE), supercritical fluid extraction (SFE),
microwave-assisted extraction (MAE), and matrix solid-phase dispersion
(MSPD), which have been employed in order to improve the extraction effi-
ciency. Sample extracts obtained from solid matrices usually contain interfer-
ing coextracts, which dictate an additional cleanup before final analysis [74].
Solid-phase extraction (SPE) has been preferred in most cases for the fact that
it is fast, requires low volume of organic solvent, presents low contamination
risk, and can be used online [15].

4.1 Soxhlet and Soxtec

Solvent extraction is one of the earliest solid sample preparation methods with
the widest application, which was followed by the development of modern
extraction methods [71,75]. The method removes and separates compounds
of interest not only from insoluble high-molecular-weight fractions but also
from other compounds that could interfere with subsequent steps of the ana-
lytic process as well [75]. Despite the multitude of modern extraction meth-
ods, Soxhlet is still the standard method for the extraction of semivolatile
and nonvolatile organics from solid samples [71,76].

The Soxhlet extraction method has its advantages, one of them being that
the sample is repeatedly brought into contact with fresh portions of extractant,
which facilitates the displacement of the transfer equilibrium [75]. In this way,
the sample is extracted with cooled, condensed solvents, but the extraction pro-
cedure is slow and can take between 6 and 48 h, which is one of the major
drawbacks of Soxhlet extraction in comparison with other methods. The rela-
tively large volume of the extract is another issue, which is why a solvent evap-
oration step is usually necessary for the concentration of analytes prior to
extract cleanup and analysis [71]. The Soxhlet method is limited by the extrac-
tant, the disposal of which represents a source of environmental concerns [75].

Although Soxhlet is time-consuming and labor-intensive and requires the
use of large volumes of organic solvents, it has thus far been applied in
organic compound extraction from solid matrices due to its high extraction
efficiency. Despite the disadvantages mentioned in the preceding text, the
method has seen numerous applications in the analysis of organic compounds
in sewage sludge (polycyclic aromatic hydrocarbons (PAHs), polybrominated
diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs), nonylphenol
ethoxylates (NPEOs), etc.). Terzi¢ and Ahel [77] applied the Soxhlet extrac-
tion method to the air-dried sediment sample to extract nine pharmaceuticals
using the Soxhlet apparatus and dichloromethane (200 mL) and methanol
(200 mL) as solvents in two separate cycles.

The idea of the Soxhlet extraction method automation was initially based
on the necessary savings in time and extractant, which are substantial. The
automated Soxhlet extraction apparatus (Soxtec commercially) combines
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reflux boiling and the Soxhlet extraction method (whereby both are assisted
by electric heating) to perform two extraction steps (boiling and rinsing), fol-
lowed by extractant recovery. The move from one step to the next is achieved
by switching a lever [75]. In 1994, Soxtec was approved by the Environmen-
tal Protection Agency as a standard method [78]. Extraction using Soxtec is
faster than the traditional Soxhlet extraction method owing to the contact
between the solvent and the sample, which is more vigorous, and to the more
rapid mass transfer in a high-temperature boiling solvent [71,78].

4.2 Ultrasonic Solvent Extraction

As an alternative to Soxhlet extraction, ultrasonic energy has been widely
applied for the leaching of organic and inorganic compounds from solid sam-
ples [78]. In this extraction method, ultrasonic vibration ensures a close contact
between the sample and the solvent. USE is relatively quick, but the extraction
efficiency is not so high as efficiencies reached with other methods. In addition,
it has been noticed that ultrasonic irradiation may lead to decomposition of
some compounds with organic phosphor. Since it is a quick method, it is impor-
tant to follow the specific operating conditions strictly. In terms of samples with
an anticipated lower concentration of target analytes, the extraction procedure
needs to be conducted two or more times, each time with the fresh solvents.
The extracts from the different extractions are then combined. For high concen-
trations of analytes in samples (over 20 ppm), a single extraction may be suit-
able. Following extraction, the extract is filtered or centrifuged, with a certain
form of cleanup generally required prior to the analysis [71]. The USE method
is more favorable owing to the widely available necessary equipment and the
extraction that can be carried out by using a reasonably small volume of the sol-
vent (typically 0.1-2 g sample treated with 5-25 mL of solvent) within the
extraction time of 10-30 min [78,79], which is extremely reduced in compari-
son with the classical Soxhlet extraction. A wide range of analytes have been
examined using the USE, including the application to pharmaceutical com-
pounds found in the literature [4,26-28,30-32,34,35,37,38]. Even though the
solvents applied during USE are similar to those used in the Soxhlet method,
the addition of complexing agents to the extraction solvent may be necessary
for compounds such as TCs, which form strong complexes with multivalent
metal ions [79]. For example, in the studies by Kay et al. [21], the extraction
of OTC from soil was carried out by USE using a solvent mixture composed
of EDTA, citric acid, sodium phosphate, and methanol. However, the extraction
recovery for the applied OTC with this method was only 38.1%. Another com-
plexing agent applied aside from EDTA was the Mcllvaine buffer. In combina-
tion with methanol and EDTA at pH 7, it was selected as the extractant solution
for OTC, TYL, and sulfachloropyridazine (SCP) in the soil. In the paper,
Blackwell et al. [38] combined ultrasonic agitation and vortex mixing, allowing
for recoveries in the range of 68—85% for SCP, 21-75% for OTC, and 47-105%
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for TYL. The recoveries for all three compounds were lower in the soils with
higher clay and organic carbon values and especially with OTC and TYL, which
have relatively high sorption coefficients in soils. In most of the references, the
temperature of the ultrasound bath is not controlled. However, Turiel et al. [32]
applied 45 °C as the temperature of the ultrasonic bath for the extraction of five
FQs from soil samples. In another paper [33], the same authors optimized differ-
ent temperatures (ranging from room temperature to 60 °C) and different extrac-
tion times (from 10 to 60 min), extraction volumes (from 4 to 12 mL), and
concentration of Mg(NOs), in the extraction solution (from 20% to 50%, w/v).
Based on the results, they applied the room temperature of ultrasonic bath for
the extraction of four quinolones and five FQs from soil samples, also.

4.3 Supercritical Fluid Extraction

SFE was introduced as an alternative extraction method with the advantages of
reduced solvent consumption and extraction time compared with the classical
extraction methods [78]. Supercritical fluids are defined as fluids at a certain
temperature and pressure, which are above their critical value. The single state
of the fluid that exists within the supercritical area possesses both gas- and
liquid-like properties. Due to this, they are unique solvents for the fact that
their solvent effectiveness can be controlled by small changes in pressure
and by temperature. Several gases or liquids, such as CO,, N,O, CHCIF,, eth-
ane, propane, ethylene, and benzene, may be applied as solvent in SFE. CO, is
the main supercritical solvent (critical conditions=30.9 °C and 73.8 bar)
widely used due to the fact that it is available in high purity, inert, and cheap,
has low surface tension and viscosity with high diffusivity, and is environment
friendly and generally recognized as safe. Furthermore, CO, is gaseous at
room temperature and pressure that makes the analyte recovery very simple,
especially for the reason that the ability of SFE using CO, could be operated
at low temperatures using a nonoxidant medium. This property of CO, as a
supercritical fluid allows the extraction of thermally labile or easily oxidized
compounds. In addition, in the supercritical state, CO, has a polarity compara-
ble to liquid pentane; therefore, this gas at supercritical condition is suitable for
lipophilic compounds. However, the major drawback of the gas lies in its lack
of polarity, yielding lesser results of the extraction of polar compounds [80].
Also, when the solutes bind strongly to the matrix, the solvent strength of
CO, is often inadequate to break the solute—matrix bond. Supercritical solvents
such as N,O and CHCIF, are more efficient in extracting polar compounds, but
their routine use is uncommon due to environmental concerns. The extraction
efficiency of polar compounds using CO, can be improved by adding small
quantities (1-10%) of polar organic solvents, such as methanol, referred to
as modifiers [71]. Modifiers can also reduce the analyte-matrix interactions,
improving their extraction efficiency. Aside from cosolvents, surfactant may
also be added to supercritical CO,, which in turn can boost its extraction
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efficiency, especially for several hazardous organic compounds [80]. SFE is
quick (10-60 min) and uses minimum amounts of solvents (5—10 mL) per sam-
ple. In addition to this, the SFE extract does not require additional filtration
since the extraction cell does have frits [71].

Park et al. [54] developed a multiresidue analytic method for the determi-
nation of avermectins in soil samples using SFE. Extractions were performed
at 80 °C and at a pressure of 300 kg/cm? for 40 min of extraction time and
with 30% of modifier ratio. The obtained recoveries ranged from 82.5% to
96.2% with relative standard deviation values between 2.1% and 7.9%,
thereby showing that SFE is a very reproducible method. In general, the
earlier-mentioned method proved to be an efficient sample preparation
method for the determination of organic compounds in solid samples [81],
such as PAHs and PCBs. With regard to the previously mentioned method,
the application of the method for the determination of pharmaceuticals in
the environment will hopefully be more common in the future.

4.4 Pressurized Liquid Extraction

PLE is also known as pressurized fluid extraction, enhanced solvent extraction,
high-pressure solvent extraction, or accelerated solvent extraction [72]. PLE has
become a well-established method and has proven its advantages in the determi-
nation of pharmaceuticals in solid samples due to high extraction efficiency
within a short period, low solvent consumption, and the possibility of automa-
tion. It uses conventional solvents at an elevated temperature (100-180 °C)
and pressure (1500-2000 psi), which are below the critical point of the solvent.
Sample amounts typically range between 0.5 and 5 g and are often mixed with
an inert material to increase the exposure surface area of the sample. For this
purpose, the commonly used materials include sand, aluminum oxide, diatoma-
ceous earth, or Hydromatrix as commercially available material [79].

SFE is matrix-dependent and often requires the addition of organic modi-
fiers. PLE was developed in order to overcome these limitations. It was
expected that conventional solvents would be less efficient than supercritical
fluids, which have higher diffusion coefficient and lower viscosity. In many
cases, extraction was faster and more complete with organic solvents at an
elevated temperature and pressure than with SFE [71]. PLE has been applied
to a wide range of target analytes and to PhACs since both polar and nonpolar
extraction solvents or solvent mixtures may be used. Many applications of
PLE and a wide variety of solvents can therefore also be found in the litera-
ture [78]. In many cases, solvent composition was proven to have a consider-
able impact on the extraction efficiency of pharmaceuticals present in solid
environmental samples, which is why the choice of the extraction solvent is
one of the most critical parameters [44,45]. Various types of polar solvents
such as acetone, methanol, water, and buffer solution mixtures are commonly
applied. Many of these mixtures combine water with other solvents, such as in
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the case of acetonitrile/water mixture (7:3, v/v) [43], methanol/water (1:1,
v/v) [40,45,49], or methanol/water (1:2, v/v) [48]. When water is used as an
extraction solvent or as part of the extraction mixture, pH is also controlled
in the analysis of analytes with acid—base properties, as it was the case with
the extraction of 66 PPCPs from sewage sludge, which included sulfona-
mides, TCs, FQs, macrolides, and other antibiotics and pharmaceuticals in
general [39]. Strong acids (e.g., hydrochloric or nitric acid) are not to be used
for the pH adjustment seeing as how they oxidize the steel components of the
extraction cell [78]. Other solvent mixtures not containing water, such as ace-
tone/methanol (1:1, v/v) [46] or acetone/hexane/acetic acid (50:50:2,
v/v/v) [52], may also be found in the literature.

Aside from the choice of the extraction solvent, many parameters affect the
PLE extraction efficiency. Temperature is a major parameter. Elevated tem-
peratures in PLE lower the surface tension and the viscosity of the extraction
solvent, thereby allowing for a better penetration into the interstitial spaces
of the sample matrix. The increase in the temperature in turn significantly
decreases the dielectric constant of the water, so that organic solvents may
be used in smaller amounts or even omitted. However, an overly high temper-
ature may cause compound degradation, coextraction of unwanted soil-matrix
components, or decrease in method selectivity due to a more efficient extrac-
tion of interfering matrix components [21,48]. In case of the extraction temper-
ature, the range found in the literature is between room temperatures of 40 and
200 °C. One of the lowest temperatures mentioned (40 °C) was used for the
extraction of seven avermectins from sediments and soil samples [45], whereas
the highest extraction temperature was used for the extraction of five sulfona-
mides from soils [47]. The most commonly used temperature for the extraction
of pharmaceuticals from environmental samples was 100 °C [39,40,43,48,82].
Extractions of the veterinary pharmaceuticals from soil samples were per-
formed at room temperature due to the fact that the TCs are converted to their
epi- or anhydro form when heated [51]. The static extraction period is most
commonly 5 min [39,40,42,45,47-49,52]. As regards the extraction cycles or
the number of times fresh solvents get into the cell and are in contact with
the sample [72], the studied range is between one and five cycles, although
two [22,40,41,52] or three [39,43-45,48,51] cycles are most frequently used.
However, the increase in the number of extraction cycles in turn increases
the dilution of analytes, which is not advisable.

In the literature, PLE is also described as a good extraction tool for phar-
maceuticals in soil [40,41,51,83] and/or for other substances in environmental
matrices [84,85].

4.5 Superheated Water Extraction

SHWE, also called hot water extraction, pressurized (hot) water extraction,
high-temperature water extraction, subcritical water extraction, or hot liquid
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water extraction, is an emerging method based on the use of water as an
extraction solvent at temperatures between 100 and 374 °C (critical point of
water, 374 °C and 22 MPa), at a high enough pressure to keep it in the liquid
state [86]. SHWE is similar to PLE but uses water as an extraction solvent.
Water is nontoxic and inexpensive and could become the solvent of choice
in extraction procedures [87]. From a practical point of view, the main advan-
tage of SHWE over PLE is that—since pressure has little effect—only one
variable, that is, the temperature, needs to be optimized. This helps simplify
the optimization of procedures. On the other hand, water is much too polar
to be used for the extraction of non- and moderately polar organic compounds
at room temperature. However, owing to polarity, water can be easily modi-
fied by changing the temperature [88]. The method looks to have a wider
range of applications than PLE or SFE with CO,, where the available polarity
range is narrower and polar compounds cannot easily be included [86]. Water
is thus able to extract low-polar compounds at higher temperatures and polar
compounds at suitably lower temperatures. The equipment required is rela-
tively simple and by passes the need for high pressures required in SFE. Fur-
ther advantages are reflected in its linkage to other chromatographic systems
and in the fact that, unlike CO,, there are no issues regarding cooling and
condensation [89].

One disadvantage of SHWE is that the extract is a relatively dilute aque-
ous solution, which has raised concerns about the solubility of analytes and
the potential for precipitation and sample loss by readsorption onto the origi-
nal matrix. However, owing to the fact that the extract solution is a clean
matrix, sample handling and concentration is much easier than from the origi-
nal sample material [89]. The SHWE extract is easily cleaned up and concen-
trated in comparison with the PLE extract, which always contains a
considerable amount of organic solvent [55].

Even though there are a few examples of SHWE of organic compounds in
the literature, so far, only one report of the applications of SHWE for pharma-
ceutical analysis has been found [55]. Saleh et al. used SHWE for the analysis
of nonsteroidal anti-inflammatory drugs (NSAIDs), ketoprofen, naproxen,
diclofenac, and IBF [55]; temperature, number of cycles, flush volume, and
pH of water as the extraction solvent were optimized until extraction pressure
was fixed. Three extraction temperatures were explored: 80, 100, and 120 °C.
The highest extraction temperatures examined (100 and 120 °C) yielded the
highest extraction efficiencies; ketoprofen and naproxen were extracted fully
at 100 °C, whereas maximum amounts of diclofenac and IBF were extracted
at 120 °C. However, 100 °C was selected as the optimal extraction tempera-
ture since the extraction recoveries were slightly higher at 120 °C. Water at
three different pH conditions (acidic, neutral, and basic) was studied as well.
Ketoprofen and naproxen were quantitatively extracted at both neutral and
basic conditions, while basic pH was necessary for the exhaustive extraction
of diclofenac and IBF. This may be explained by the acidic characteristics
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of the target analytes, which are more soluble in water at basic pH. As regards
the number of cycles, the best recoveries were obtained in extractions with
five cycles, whereas the maximum recoveries were achieved at 60% flush vol-
ume. Flush volume (flush %) defines the amount of solvent necessary to flush
through the cell following the static heated step expressed as a percentage of
the cell volume.

Even though SHWE is very similar to PLE, the latter offers more possibi-
lities of overcoming the issues that may occur, for example, when using dif-
ferent solvents. It appears to be the key to further development of PLE by
finding new solvents [88].

Nonetheless, SHWE does suffer from two disadvantages: a low extraction
efficiency and impassability for thermally instable composition. Both of the
issues may be solved simply by modifying the water with organic solvents
or surfactants, which reduces the extraction temperature and improve extrac-
tion efficiencies. In conclusion, SHWE requires further research before it
can become more widely applicable [88].

4.6 Microwave-Assisted Extraction

MAE uses microwave energy to heat the sample—solvent mixture [78]. Micro-
wave energy is a nonionizing radiation that causes molecular motion by
migration of ions and rotation of dipoles. The effect of microwave energy is
strongly dependent on the nature of the solvent and the matrix [87]. Solvents
used in the Soxhlet extraction cannot readily be applied to microwave extrac-
tion because some of them do not absorb microwaves [71], although the use
of solvent mixtures with and without dipoles provides a variety of potential
solvent mixtures [78]. MAE—although an earlier method—is similar to
PLE, but with short extraction times and low solvent consumption, which help
reduce the overall energy input and costs [8,87]. The advantage of PLE-based
methods (including SHWE) over MAE lies in the fact that no additional filtra-
tion step is required, which is an additional benefit when considering automa-
tion and/or online coupling of the extraction and separation—detection parts of
the system [86]. In comparison with USE, MAE is usually more robust, but
USE is sometimes faster and more simple [90]. The efficiency of MAE may
be affected by factors such as the selected solvent, temperature, extraction
time, matrix effects, and water contents [71].

Water as an extraction solvent has been successfully applied in the extrac-
tion of acidic drugs from sewage sludge [56] and sediment [57]. In both of the
earlier-mentioned cases, the obtained recoveries were in the range of
80—-105%, depending on the efficiency of the cleanup procedure.

However, the application of water as the extraction liquid has its disadvan-
tages. The fats and oils along with the detergents also present in sewage sludge
result in a hard disrupting colloidal solution [56]. A novel use of the MAE is seen
as combined with micellar media as extractants (MAME) (Figure 2), which has
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previously been used to extract various compound types from environmental
samples [58]. This chapter describes the performance of MAME methodology
using a nonionic surfactant, polyoxyethylene 10 lauryl ether, as the extractant
for the preconcentration of eight pharmaceuticals from several soil samples.
The proposed method is faster and the pharmaceuticals can be extracted more
selectively and more quickly. The obtained recoveries were in the range of over
80% for most of the target compounds, which is similar to or better than with
conventional extraction processes such as the Soxhlet extraction.

Water as a polar substance may be heated using microwave irradiation and
it can often improve analyte recovery, but so far, no reports on this have been
found for pharmaceuticals. There are a few papers on other organic com-
pounds (PAH, pesticides, etc.) as well, but in some cases, no improvement
of extraction efficiency was observed when samples were humidified [78].

According to the literature, the extraction times used in MAE for pharma-
ceuticals are within 6 min [8,58] and 30 min [56].

4.7 Matrix Solid-Phase Dispersion

MSPD is a method that allows simultaneous extraction and the cleanup of
analytes from solid samples, owing to which it can also be used as an alterna-
tive technique to classical extraction methods. The major advantages of
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MSPD compared to other extraction methods such as PLE or Soxhlet extrac-
tion are reflected in its simple usage, low cost, and, in some cases, reduced
extraction time. The method allows for the organic contaminants to be
extracted more selectively and more quickly with similar or better recoveries
than with conventional extraction processes [59].

MSPD has unique features as a sample extraction method. The use of mild
extraction conditions (room temperature and atmospheric pressure) together with
a suitable combination of dispersant sorbent and elution solvent normally pro-
vides acceptable recoveries [78]. The performance of MSPD is mainly affected
by the column packing technique and the elution procedure. Particularly, ana-
lyzed samples (solid or semisolid) are blended with a suitable adsorbent that is
commonly a silica-based material, sand, Florisil, or alumina [88] to form a
homogenous packing material. After successful packing, the sample/adsorbent
column is eluted using a stepwise solvent program similar to SPE [91]. So far,
it has been used mainly for the extraction of organic environmental compounds
from food and biological matrices [92]; however, current findings suggest that
the method has not been applied to the extraction of pharmaceuticals from soil,
sediment, and sludge samples with only one exception [59].

Two of the most important parameters affecting MSPD are the type of sor-
bent and the solvent polarity. In this procedure, the choice of a suitable adsor-
bent is vital since the chosen adsorbent is used not only as an adsorption
separation material but also as a blending solid support to disrupt and disperse
the sample [91]. Mutavdzi¢ Pavlovié et al. [59] used C18 sorbent instead of
Florisil since it allowed for cleaner extracts to be obtained although they
did try to use a combination of the previously mentioned during the MSPD
optimization procedure.

The properties of the elution solvent areas are equally important as the choice
of the sorbent since target analytes need to be efficiently desorbed and the
remaining matrix components need to be retained in the column [91,93]. In this
context, the elution profile is also an important factor in the MSPD procedure see-
ing as how it also has two functions: the separation, wherein the profile appears as
a general mobile phase, and the dissolution/extraction of target compounds [91].
Based on different physicochemical properties of examined pharmaceuticals
from sediment samples, Mutavdzi¢ Pavlovic et al. [59] had to use several 5% acid
solutions such as H,C,0,4, HAc, HCI, and H;PO, in combination with acetonitrile
as the extractant solvents. Acetonitrile (5% of H,C,0O,=6:4, v/v) was selected as
the optimal extraction solvent for the examined pharmaceuticals from the sedi-
ment. The earlier-mentioned extraction solvent produced good recoveries (over
80%) and better peak shape of compounds.

4.8 Other Methods

In 2003, Anastassiades et al. [94] introduced the quick, easy, cheap, effective,
rugged, and safe (QUEChERS) method for the analysis of pesticide residues in
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fruits and vegetables. The QUEChERS method was designed to help produce
extracts that are directly applicable to both GC and HPLC analysis. The
method involves the initial extraction of a well-homogenized sample by shak-
ing with acetonitrile in a centrifuge tube, salt-out partitioning of water with
salts including MgSO,, which removes a significant amount of polar matrix
components, and cleanup using dispersive SPE (DSPE), in which common
matrix components are retained by the sorbent and the analytes that remain
in the extract [95]. The QUEChERS method has several advantages over most
traditional extraction methods: high recoveries, rapidity, simplicity, reliability
and robustness, low costs, low solvent consumption, practically no need for
glassware, very accurate results, and no need for chlorinated solvents. Further-
more, a single person can perform the method without much training or tech-
nical skill and the method covers a very broad analyte spectrum (from very
polar to basic) [60,95]. Although the QUEChERS method has mainly been
used for the determination of pesticides, other compounds such as more than
40 pharmaceuticals [96] or veterinary drugs [97,98] have also been deter-
mined in several matrices (blood, milk, and animal tissue).

Braganca et al. applied the QUEChERS method for the determination of IBF
and its metabolites [60] in soil samples (Figure 3). For that purpose, several
parameters were examined in order to optimize the performance of the extrac-
tion method, such as the ratio of sample mass per extraction solvent volume, the
extraction solvent, the QUEChERS composition, the extraction time, the extrac-
tion process, and the addition of ceramic parts with the aim of preventing
agglomeration. The best approach to the QUEChERS extraction involved using
3 mL of purified water (with or without adjusted pH) and 7 mL of acidified ace-
tonitrile (1% acetic acid) and 4 min of extraction time. To improve the obtained
results, the extraction mixture, once the homogenization using vortex mixing
finished, was placed in an ultrasonic bath for an additional 4 min. The obtained
recoveries of the fortified samples ranged from 79.5% to 101% with 3% of rel-
ative standard deviations for all matrix—compound combinations. Current find-
ings suggest that this is the first analytic report in which QUEChERS was
applied to the simultaneous determination of IBF and its two major metabolites
(hydroxy-IBF and carboxy-IBF) in soil samples.

The literature does provide a few examples where the analysis of the
sludge is not carried out after a solid-liquid extraction, but the sample is
diluted in water and then submitted to extraction techniques that are applied
to liquid samples [78]. For example, an alternative to the extraction of organic
microcontaminants in water, which is commonly used, is the hollow fiber
liquid-phase microextraction (HF-LPME). In addition to this, HF-LPME, as
compared to other methods, minimizes organic solvent consumption, gives
an efficient cleanup and selectivity, needs short analysis time, and has a low
cost. There are two different modes of HF-LPME: two-phase and three-phase
HF-LPME. Sagrista et al. [61] developed a three-phase hollow fiber liquid-
HF-LPME method for the direct determination of four NSAIDs in sewage
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sludge. In this case, slurry of the sewage sludge was carried out in water and
stirred overnight before extraction. The drugs were extracted from nonspiked
and spiked slurry samples with different amounts of sludge into an organic
phase and then back-extracted into an aqueous phase held in the lumen of
the hollow fiber. The acceptor phase comprised 0.1 mol/L of ammonium car-
bonate at pH 9 and di-n-hexyl ether as the organic solvent. In sludge samples,
repeatability and interday precision were tested with relative standard devia-
tion values between 10—18% and 7-15%, respectively.

5 SAMPLE CLEANUP AND CONCENTRATION

Natural organic matters, such as humic and fulvic acids, present in environmen-
tal samples are coextracted with the analytes and often complicate analytic
detection [73]. Most of the mentioned extraction methods used for the precon-
centration of pharmaceuticals from solid samples are not selective, which is
why cleanup procedures are a necessary step in analytic methodology. When
performed, the cleanup of extracts is usually carried out using SPE [15].

5.1 Solid-Phase Extraction

The most commonly used cleanup method in environmental analysis is
the SPE, which allows large sample volumes to be concentrated and purified
in one step. The main purpose of SPE is the removal of matrix components
such as salts and some organic matter while concentrating analytes. SPE
has replaced many conventional liquid-liquid extraction methods due to
the advantages gained by minimizing solvent consumption, the increased
selectivity by way of choosing both the stationary phase and the elution
solvent, and the ability to automate extraction [73]. Reverse-phase SPEs (HLB,
C8, CI18, etc.), normal-phase SPEs (alumina, diol, Florisil, silica, etc.), or
ion-exchange mode SPEs (strong anion-exchange (SAX), mixed-mode cation-
exchange (MCX), etc.) have been applied as a disk, column, or cartridge format.
Among the previously mentioned, it is the reverse-phase SPE that has been
widely applied in solid samples [78]. In general, the copolymer-based sorbent
Oasis HLB (Waters, MA, USA) has been the preferred SPE cartridge and has
been applied the most [8,22,34,39,40,42,43,45,48-50,52,56,58] owing to their
more rugged extraction efficiency, improved recovery for both polar and
nonpolar compounds, and greater capacity than reverse-phase silica-based
sorbents [99]. Aside from the polymeric SPE cartridge, the addition of a
SAX cartridge has also been used in tandem with the HLB cartridge
[5,23,29,31,36,38,44,51]. The combination of the SAX and HLB cartridges
was chosen since it provided the most satisfactory recoveries from solid samples.
For example, the diverse physicochemical properties of the sulfonamides compli-
cate the SPE purification step and require careful selection of the SPE column
and conditions, usually by way of adjusting pH value. The combination of the
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mentioned cartridges allows the sulfonamides to pass through the SAX column
and the unwanted organic materials to be retained. The HLB column, located
below the SAX, retained the desired sulfonamides, which could then be eluted
with an appropriate solvent [23]. The use of an SAX cartridge facilitates the
removal of anionic humic substances that are present in soil extracts, leading
to much cleaner samples for analysis. Further sorbents include LiChrolut EN,
LiChrolut C18, Strata C18, Oasis MCX, and Strata-X. Strata-X (Phenomenex,
CA, USA) serves as an alternative to Oasis HLB, which was also based on an
organic copolymer with both hydrophilic and lipophilic functional groups. Some
authors observed more reproducible recoveries with the aforementioned and an
increased tolerance to a higher ionic strength and the organic solvent in the sam-
ple, relative to using Oasis HLB [21].

Aside from the earlier-mentioned commercial and commonly applied sor-
bents, one promising technique that has been recently applied in order to
address the issues occurring during preparation of environmental samples is
molecular imprinting. This technique involves using the analyte as a template
molecule and creating specific interaction sites within a polymeric solid. The
selectivity of the sites depends on the interactions between the template and
the monomer used to develop the imprint [73]. However, over the last few years,
they have seen an increase in the application as selective sorbents in molecu-
larly imprinted SPEs. SPEs with a molecularly imprinted polymer (MIP) as sor-
bent have some advantages such as affinity, selectivity, stability, simplicity of
their preparation, and the possibility of adaptation to different applications.
MIPs have so far been applied mainly for the extraction of pharmaceuticals
from biological samples [100—103] and environmental samples [32,35].

Even though the main interest in improving the sorbents for SPE lies in the
field of polymers, other materials, such as multiwalled carbon nanotubes
(MWCNTs), have also been examined as SPE materials for polar compounds.
Among the varied application fields, Cai et al. [104] used MWCNTs as a sor-
bent in SPE for extracting a group of endocrine disruptors from aqueous sam-
ples. In comparative studies, MWCNTs were more effective than or as
effective as C18 or styrene—divinylbenzene-based sorbents [105]. Although
the mentioned studies claimed that MWCNTs were promising materials in
SPE fields, further work should be done with a wider range of polar compounds
to confirm that MWCNTs are suitable sorbents for extracting polar pollutants in
SPE [106]. However, the complexity of their synthesis and the need for con-
ducting stability and method performance studies have slowed down the devel-
opment of these applications. More reports are expected in the near future and
especially for those dealing with the analysis of real samples, since they repre-
sent the most important separation applications at the moment [107].

5.2 Selective PLE

The process known as selective PLE (SPLE) involves PLE combined with
in situ (in-cell) cleanup of the extract by packing the sample dispersed in an
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adsorbent, such as modified silica, Florisil, or alumina (Figure 4). The use of a
SPLE technique significantly reduces the need for exhaustive post-cleanup
procedures and allows the automation of cleanup steps. In recent years, SPLE
has been developed for the analysis of organic pollutants such as PAHs and
PCBs and many other compounds present in environmental [78] and food
samples [109] including the estrogenic compounds [108] in soil.

However, current findings suggest that SPLE has not yet been applied in
the determination of pharmaceuticals in solid environmental samples; how-
ever, a wider application may be expected in the near future.

5.3 Other Cleanup Techniques

Saleh et al. [55] recently used HF-LPME for both the preconcentration and
cleanup of some NSAIDs following SHWE from sewage sludge. Ammonium
carbonate buffer (0.1 M) was used as the acceptor phase since it is a volatile
buffer suitable for electrospray ionization (ESI)-MS and provides a suitable
pH (9.5) for analytes to become deprotonated and trapped in the acceptor
phase. The hollow fibers were immersed into organic solvent (di-n-hexyl
ether) for 15 s and in ultrapure water for 10 s to wash away the extra organic
solvent from the surface of the fiber. For the study of the effect of the donor-
phase pH on the extraction efficiencies of target drugs, different pH values in
the range of 1-6 were tested. The extractions were performed at 600 rpm for
90 min. The results showed that by decreasing pH from 6 to 4, the extraction
efficiencies of NSAIDs increased, remained constant up to pH 2, and
increased slightly at pH lower than 2. Because of that, pH 1.5 was chosen
as the optimum value for the rest of the experiments. The cleanup method
decreased the matrix effect and produced relatively high enrichment factors
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in the extract of the sewage sludge. Matrix effects and enrichment factors in
the range of 9-15% and 947-1213, respectively, were obtained. The
HF-LPME extraction time was 120 min. This method is a very good alterna-
tive since considerable matrix effects for NSAIDs have been reported after
cleanup using SPE [48].

DSPE is also one of the relatively new purification and extraction proce-
dures. DSPE and MSPD are similar in some respects but differ in the addition
of the sorbent: with DSPE, it is added to an aliquot of the extract rather than
to the original sample as it is the case with MSPD. The high cost of the
sorbent limits the sample size that can be used in MSPD. This may lead to
concerns regarding sample representation and homogeneity; however, DSPE
relies on the extraction process to provide a homogenous aliquot from an
original sample of any size with only a small amount of sorbent used [110].
Dobor et al. [56] used a modified DSPE (namely, DME) for the precleaning
of the decantated extract of NSAIDs obtained by MAE. For that purpose,
0.5 g of neutral alumina as the sorbent and 0.25 g Al,(SO,4); as the electrolyte
were added to the water extract and shaken for 10 min. Following that, the
mixture was centrifuged for 10 min to separate the liquid and the colloidal
fraction of the sludge particles adsorbed on the surface of alumina. The
recleaned extract was applied to the Oasis HLB cartridge. The results obtained
using the DME + SPE procedure in comparison with simple SPE have shown
that the preparation of a new sample is the better option. The developed
cleanup method considerably decreased the matrix effect in the sewage sludge
extract, which had lower LOQ values of DME + SPE (15-22 ng/g) compared
with LOQ of SPE (100-540 ng/g). Nonetheless, the study has shown that
the dispersive matrix extraction method may be recommended for sample
preparation in case of a high matrix effect, if the extractant is a water or
water—water miscible solvent, if the target analytes have polar character,
and if the sample is disposed of to produce colloidal solution.

6 QUANTITATIVE ANALYTIC DETERMINATION

PhACs are present in environmental solid samples where their concentration
ranges from low milligrams/kilograms to micrograms/kilograms (Table 1).
Therefore, advanced separation and detection techniques are required for sen-
sitive and accurate detection of these low concentrations. Most analytic meth-
ods reported for determination of PhACs in environmental samples are
developed with the aim to analyze aqueous matrices (surface water and waste-
water). The same methods are used for PhACs detection in solid environmen-
tal samples. The difference refers to the tedious sample preparation step of
those matrices (sediment, soil, and sewage sludge). Solid samples represent
analytically very challenging matrices because of their high heterogeneity.
Moreover, sewage sludge contains numerous components, potential interfer-
ing compounds in analysis of target PhACs such as lipids and other naturally
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occurring materials, and materials that may be added to sewage during the
processing (e.g., surfactants, ferric chloride, polymeric colloids, or lime). So
it is of high importance to remove them from the sample using appropriate
sample preparation and cleanup procedures [111].

Modern analytic methods used for separation and detection of PhACs in
solid environmental samples mainly rely on application of chromatographic
techniques (GC or LC) hyphenated to MS, although diode array and fluorescent
detectors were used. Since most pharmaceuticals are relatively nonvolatile and
some are highly polar compounds containing ionizable functional groups (car-
boxylic or amino), a derivatization step is required before GC analysis. For this
purpose, various derivatization agents are utilized. This way, an additional step
is introduced into the analytic procedure, which could influence the accuracy of
the method due to a loss of analytes, introduction of unwanted contaminants, or
incomplete reaction. Furthermore, many PhACs like TCs are thermolabile [15].
Therefore, high-performance LC is used more frequently than GC. Detailed and
comprehensive reviews on application of GC-MS and LC-MS methods for
determination of PhACs in solid environmental matrices (soil, sediment, and
sludge) have been reported [15,21,111,112].

6.1 GC Methods

Despite the fact that usage of LC-MS is dominant in most environmental ana-
lyses, GC-MS is still utilized in many environmental laboratories as a cost-
effective technique suitable for routine analysis. In comparison with
LC-MS, GC-MS has the advantage of being less submissive to matrix effects,
particularly in complex solid environmental matrices or wastewater, which
makes it still attractive for PhAC analysis in environmental samples [52,73].
Moreover, using an available standard electron impact (EI)-MS database,
full-scan GC-MS can be used for identifying nontarget PhACs and their envi-
ronmental transformation products [73]. The high selectivity of the method
could be provided by applying tandem MS, while high sensitivity could be
obtained by a large volume injection [73]. DB5- or HP5-MS columns
(30 m x 0.25 mm i.d., 0.25 pm film thickness) are usually used for the GC
separation of PhACs. Helium is used as a carrier gas at a flow rate of
1-1.2 mL/min. Samples (1-2 pL) are injected in the GC using split/splitless
mode. The column temperature is usually programmed to vary within the
range of 50-300 °C. EI ionization at temperatures of 200-250 °C and with
the ionization energy of 70eV is a standard ionization technique for
GC-MS analysis of PhACs [8,37,52]. The identification is conducted in the
full-scan mode, while the quantification is performed by acquiring
compound-specific molecular ions and/or fragment ions in a selected ion
monitoring mode [73]. Aside from certain neutral drugs, most pharmaceuti-
cals are polar, nonvolatile, and thermally labile compounds that are unsuitable
for GC separation. The derivatization of hydroxyl and carboxyl groups prior



158 Analysis, Removal, Effects and Risk of Pharmaceuticals in the Water Cycle

to GC-MS or GC-MS/MS analysis of pharmaceuticals has thus become a
necessary step. This is a definite advantage of LC-based MS/MS analysis, see-
ing as how no derivatization is required to achieve a good separation. Deriva-
tization is usually performed by using organic reactions (e.g., methylation,
silylation, and acetylation) once analytes have been extracted and cleaned
from the sample matrix [74].

6.2 LC Methods

Nowadays, determination of PhACs in solid environmental samples is domi-
nated by the coupling of the LC separation technique to a sensitive and spe-
cific detection system. Although diode-array detection [31-33,38,58] and
fluorescence detection (FLD) [25,31,38,60] are used, the majority of determi-
nations in multiresidue analysis refer to LC in combination with mass
spectrometers.

FLD is useful for FQ detection; however, when multiresidue analysis has
to be performed, an additional derivatization step is required due to the lack of
fluorophores in the PhACs other than FQs [25,38]. Nevertheless, FLD without
derivatization has been applied to detect IBF and their metabolites, hydroxy-
IBF and carboxy-IBF, in soil samples [60].

Reverse-phase (C18) analytic column is most commonly used for the sep-
aration of PhACs. Instead of these classical nonselective sorbents, application
of MIPs as a stationary phase enables separation of analytes from interfering
compounds and analysis without a previous cleanup step. Turiel et al. [32]
have synthesized MIPs using ciprofloxacin as a template and applied them
as an analytic column in FQ analysis in soil samples. However, the applica-
tion of MIP analytic columns is scarce probably due to the fact that they are
tailor-made materials intended to be used for a specific analyte or closely
related compounds. Regarding environmental analysis, multiresidue methods
are preferred in order to determine a larger number of pollutants in a single
run, while highly selective stationary phases such as MIPs allow determina-
tion of PhACs belonging to the same structural group.

Recently, ultra-high-performance LC (UHPLC) has been applied to the
analysis of PhACs in solid environmental samples [23,39,53,77]. UHPLC
has the sensitivity two to three times greater than HPLC due to the usage of
columns packed with particles <2 pm resulting in better chromatographic res-
olution, increased peak capacity, and reduced run time. The increased effi-
ciency of this type of column leads to shorter analysis runs, narrower peaks,
improved separations, and reduced peak overlaps [73,99], which then led to
better quality of the mass spectra. Despite the advantages of UHPLC, only a
few papers have reported their application in analysis of solid environmental
samples (e.g., sediment [77], soil and manure [23], and sewage sludge [39]).

The composition of the mobile phase is an important factor for obtaining
good chromatographic separation, reproducible retention times, satisfactory
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peak shapes, and good ionization efficiencies. Typically, mixtures of acetoni-
trile—water or methanol-water at different pH values have been used as
mobile phases for the LC separation under gradient elution. In an attempt to
improve the ionization of analytes and the sensitivity of MS detection, the
mobile phase is usually modified with volatile additives (e.g., formic acid,
acetic acid, and ammonium acetate or formate). Nonvolatile additives such
as oxalic acid should be avoided when ESI is used. The same applies to higher
viscosity eluents that can produce higher back pressure [69].

ESI and atmospheric-pressure chemical ionization (APCI) are the most
widely used atmospheric-pressure ionization techniques. Development of
APCI expands the range of low-polarity and low-mass compounds amenable
for LC-MS analysis [99]. Nevertheless, ESI, with an exception of Schliisener
et al. [41] and Loffler and Ternes [26] who have used APCI, is the ionization
technique preferred by most authors since it is excellent for both polar and
nonpolar compounds and for compounds with poor thermal stability [113].

Although LC-MS is used for determination of PhACs in complex matrices
like solid environmental samples, it still requires efficient separation of the
analytes from the interferences. Single quadrupole MS methods produce low
fragmentation, and pseudomolecular ions [M+H]" or [M—H] ™ are obtained,
which are collected in positive and/or negative ion modes [99,112]. Determi-
nation of NSAIDs [55,61], sulfonamides, macrolides, FQs, and TCs [49,50] in
sewage sludge using single quadrupole MS has been reported.

In order to overcome the drawback of single quadrupole MS methods of
possible cofragmentation of matrix components other than target analytes,
LC-MS? is preferred for analysis of complex matrices. By using LC-MS?,
it is possible to distinguish individual compounds having the same molecular
mass by different fragments obtained after the induced collision with an inert
gas [99], thus avoiding cofragmentation of analytes and interferences
[111-113]. Therefore, using LC—MSZ, complete separation may not always
be necessary. However, good separation may considerably reduce matrix
effects, which may suppress or enhance the analyte signal. MS? offers
increased sensitivity and selectivity, particularly in analysis of complex matri-
ces, so the use of tandem MS is preferred in the analysis of solid environmen-
tal samples.

The analyzers used mostly as LC detectors include quadrupole (Q), ion
trap (IT), and time of flight (TOF) alone or in different combinations. Triple
quadrupole (QqQ) is the most widely used tandem mass spectrometer and can
be applied for determination of parent PhACs and their known metabolites.
Hybrid mass spectrometers that have been developed by combining two dif-
ferent principles of MS analyzers into one single instrument enable more
information on the sample, whereas the analysis run time is significantly
reduced. Among them, quadrupole-TOF-MS and quadrupole-linear IT
(Q-LIT) are established as powerful tools for target analysis of environmental
contaminants [99].
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IT analyzers have an ability to perform multiple stages of fragmentation in
time (MS") and to trap the product ions resulting in high sensitivity and full-
scan mass spectra. Application of this kind of MS analyzers in environmental
analysis may help to infer the degradation pathways and identification of the
unknown substances [99,112]. Hybrid Q-LIT mass spectrometers combine the
specificity and robustness of QqQ analyzers and the full-scan tandem MS sen-
sitivity of IT analyzers resulting in an increase of the instrumental dynamic
range. This kind of hybrid MS instruments enables true positive analysis of
target compounds in complex samples with higher confidence [73,99].
Although the application of hybrid mass spectrometers in analysis of solid
environmental samples is scarce, Jeli et al. [48] have reported use of a hybrid
instrument consisting of a Q-LIT in the analysis of PhACs in sewage sludge
samples. These instruments enable powerful scan combinations leading to
rapid identification and confirmation of target analytes. Excellent sensitivity
has been obtained with LOD lower than 1 ng/g for most of the compounds.
LC-Q-LIT has also been applied in the investigation on the occurrence and
distribution of PhACs in the surface water, suspended soil, and sediments of
the Ebro River basin (Spain) [114].

TOF coupled with LC is an alternative detection method for identification
of unknown residues in complex environmental samples. Due to the high-
resolution capability of the method, an accurate mass can be obtained for both
the precursor and product ions in full-scan spectra. This method can be used
for the screening and qualitative and quantitative analysis of pharmaceuticals
in complex matrices [73,99,112]. The high-power resolving technique of the
TOF-MS method removes the interference signal, making it easier to identify
the nontarget compounds in complex environmental samples. However, com-
paring it to quadrupole instruments, LC-TOF-MS has a significantly lower
effective linear dynamic range, which is one of the most important drawbacks
of the utilization of LC-TOF-MS in quantitative analysis [113]. Terzi¢ and
Ahel [77] have shown that UHPLCs coupled to Q-TOF-MS have a high capa-
bility for identification of nontarget contaminants in complex environmental
matrices such as freshwater sediment (Figure 5).

A new approach to multiresidue analysis entails application of the high
resolution and reliable mass accuracy of Orbitrap MS systems. Orbitrap repre-
sents an alternative to Q-TOF instruments for identification of PhAC transfor-
mation products or screening over a wide mass range. The first and so far the
only application of Orbitrap MS for PhACs analysis in solid environmental
samples has been reported by Chitescu et al. [53]. The application involves
trace analysis of pharmaceuticals and fungicides in soil and plant samples.

6.3 Matrix Effect

Complete elimination of interferences is usually not possible in analysis of
complex environmental matrices despite tedious sample preparation and
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cleanup steps. These coeluting undetected matrix components that have simi-
lar ions in the MS experiment have caused the matrix effect and affected the
data quality [73]. The consequence of the matrix effect is primarily suppres-
sion or enhancement of the ion intensity of the target analyte. Furthermore,
poor accuracy and repeatability and problems with linearity and quantification
(overestimation of the analyte concentration due to signal enhancement or a
false negative result due to signal suppression) may arise [57]. The matrix
effect depends on the sample matrix, specific analyte, or ionization mode,
and it has been observed in the analysis by both GC-MS and LC-MS
[115]. EI sources used in the GC-MS analysis are much less sensitive to
ion suppression and ion enhancement than ESI or APCI. The reason lies in
the fact that ionization occurs in the gas phase where the pressure is low
and a smaller amount of sample is injected [116]. Comparing ESI and APCI,
it has been reported that APCI is less matrix-dependent than ESI. Wick et al.
[115] have compared ESI and APCI in the positive and negative ionization
mode, in the multiresidue analysis of biocides, UV filters and benzothiazoles
in aqueous matrices, and activated sludge by LC—tandem MS. They have
observed that ESI exhibited strong ion suppression for most target analytes,
while APCI was generally less susceptible to ion suppression but partially
leads to ion enhancement.

Since the majority of the application of LC-MS analysis of PhACs uses
ESI as an ionization technique, it is essential to evaluate the matrix effect
when developing analytic methods for environmental analysis [73].

Several strategies are proposed to overcome the problems resulting from
the matrix effect. The most effective one is exhaustive sample preparation
and cleanup and it removes interference substances, but it is time-consuming
and may result in a loss of target analytes.

Saleh et al. [55] have shown that appropriate sample preparation and
cleanup procedures may reduce the matrix effect. They observed that super-
heated water used as an extraction solvent instead of superheated organic sol-
vents and HF-LPME as a cleanup procedure decreased the matrix effect for
determination of NSADs in sewage sludge.

Another strategy to reduce the matrix effect is improvement of chro-
matographic separation, thus avoiding coelution with matrix components.
A third approach is a serial dilution of the final extract, so less matrix compo-
nents are injected into analytic system. Still, in most cases, it is not possible to
completely eliminate the matrix effect. Therefore, several approaches are pro-
posed to overcome problems associated with the matrix effect in the final
determination. It could be compensated using an appropriate calibration
model with standards in the matrix. It is proposed to use matrix-matched cali-
bration standards to establish a calibration curve. However, an uncontami-
nated sample matrix must be available for this approach. Another approach
refers to use of the standard addition method in which calibration standards
are added to the sample to evaluate the calibration curve. This approach is



Analysis of Pharmaceuticals in Solid Samples 163

tedious and time-consuming, thus inappropriate for monitoring campaigns
when a large number of samples must be analyzed [73,116]. An effective
approach is application of an internal standard (structurally similar unlabeled
compound or isotopically labeled standard) that can compensate for the
matrix effect. However, poor availability, high costs of internal standards,
and the fact that the matrix effect depends on the retention time and that more
than one internal standard may be needed make this approach less desirable
[73,117]. Despite these, application of isotopically labeled standards is a pop-
ular method for compensating the matrix effects in the determination of
PhACs in environmental samples. In order to evaluate the extent of the
observed matrix effect, many researchers have used the simple method first
proposed by Matuszewski et al. [118].

7 CONCLUSION

The data on PhACs occurrence evidence their presence in solid environmental
samples in the average concentration of micrograms/kilograms. Therefore, it
is of high importance to understand their behavior in soil, sediment, and sew-
age sludge.

Sample preparation and cleanup procedures play a fundamental role in
developing an analytic methodology for such complex environmental sam-
ples. Techniques that provide for a fast and simple preparation procedure
use a small amount of solvents and samples and enable automatization are
favorable. Conventional sample preparation techniques such as Soxhlet and
USE are still applied for extraction of PhACs from solid environmental sam-
ples despite their disadvantages of being time-consuming, large consumption
of sample and organic solvents, and, consequently, generation of large quan-
tities of waste. During the last decade, new sample preparation techniques
have been developed in an attempt to endeavor these disadvantages. These
techniques include MAE, SHWE, PLE, SFE, and MSPD. Among them,
PLE is the most applied technique for solid environmental samples.

Although UV detection and FLD are still used in analysis of solid environ-
mental samples, advanced LC-MS? techniques that enable multiresidue anal-
ysis of a wide range of structurally different PhACs are utilized in the
majority of methods. The application of more sophisticated MS instruments
such as IT, TOF, and Orbitrap that may help in identification of nontarget
contaminants in complex environmental matrices is still scarce.

Investigations of PhAC occurrence in solid environmental matrices are
curious and less numerous in comparison with those dealing with aqueous
environmental samples. Therefore, further research should be conducted to
collect additional data on the occurrence of PhACs and their metabolites in
solid environmental samples necessary for evaluation of their behavior in
the environment, determination of degradation pathways, and identification
of degradation products that will cater for realistic risk assessments.
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1 INTRODUCTION

Pharmaceutical residues have been detected in the aquatic environment for a
number of years at low concentrations (nanograms per liter to micrograms
per liter) in wastewater treatment plant (WWTP) effluents, surface water,
and groundwater [1—4]. Despite the usually low levels and tendency to swiftly
degrade, they are found in the natural ecosystems: their introduction rates in
the aquatic environment exceed their degradation rate, and thus, they are con-
sidered pseudopersistent contaminants [5].

A major route of entrance of these substances in the environment is a con-
sequence of their intended purpose. After the administration of a pharmaceu-
tical, the unchanged parent compound and, in many cases, bioactive and
inactive metabolites are excreted and released into the municipal sewage sys-
tems. Many of them pass through WWTPs unchanged or as their transforma-
tion products [6], as conventional WWTPs are not specifically designed to
remove these compounds. Wastewater effluents are usually discharged to sur-
face water or used for irrigation. Solid effluents, that is, sludge, containing
pharmaceutical residues can result in leaching into the soil or lead to runoff
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to receiving waters [7]. Veterinary drug usage for treating domestic animals,
livestock, and aquaculture is another route of entrance, whether through direct
deposition on land via feces or through runoff to receiving waters. Agriculture
and aquaculture also require large quantities of specific pharmaceutical com-
pounds, such as antibiotics and hormones for growth promotion, therapeutic
treatment, or disease prevention [8].

One of the main concerns related to the presence of pharmaceutical com-
pounds in the environment is that they are biologically active, resulting in
unexpected effects in nontarget aquatic organisms [9—11]. Little is still known
about the long-term effects of exposure to low levels of these emerging con-
taminants on wildlife and, ultimately, on humans [9] and the potential for
effects when organisms are exposed to multiple like-acting drugs.

There are a few examples of unintended side effects, such as the feminiza-
tion of male fish attributed to the estrogen derivate ethinyl estradiol in combi-
nation with other hormones and the toxicity of the anti-inflammatory drug
diclofenac, which caused the death of millions of vultures in Asia [12-14].
A recent study showed that environmentally relevant concentrations of oxaz-
epam, a benzodiazepine drug, can affect fish behavioral traits, such as bold-
ness, activity, and sociality [15]. These traits are considered ecologically
and evolutionarily important and are used to predict how individuals respond
to environmental changes [15]. These studies only refer to one or a few com-
pounds when, as a matter of fact, organisms are exposed to hundreds of phar-
maceuticals at the same time, so the full environmental impact of these
compounds and the possible additive or synergistic effects are still unknown.

2 SAMPLE PREPARATION

Literature specifically focusing on sample preparation for the analysis of phar-
maceuticals in solid samples, including food and biological matrices, has been
recently published [16-20]. This section reviews the main extraction and
cleanup procedures and the most used detection techniques applied to the deter-
mination of pharmaceuticals in aquatic wildlife (see Figure 1). Table 1 sum-
marizes the main steps and experimental conditions reported in the literature
for the analysis of pharmaceuticals in biota samples.

2.1 Sample Extraction

For the analysis of environmental samples, the target analytes must be previ-
ously isolated and concentrated from the sample matrix. Sample preparation is
particularly critical when biota samples are involved due to the higher com-
plexity of these matrices, especially rich in undesirable components that could
interfere with the analysis (lipids, proteins, and pigments), and the low con-
centration of analytes.



Analysis of Pharmaceuticals in Biota 171

Extraction
(PLE, SPME, LLE)

Purification
(SPE, GPC, dilution)

|

( Identification and }

quantification
Derivatization
step

Biosensors and LC (tandem UV,

FIGURE 1 Basic analytic steps in methodologies for determination of pharmaceuticals in biota.

Considering the aforementioned problems, along with the widely varying
physicochemical properties (e.g., polarity, solubility, and stability) between
groups of pharmaceuticals, one of the main challenges for the development
of a good analytic method is to obtain efficient extraction for the target com-
pounds [17,20]. Even though the current trend is to develop multiresidue
methods for the analysis of pharmaceuticals in environmental matrices
[60,61], the development of methods for multiclass pharmaceutical determi-
nation (three or more therapeutic families) in biota is difficult, as it requires
a compromise in the selection of the experimental conditions, which usually
are not the best conditions for all the analytes studied. The more differences
there are between compounds, the greater the difficulty in finding a single
extraction procedure for all analytes with acceptable recoveries [20]. Probably
for this reason, few multiresidue methods have been developed for the screen-
ing of biota (see Table 1) [54-59]. Consequently, most of the methods
reported so far focus on single compounds or a family of compounds (psychi-
atric drugs, antibiotics, etc.). All things considered, extensive and lengthy
sample preparation is essential to solve these issues that might be a hindrance
during the method optimization [16].

There are two main types of biota samples: liquid samples (such as bile or
plasma) and solid samples (muscle, liver, etc.), which require very different
analytic approaches. In the case of nonsolid biological matrices, the main
objective is to preconcentrate the analytes. This usually means a dilution step,
to reduce matrix interferences, followed by a preconcentration through the use
of solid-phase extraction (SPE) cartridges. The most frequently chosen sor-
bent for SPE cartridges is Oasis HLB or mixed-mode cation-exchange
(MCX) (specific for basic compounds) sorbent or Strata-X, as they have
shown an efficient performance during the extraction of a wide range of phar-
maceuticals [22-24,43,55]. An alternative technique for the analysis of



TABLE 1 Analytic Methodologies for the Determination of Pharmaceutical Compounds in Biota

LOD
Family Compounds Matrix Extraction Cleanup Detection (ng/g) Rec. (%)  References
Analgesics Diclofenac Fish gills, - SPE EXtrelut NT GC-MS 10 - [21]
and anti- kidney, liver, 20+ deriv. TMSH
inflammatories muscle
Fish bile Dilution Strata-X-AW UPLC-TOF/ - - [22]
MS
Diclofenac and Fish bile Dilution SPE Oasis HLB LC-MS/TOF - - [23]
metabolites
Diclofenac, Fish bile, Centrifugation + dilution SPE Oasis HLB LC-MS/MS 0.9-20" 92-105 [24]
ibuprofen, naproxen plasma
Ibuprofen Fish plasma, Homogenization SPE ResPrep™ GC-MS 14° 90-104 [25]
gills, kidney, Florisil +deriv.
liver, muscle BF3/MeOH
Mussel Microwave-assisted micellar SPE Oasis HLB LC-MS/MS - - [26]
digestive gland  extraction (MAME)
tissue,
homogenate
Ibuprofen Fish plasma Homogenization SPE ResPrep™ LC-MS - 90-104 [25]
metabolites © Florisil +deriv.
BF3/MeOH
Ibuprofen, Mussel MAME SPE Oasis HLB HPLC-UV 0.2 85-119 [27]
ketoprofen, homogenate,
naproxen gills




Antibiotics Aminoglycosides Fish muscle Centrifugation SPE Oasis MCX UPLC-MS/ 2-25 70-82 [28]
MS
Amphenicols, Fish and mussel ~ Enzymatic-microwave-assisted Centrifugation HPLC-DAD/  2-16 70-100 [29]
penicillin, muscle extraction FLD
sulfonamides,
tetracyclines
Flumequine Fish muscle Sonication Centrifugation HPLC-FL 1 63 [30]
Fluoroquinolones, Fish Centrifugation Wash with Optical SPR 0.3 [31]
quinolones homogenate hexane biosensor
Flumequine, Bryophyte Extraction with NaOH +wash HPLC-FL 5 - [32]
oxolinic acid homogenate with chloroform
Macrolides Fish muscle PLE - LC-MS 18-51 66-91 [33]
Oxytetracycline Crustacean Protein SPE Sep-Pak Cy5 HPLC-UV 40" 96-108 [34]
hemolymph denaturalization + buffered
and extraction
hepatopancreas
Bryophyte Extraction with acetone and SPE Bond Elut HPLC-UV 30 [32]
homogenate Mcllvaine buffer Cis
Quinolones Crustacean Centrifugation Liquid-liquid HPLC-FL 6.9 68 [35]
homogenate extraction
B-blockers Carvedilol Crustacean and ~ PLE - Scintillation [36]
insect (LSC)
homogenate
Propranolol Fish plasma Addition of NaOH + vortexing Centrifugation LC-MS 98-103 [37]

/

Continued



TABLE 1 Analytic Methodologies for the Determination of Pharmaceutical Compounds in Biota—Cont'd

~

LOD
Family Compounds Matrix Extraction Cleanup Detection (ng/g) Rec. (%)  References
Hormones 17a-Ethinylestradiol Fish PLE GPC+solvent GC-MS 0.7 74-94 [38]
homogenate wash +deriv.
PFBCI
Crustacean and  Sonication Centrifugation LC-MS/MS 3.7-6.5 95-98 [39]
insect
homogenate
17p-Estradiol Fish muscle Centrifugation SPE+deriv. GC-MS 0.003 95-98 [40]
BSTFA
170-Ethinyl Biofilm Centrifugation 4 ultrasonication  Filtration +deriv. GC-MS - - [41]
estradiol, 17- MSTFA
estradiol
Mussel Ultrasonication +filtration SPE Florisil LC-MS/MS 0.3-5.0 48-55 [42]
homogenate
Lipid Atorvastatin Crustacean and ~ Sonication Centrifugation LC-MS/MS 0.3-1.3 61-108 [39]
regulators insect
homogenate
Bezafibrate Mussel MAME SPE Oasis HLB LC-MS/MS - - [26]
digestive gland
tissue, gills,
homogenate
Mussel MAME SPE Oasis HLB HPLC-UV 0.2 85-119 [27]
homogenate
Fish plasma Centrifugation SPE Oasis HLB LC-MS/MS - 89+6 [43]
Simvastatin Fish liver Shaking with solvent SPE Oasis HLB LC-MS/MS 7.9 80+7 [44]




homogenate

Psychiatric Carbamazepine Fish bile, Centrifugation SPE Oasis HLB LC-MS/MS 0.9-100° 92-105 [24]
drugs plasma
Mussel MAME SPE Oasis HLB LC-MS/MS - - [26]
digestive gland,
gills,
homogenate
Mussel MAME SPE Oasis HLB HPLC-UV 0.2 85-119 [27]
homogenate
Algae, Liquid-liquid extraction SPE anhydrous LC-MS/MS 0.2 93+4 [45]
Cnidarian, sodium sulfate
Crustacean
homogenate
Fish brain, Centrifugation LC-MS/MS 95-110 [46]
liver, muscle,
plasma
Crustacean and  Sonication Centrifugation LC-MS/MS 0.8-1.1 118-129  [39]
insect
homogenate
Carbamazepine, Fish muscle PLE GPC +silica GC-MS 3.7-18 88-97 [47]
diazepam gel +deriv.
MSTFA
Fish liver Centrifugation SPE Oasis HLB LC-MS/MS 8.2 84+4 [44]
Carbamazepine, Crustacean and  Extraction with hydrogen Scintillation - - [36]
diazepam, fluoxetine  insect peroxide (LSC)

/

Continued
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LOD
Family Compounds Matrix Extraction Cleanup Detection (ng/g) Rec. (%)  References
Bupropion, Fish muscle PLE+ protein denaturalization SPE Oasis® MCX LC-APCI- 0.5 5-111 [48]
citalopram, with HCI MS/MS
fluoxetine,
paroxetine,
sertraline,
venlafaxine”
Bupropion, Fish brain Sonication Centrifugation LC-MS/MS 0.015 77-97 [49]
citalopram,
duloxetine,
fluoxetine,
fluvoxamine,
paroxetine,
sertraline,
venlafaxine”
Fluoxetine Mussel Bed shaker LC-MS/MS 0.05 51-94 [50]
homogenate
Fluoxetine, Fish brain, Rotary extraction SPE bond GC-MS 0.01 49-107 [51]
sertraline” liver, muscle elute +deriv.
PFPA
Fluoxetine, Fish muscle PLE + protein denaturalization SPE Oasis® MCX LC-APCI- 0.02-0.07  86-99 [52]
paroxetine” with HCI MS/MS
Oxazepam Fish muscle BeadBeater Centrifugation LC-MS/MS 0.5 100+12  [15]
Barbiturates Barbital, secobarbital Crustacean Ultrasonic extraction +wash SPE Oasis HLB LC-MS/MS 0.25 75-85 [53]
homogenate, with hexane
fish muscle

-




~

~

LOD Rec.

Therapeutic Family Matrix Extraction Cleanup Detection  (ng/g) (%) References
Multiresidue Analgesics and anti-inflammatories, antibiotics, Fish muscle Rotary extractor  Centrifugation ~ LC-MS/ 0.01-3.14  31-97 [54]
methods" B-blockers, lipid regulators, psychiatric drugs, MSs

anticoagulants, anti-acid reflux drugs,

antihistamines

Analgesics and anti-inflammatories, B-blockers, Fish bile SPE Oasis HLB/ LC-MS/ 1.1-77° 74-136 [55]

lipid regulators, psychiatric drugs MCX MS

Analgesics and anti-inflammatories, lipid Fish bile, Solid-phase LC-MS/ [56,57]

regulators, psychiatric drugs muscle microextraction MSs

(SPME)

Lipid regulators, psychiatric drugs, antihistamines, Fish liver, Rotary extractor ~ Centrifugation ~ LC-MS/ 0.04-9.6 91-142  [58]

calcium channel blockers muscle MS

Analgesics and anti-inflammatories, B-blockers, Fish PLE GPC UPLC- 0.01-0.98 27-92 [59]

psychiatric drugs, antihelminthics, antiplatelet homogenate, MS/MS

agents, diuretics, anti-asthma drugs liver, muscle

“ng/mL for bile and plasma analysis.
bMethod includes pharmaceutical metabolites.
“Three or more therapeutic families.
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propranolol in plasma was based on the dilution of the samples with 100 pl of
0.1% (w/v) NaOH and centrifugation and obtained recoveries in the range
98-103% [37]. Nallani et al. [25] applied a simple centrifugation step with
acetone followed by a derivatization step for the analysis of ibuprofen meta-
bolites in blood samples. Togunde et al. [56] developed an analytic method
based on solid-phase microextraction (SPME) to investigate the uptake and
the bioconcentration of pharmaceuticals in fish bile. Polydimethylsiloxane
and C;g fiber coatings were inserted in the bile samples previously deconju-
gated and set for equilibrium extraction at under 1200 rpm continual vortex
agitation. Recovery efficiency was not very high (5-65%), but the extraction
strategy was solvent-free and integrated sampling and sample preparation into
a single step.

Extraction of pharmaceuticals from solid matrices usually requires more
extensive procedures, such as ultrasonication [30,53], microwave-assisted
micellar extraction (MAME) [26,27], pressurized liquid extraction (PLE)
[47,52,59], centrifugation with solvent [24,31,40,43,46], and rotary extraction
[51,54,58].

Ultrasonication has been used for the extraction of several pharmaceutical
classes, such as antibiotics, analgesics, antidepressants, and hormones using
different solvents, such as methanol/acetone [62], acetonitrile [30,49], and
hexane/acetone (70:30, v/v) [42]. For instance, Schultz et al. [49] added for-
mic acid and acetonitrile to fish brain samples and homogenized with an ultra-
sonic tissue disruptor for the analysis of antidepressants. Vannini et al. [62]
developed a method for the analysis of 13 compounds, which included anti-
biotics, anti-inflammatories, lipid regulators, diuretic, B-blockers, psychiatric
drugs, and other therapeutic families, in algal homogenates consisting of
two ultrasonication steps (10 min each) with a mixture of methanol/2% NH,
solution in methanol/acetone (1:1:1, v/v), followed by a centrifugation step.
Wang et al. [53] described an extraction method for barbital residues in fish
tissue and shrimp muscle based on ultrasonication extraction with 0.1% acetic
acid (v/v) in acetonitrile and hexane wash for extract purification, with
recoveries between 75% and 85%. Two sonication extraction steps with
hexane—acetone (70:30, v/v) as extractant were applied for the analysis of
17a-ethinylestradiol and 17f-estradiol in mussel samples, with recoveries
around 50% [42].

Ramirez et al. [54] evaluated the efficiency of ten solvents (i.e., dichloro-
methane, hexane, methanol, and acetonitrile), differing in pH or polarity for
the extraction of 24 pharmaceuticals from fish muscle. In this study,
moderate-polarity solvents were found to be most effective at removing target
analytes from fish muscle, whereas aqueous solvents resulted in relatively
poor extraction efficiency. As most of the target analytes were basic, tested
pH (2.4-6) had little effect on recovery. This method applied a simple homog-
enization with the selected solvent and a centrifugation step for removal of
macromolecules as the extraction procedure.
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A less common technique is, for example, the use of micellar systems for
the extraction of the target analytes, where a micellar surfactant is used as the
extractant, reducing solvent consumption and production of residues. This is
the case of MAME, which Cueva-Mestanza et al. [27] applied to the detection
of six pharmaceuticals in mussels with recoveries higher than 80%.
Fernandez-Torres et al. [29] applied a similar technique, enzymatic-
microwave-assisted extraction (MAE), using an enzymatic digestion for the
extraction of 11 antibiotics in fish tissue and mussel samples. A comparison
between classical MAE and enzymatic-assisted MAE was performed in
order to improve extraction efficiencies, and recoveries of almost all
analytes increased at low irradiation powers when enzymatic-assisted MAE
was applied.

The study of bioaccumulation and tissue distribution of contaminants in
living organisms has also benefited from advances in techniques like SPME,
which has been applied to samples for the analysis of several therapeutic clas-
ses of pharmaceuticals in vivo in fish. The procedure consists in inserting a
fiber in the fish muscle to adsorb the target analytes. After a short exposure,
the fiber is extracted from the organism and desorbed through agitation in
an organic solvent. In the majority of the cases, results were comparable with
those obtained by a solid—liquid extraction to determine the extractable con-
centrations of target analytes in fish muscle [57,63,64].

A spreading trend is the use of PLE for the determination of contaminants
in solid samples. This technique involves extraction with conventional sol-
vents at high pressure (100—140 bar) and temperatures (80-180 °C), without
reaching their critical point, to increase the extraction of pollutants from solid
samples [65,66]. An important point to consider is that, although this extrac-
tion process may be more efficient than the procedures mentioned earlier, it
may also extract more matrix components. Extraction solvent and temperature
are considered the critical parameters during optimization of this technique.
Huerta et al. [59] evaluated the effect of various solvents at different tempera-
tures for the extraction efficiency. Tested temperatures were in the range
50-90 °C, as the thermal stability of the compounds due to the relatively high
extraction temperatures was essential. At 50 °C, methanol provided the high-
est recoveries when compared to other solvents (acetonitrile), solvent mix-
tures (methanol/water, 1:1; methanol/acetonitrile, 1:1), or solvent with
additive (acidified methanol). The rest of the parameters did not significantly
improve the recoveries. Berrada et al. [33] extracted macrolide antibiotics in
fish muscle, even though these compounds are especially temperature-
sensitive, with recoveries over 77% and no further purification preanalysis.
Chu and Metcalfe [52] described a procedure for sample preparation by
PLE testing three solvents: methyl fert-butyl ether, ethyl acetate, and metha-
nol. With the optimized method, which involved a T* 100 °C and methanol
as extraction solvent, recoveries greater than 85% were obtained for paroxe-
tine, fluoxetine, and norfluoxetine in fish tissue.
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2.2 Sample Purification

Direct analysis after extraction is not always possible for the quantitative
determinations of pharmaceuticals in biota samples without further purifica-
tion to clean the extracts, as they may contain matrix coeluents, which could
spoil or hinder an accurate detection.

The great majority of the cleanup procedures is based on SPE, as it is rela-
tively swift, requires small quantities of solvent, and can adsorb compounds with
very different physicochemical properties. Florisil, alumina, or silica gel columns
have been used especially in the case of fatty samples [32,34,42,51]. In the
method developed by Nallani et al. [25], use of ResPrep' ™ Florisil SPE car-
tridges was the cleanup method chosen for the analysis of ibuprofen and metabo-
lites in different fish tissues. More often, polymeric sorbents mixed with
polymeric and cation-exchange sorbents are applied to the analysis of pharma-
ceuticals in environmental matrices. SPE Oasis HLB cartridges have been fre-
quently applied to preconcentrate the target analytes and reduce the presence
of coeluents, as they can extract acidic, neutral, and basic compounds with high
efficiencies [27,53]. Vannini et al. [62] used SPE cleanup with Oasis HLB and
MCX and reversed-phase cartridges for the analysis of 13 compounds in algal
homogenates. Chu and Metcalfe [52] described a procedure for sample prepara-
tion by PLE, followed by cleanup on a mixed-mode SPE cartridge (Oasis MCX).

Removal of lipids from the biota extract is a crucial step, as the fat content
often constitutes between 5% and 50% of the samples [59]. Gel-permeation
chromatography (also known as size exclusion chromatography) has the
advantage of good separation of large molecules from the small molecules
with a minimal volume of eluate, and the column usually can be used over sev-
eral months with no detriment on cleanup capacity [66]. This technique has
been used in tandem with other cleanup strategies, such as SPE, liquid-liquid
extraction with hexane to eliminate nonpolar matrix residues, and freezing the
sample extracts in acetonitrile to precipitate remaining lipids such as choles-
terol [38,47]. Chu and Metcalfe [52] tried gel permeation chromatography
(GPC) cleanup with Bio-Beads S-X3 to remove lipids from the samples, yet
they settled for SPE to remove the coextractives from the PLE extract, as the
needed solvent volume was large and another cleanup step was still needed
to make the sample suitable for analysis. Huerta et al. [59] tested GPC with
an EnviroPrep (Agilent) column compared to SPE with Florisil and Oasis
HLB cartridges. GPC purification step was selected as cleanup method, as it
provided satisfactory results for most of the target compounds and reduced
considerably interferences during analysis, and not further steps were needed.

3 SAMPLE SEPARATION AND DETECTION

Analytic techniques to detect pharmaceuticals at trace quantities in environ-
mental matrices have advanced significantly in the last few years. Most of
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the analytic determination methods for pharmaceuticals in biota matrices
found in the literature are based on liquid chromatography (LC) [46,50,
54-56,58,59] or gas chromatography (GC) [21,25,38,40,47,51] in combina-
tion with mass spectrometry (MS) or mass spectrophotometry detection, but
alternative techniques have also been described and applied, for instance,
immunoassays [31].

3.1 Bioassays and Biosensors

Several biosensors and immunoassays have recently been developed for
selected pharmaceuticals in biological matrices [67]. Albeit these biological
techniques have been sparingly used for the analysis of pharmaceuticals in
wildlife, their high sensitivity, simplicity, and cost-effectiveness make them
a good screening technique for different therapeutic classes [68]. Various
screening methods to detect antibiotics based on immunoassays have been
developed for their application to fish samples, such as time-resolved fluor-
oimmunoassay and enzyme-linked immunosorbent assay [69]. The most com-
monly used biological element for the detection of veterinary drug residues is
the antibody/antigen affinity pair, which is frequently used as an immuno-
chemical method [68,70]. Huet et al. [31] developed an optical immunosen-
sor, based on the surface plasmon resonance principle, as a screening test
for 13 antibiotics at concentrations below the established maximum residue
levels. This method was applied to different biological matrices, including
fish samples.

3.2 Gas Chromatography

Gas chromatography—tandem mass spectrometry (GC-MS) has been mostly
limited to compounds that are volatile enough to be transferred into the gas
phase or that can be derivatized to volatile species without difficulty, which
is a minority in the case of pharmaceuticals, that is, synthetic hormones
[38,40]. This derivatization step may be an arduous process in complex sam-
ple matrices like biota, although it has the advantage of being less susceptible
to the matrix effects than other techniques.

GC has been adeptly applied for the detection of fluoxetine, sertraline, and
metabolites in several fish tissues, including some as fatty samples such as the
liver, with excellent limit of detection (LOD) of 0.01 ng/g [51], and carba-
mazepine and diazepam in fish muscle with LOD of less than 4 ng/g [47],
as well as some anti-inflammatories [21,25].

3.3 Liquid Chromatography

LC has grown to be a fundamental separation method for the determination of
polar and thermolabile compounds. This separation technique has the
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advantage over GC of avoiding the derivatization step previously mentioned,
but it can be seriously affected by matrix effects derived from interfering
compounds extracted from the biological samples, particularly when it is in
combination with MS detection [71].

Most analysis of pharmaceuticals from biota samples has been conducted
in reversed-phase columns, such as C8 and Cl18 [23,24,26,46,48,54,58].
Acetonitrile and methanol [39,43,52] have often been used in mobile phases
for chromatographic separation of pharmaceuticals, often accompanied by
modifiers, such as formic acid [15,39], ammonium acetate [24,54,59], or
ammonium hydroxide [55] to stabilize the pH and obtain a better peak shape
and reproducibility and to increase the ionization efficiency when an MS is
used as detection method.

LC in tandem with spectrophotometric detection, such as diode-array
detection, UV absorbance detection, and fluorescence detection, has been
used for the detection of some pharmaceutical classes in aquatic organisms.
Studies to determine quinolones in fish, crustaceans, and bryophytes (aquatic
plants) were performed by means of high-performance LC with fluorescence
detection, with LOD between 1 and 7 ng/g [30,32,35,72]. Another study
reported the application of high-performance LC with UV absorbance detec-
tion for anti-inflammatories, lipid regulators, and psychiatric drugs in mussels,
with LOD below 0.2 ng/g and recoveries between 85% and 119% [27]. These
applications are, however, limited to those compounds with a specific physi-
cochemical characteristic, such as the presence of chromophores or fluores-
cent properties.

Even though LC tandem diode-array, UV absorbance, or fluorescence
detection may be a cost-effective technology, these techniques have been pro-
gressively replaced by mass spectrometric detection in the determination of
pharmaceuticals in environmental matrices, as it provides high selectivity,
specificity, and sensitivity [9,71,73].

MS methods applied to environmental matrices comprise diverse technol-
ogies, such as single-quadrupole MS [21,25,33], tandem MS (MS/MS), triple-
quadrupole MS/MS [52], and time-of-flight MS [22,23,74].

LC-MS has been successful to analyze ibuprofen metabolites [25], and
propranolol [37] in fish plasma and macrolide antibiotics in fish muscle [33].
However, LC-MS/MS is preferred to LC-MS for the measurement of phar-
maceuticals in biota samples, as the fragmentation ions allow to increase
the specificity of the analysis. Consequently, most of the analytic methods
developed for the analysis of pharmaceuticals in biota are based on
LC-MS/MS [24,26,39,45,50,54,55,58,59,75-77].

The most commonly used ionization method for LC interfaces is atmo-
spheric pressure ionization (API), which includes electrospray ionization
(ESI) and atmospheric pressure chemical ionization (APCI). ESI appears to
be the most employed mode of ionization in pharmaceutical determination,
since it is particularly suitable for both polar and nonpolar analytes and for
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thermolabile substances. However, it is known to be more susceptible to signal
suppression than APCI [71]. Drastic matrix effects in the use of ESI were
observed in a study by Schliisener and Bester [78], whereas they were less pro-
nounced with APCI. Unfortunately, only a few pharmaceutical compounds can
be efficiently ionized by APCI, and most of them have to be analyzed by ESIL

4 MATRIX EFFECTS

A much known downside of LC-MS and LC-MS/MS is that coextracted
matrix components tend to interfere with API interfaces. The matrix effects
could be caused by coeluted matrix components that have common ions with
target analytes, as a competition can occur between matrix coeluents and ana-
lyte ions for gas-phase emission during the ionization in samples with high
protein and lipid content. The matrix effects result in suppression or enhance-
ment of the signal of the target analyte during the ionization process, which
can acutely compromise the accuracy of quantitative data and affect the
LOD in real samples (see Figure 2). Even when working with a specific kind
of matrix, that is, fish muscle, matrix effects can be highly variable and
difficult to predict. Matrix effects are particularly acute at low analyte concen-
tration, which is a common situation for pharmaceuticals in biota [39,79]. Chu
and Metcalfe [52] reported signal suppression between 19% and 39% when
analyzing paroxetine, fluoxetine, and norfluoxetine in whole fish, whereas
Dussault et al. [39] reported effects ranging from 14% signal suppression to
25% signal enhancement in the analysis of selected pharmaceuticals in
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FIGURE 2 Suppression of signal for carbamazepine spiked into (a) pure solvent and (b) fish
liver and analyzed by LC-ESI-MS/MS.
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invertebrates. Another study reported 83% of signal suppression and 19% of
signal enhancement for some compounds in fish liver [59].

Different approaches have been used to correct these variations on ioniza-
tion efficiency. Some authors have obtained good results when quantifying with
external sample calibration (spiked standards in pure solvent), probably because
the analysis was reduced to a small number of compounds and the extraction
methods applied were very selective [21,44,48]. Standard addition is considered
the most effective approach for compensating matrix effects, although it can be
difficult and time-consuming. A standard addition method was used to evaluate
the influence of matrix effects on the analysis of psychiatric drugs (and their
corresponding labeled compounds) in fish tissues by Chu and Metcalfe [52].
Since results showed that the internal standards were subjected to the same
recoveries and matrix effects as the target compounds, the reduced response
of the analyte was compensated for by the internal standard response.

In fact, the most popular approach consists in the addition of internal stan-
dards (isotopically labeled compounds), which can correct variations during
instrumental detection [15,46,52,55,58]. Ideally, there should be one internal
standard for each analyte that elutes from the chromatographic column at
the same time as the native compounds, as there is a gradual decrease in the
matrix effect with increasing retention time [80]. However, this option is
not always possible, as they are quite expensive and not available in all
cases [37,53]. Furthermore, when the labeled compounds behave in a different
way in its interaction with the matrix than the target analytes [81], the use of
this approach would result in quantification errors [39].

For this reason, other corrective measures are becoming increasingly used,
such as matrix-matched calibration [23,24,33,40,54,82]. This also has some
drawbacks, as uncontaminated matrix for the preparation of a matrix-matched
calibration is usually difficult to obtain and the generation of a calibration
curve for each sample is unfeasible when analyzing a large number of sam-
ples [83]. An alternative strategy has been applied, namely, internal sample
calibration [84,85], where the quantification uses a calibration curve prepared
with spiked sample extracts and internal standard addition. This method has
shown to correct the matrix effects for all compounds targeted in a method,
even though their internal standard does not correct completely the matrix
effects or it is not available [59].

5 ENVIRONMENTAL OCCURRENCE

As a result of the continuous input of pharmaceuticals in the environment,
aquatic organisms inhabiting receiving waters have also shown the capacity
to bioconcentrate amounts of these compounds in their tissues, despite their
relatively low concentrations in water and their physicochemical proper-
ties [52,59,76,86]. It is generally accepted that substances with octanol-water
partition coefficient (log Kow) values higher than or equal to 3 have the
potential to bioaccumulate in biological tissues, which is not the case for
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many pharmaceuticals, which are in general quite polar compounds [87].
However, when considering bioaccumulation of these compounds in aquatic
organisms, one must take other factors into consideration, such as the
different rates of metabolism of xenobiotic compounds in various organisms,
the accumulation behavior of the metabolites, and the uptake and depu-
ration kinetics [88]. However, unlike other trace organic pollutants,
such as polychlorinated biphenyls, which can easily reach concentrations in
the microgram per gram range in aquatic organisms of polluted sites [89],
pharmaceuticals can be found at levels not higher than nanogram per
gram range.

Fish biological traits might make them potentially more susceptible to
pharmaceutical bioaccumulation [10], and most of the studies about pharma-
ceutical accumulation in biota have been focused on them. Bioaccumulation
of drug residues in aquatic invertebrates has been less frequently investigated,
and only a few studies have reported their presence in shrimps and mussels
[35,50]. Nonetheless, organisms such as invertebrates and algae are intrinsi-
cally involved in the natural flow of energy and nutrients in aquatic systems.
They also are able to integrate swift environmental variations, which validates
their position as indicator species.

A summary of the studies about accumulation of pharmaceuticals in wild
biota is presented in Table 2. Presence of pharmaceuticals in wild fish tissues
was first reported by Brooks et al. [51], who found concentrations of 30 ng/g
of some psychiatric drugs such as fluoxetine, sertraline, and metabolites in
brain tissue of fish from aquatic environments heavily impacted by wastewa-
ter effluents in Texas, United States. Subsequently, this study was extended to
a longer list of pharmaceuticals [54], and it detected the accumulation of
diphenhydramine, diltiazem, and carbamazepine in fish collected from the
same stream. Also in Canada, two studies revealed the presence of psychiatric
drugs and the synthetic hormone 17a-ethinylestradiol at concentrations
between 1 and 2 ng/g (wet weight) in wild fish [52,93].

In Europe, research about the presence of pharmaceuticals in
biota has been mostly limited to fish or seafood intended for human
consumption and regulation demands related to antibiotic compounds.
Levels reported for antibiotics in fish tissues reached in some cases up to
100 ng/g [30,33,82,94]. In the last couple of years, four studies in different
European countries confirmed that wild fish exposed to low quantities of
pharmaceuticals (i.e., psychiatric drugs, antihypertensives, and analgesics)
in river water accumulated these compounds. Pharmaceuticals were detected
at a concentration up to 18 ng/g in whole fish and fish liver and muscle
[15,59,76]. In particular, in the study performed by Brodin et al., the
concentration of the psychiatric drug oxazepam found in fish muscle was
more than six times higher than in water [15]. Brozinski et al. on the other
hand, who studied the presence of anti-inflammatories diclofenac, ibupro-
fen, and naproxen in fish bile, detected a maximum concentration of
150 ng/mL [55].



TABLE 2 Occurrence and Concentration of Pharmaceutical Compounds in Aquatic Biota

~

blocker

Therapeutic Class Compounds Matrix Concentration (ng/g)* Location References
Analgesics/anti- Diclofenac Fish homogenate 4.1-8.8" Spain [59]
inflammatories
Diclofenac, naproxen, ibuprofen Fish bile nd-148¢ Finland [55]
Antibiotic Erythromycin A Fish muscle nd-87 Spain [33]
Sulfonamides, tetracyclines, Fish muscle <MQL Spain [82]
penicillin, amphenicols
Florfenicol Fish muscle 0.6-3.4 Spain [40]
Tetracyclines Fish muscle 2.1-152.2 Spain [90]
Quinolones, sulfonamides, Mollusk homogenate nd-1575 China [91]
macrolides
Antiplatelet agent Clopidogrel Fish homogenate <MQL Spain [59]
Antihistamine Diphenhydramine Fish muscle 0.66-1.32 United States [54]
Fish muscle 0.14-0.31 Utah, United States [58]
Fish muscle 0.04-0.07 Germany [76]
Fish liver <MDL-8.6 Utah, United States [58]
B-blockers Carazolol, propranolol, sotalol Fish homogenate <MQL-4.2° Spain [59]
Atenolol, metoprolol, propranolol Fish muscle 0.11-0.27 United States [54]
Calcium channel Diltiazem Fish liver <MDL-0.86 Utah, United States [58]

-




Hormones 17a-Ethinylestradiol Fish homogenate 1.4-2.0 Canada [38]
Mussel homogenate 3-38" Italy [42]
17B-Estradiol Fish muscle 0.81-1.6 Spain [40]
Estrone Fish muscle 0.52-1.3 Spain [40]
Lipid regulator Gemfibrozil Fish liver 11-34 Utah, United States [58]
Psychiatric drugs Paroxetine, fluoxetine, Fish homogenate nd“-1.1 Canada [52]
norfluoxetine
Venlafaxine, citalopram, sertraline, Fish homogenate nd-7 Ontario, Canada [48]
N-desmethylvenlafaxine,
desmethylsertraline
Citalopram, venlafaxine Fish homogenate 0.6-0.8" Spain [59]
Carbamazepine, fluoxetine, Fish muscle 0.83-5.14 United States [54]
norfluoxetine, sertraline
Desmethylsertraline Fish muscle 1.65-3.28 Germany [76]
Fluoxetine, sertraline, Fish muscle 0.1-1.07 United States [51]
norfluoxetine, and
desmethylsertraline
Carbamazepine, paroxetine, Fish muscle nd-12 Utah, United States [58]
norfluoxetine, fluoxetine,
desmethylsertraline, sertraline,
diazepam
Oxazepam Fish muscle 0.39-13 Sweden [15]
Carbamazepine Fish liver 0.774+0.15 Texas, United States [46]
Fish liver 17.9" Spain (591
Fish plasma 693.04228.6 Texas, United States [46]
Fish muscle 1.03+£0.51 Texas, United States [46]

J

Continued



TABLE 2 Occurrence and Concentration

of Pharmaceutical Compounds in Aquatic Biota— Cont’d

~

Therapeutic Class Compounds Matrix Concentration (ng/g) Location References
Diazepam Fish liver 23-110 California, United States [92]
Fluoxetine, sertraline, Fish liver 0.8-12 United States [51]
norfluoxetine, and ) - -
desmethylsertraline Fish brain 1.58-15.6 United States [51]
Carbamazepine, paroxetine, Fish liver <MDL—600 Utah, United States [58]
norfluoxetine, fluoxetine,
desmethylsertraline, sertraline,
diazepam
Fluoxetine, norfluoxetine, Fish brain nd-6.1 United States [49]
sertraline, norsertraline, paroxetine,
citalopram, fluvoxamine,
duloxetine, venlafaxine, bupropion
Fluoxetine Mollusk homogenate nd-79.1 United States [50]
To treat asthma Salbutamol Fish homogenate 2.6" Spain [59]

“Results expressed in wet weight, unless otherwise indicated.
Results expressed in dry weight.

“nd, nondetected.

“ng/mL for bile and plasma analysis.
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A consideration when analyzing biological samples is that not all tissues
retain all the compounds at the same level, and a differential accumulation
might imply marked effects due to long-term exposure to pharmaceuticals.
As an example, various studies on the uptake of selected pharmaceuticals
by fish after controlled exposure showed that the concentration of antidepres-
sants and the analgesic diclofenac exhibited a 25-fold increase in tissues such
as liver and brain versus muscle [21,95]. It is noteworthy that many of the
studies have focused on muscle tissue, whereas the prevalence and concentra-
tion range of some psychiatric drugs and metabolites is much higher in fish
liver and brain tissues according to various studies [51,58,92].

This might suggest that bioaccumulation studies should consider the most
probable target organ for each family of pharmaceuticals, probably according
to their predetermined mode of action in animals and humans. In this scenario,
higher bioconcentration factors could be related to their therapeutic mode of
action, that is, a psychiatric drug like carbamazepine should be expected to
be present at higher levels in the brain. However, in a comparative study per-
formed by Garcia et al., carbamazepine was found at the same concentration
range in multiple tissues [46].

Another issue to consider in further work is the relevance of metabolites
and transformation products when studying bioaccumulation of pharmaceuti-
cals as they could have equal or higher bioaccumulation capability. Only
some published studies have included metabolites as target analytes
[48,49,51,52,58,59,76,77], and in some cases, the metabolite was six times
more concentrated than the parent compound [58], while in others, only the
metabolite was detected [76].

6 CONCLUSIONS

Analytic methodology for the determination of pharmaceutical compounds in
complex matrices such as aquatic organisms has advanced greatly over the
past few years, particularly the development of highly sensitive analytic tools
and instrumentation in combination with selective extraction and purification.
However, further advances are required to address analytic challenges, such
purification of highly fatty extracts and the consequences associated, that is,
matrix effects. Understanding why a compound accumulates in a nontarget
organism is poorly developed, so more information on uptake by organisms,
absorption, metabolism, and elimination of specific pharmaceuticals is neces-
sary. The study of not only the parent drug but also their metabolites and
transformation products is becoming highly relevant and the exposure studies
to mixtures of compounds, which emphasizes the need for the corresponding
analytic method development to cover this area. A thorough understanding of
the presence of pharmaceutical residues on aquatic life on a broad scale is
thus necessary to support efforts characterizing ecological and human health
risks of pharmaceuticals in the environment.
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1 INTRODUCTION

The worldwide pharmaceutical market has been growing for decades and the
environmental impact of pharmaceutically active compounds has increased in
parallel. Pharmaceutical drugs or medicines are diverse groups of chemical
substances used in humans, animals, and plants for the medical diagnosis,
cure, treatment, and prevention of different diseases. They can be classified
by their chemical properties, the mode of administration, the biological sys-
tem affected, or their therapeutic effects. An elaborate and widely used clas-
sification system, made by the World Health Organization (WHO), is the
Anatomical Therapeutic Chemical Classification System (ATC system) [1].
The purpose of this classification is to serve as a tool for drug utilization
research in order to improve quality of drug use. Some of the main
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pharmaceutical families included in this classification are antibiotics, hor-
mones, analgesics, antipyretics, antiseptics, cytostatics, and -blockers.

Global pharmaceutical sales were around $880 billion in 2011, thanks
to robust growth in emerging markets, especially China. In Europe, the
European Federation of Pharmaceutical Industries and Association estimated
in 2011 a production of around €200,000 million in drugs [2]. Obviously,
the presence of these pharmaceuticals has become an important parameter
of the impact of human activity in the environment. Since the 1990s, water
contamination by pharmaceuticals has been an environmental issue of con-
cern. Most pharmaceuticals are deposited in the environment through human
and animal consumption and excretion and are often filtered ineffectively
by wastewater treatment plants (WWTPs), which are not designed to manage
them [3]. In 2009, an investigative report by the Associated Press concluded
that US manufacturers had legally released around 270 million pounds of
drugs into the environment and estimated that 250 million pounds of pharma-
ceuticals and contaminated packaging was discarded by hospitals and long-
term care facilities.

The US Environmental Protection Agency (EPA) [4] started calling the
pharmaceuticals and personal care products (PPCPs) only a few years ago.
The PPCPs refers, in general, to any product used by individuals for personal
health or cosmetic reasons or used by agribusiness to enhance growth or
health of livestock. PPCPs comprise a diverse collection of thousands of
chemical substances, including therapeutic drugs, veterinary drugs, fra-
grances, and cosmetics. Human and veterinary PPCPs can be released into
the environment unaltered, metabolized to new hazardous compounds, or
excreted as glucuronide or sulfate conjugates that can be easily hydrolyzed
to obtain the active parent compounds. While the full effects of most PPCPs
on the environment are not understood, there is concern about the potential
they have for harm when they act unpredictably by synergisms with other che-
micals from the environment or when concentrated in the food chain. Addi-
tionally, some PPCPs are active at very low concentrations and are often
released continuously in large or widespread quantities (i.e., steroids) [5].
Because of the high solubility of most PPCPs, aquatic organisms are espe-
cially vulnerable to their effects. In 2012, Brausch et al. [6] published a
review summarizing the toxicity of a large amount of pharmaceutical families
and their effects in the aquatic organisms. They conclude that, although there
is a large amount of information and studies involving aquatic life, no “intel-
ligent” well-designed aquatic toxicology studies that consider comparative
pharmacokinetics and pharmacodynamics (mechanisms-of-action, MOA)
have been performed. Concerning this idea, Ankley et al. [7] proposed
adverse outcome pathways (AOP) as a conceptual framework to support eco-
logical risk assessments of contaminants. The goal of the AOP is to create
a stepwise linkage between molecular initiating events and the resulting
adverse outcomes that occur in the organism and population levels. In
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addition, certain PPCPs can be deposited in sediments because of their lipo-
philic characteristics. These substances take a long time or cannot be
degraded biologically, and finally can make their way up the food chain and
bioaccumulate in the organisms, or produce resistant bacteria in the environ-
ment (i.e., antibiotics) [8].

In light of this emerging problem, through early warnings by the scientific
community, the authorities and governmental bodies have established several
regulations. Concerning the European Commission [9], it has been proposed a
new Environment Action Programme for the EU entitled “Living well, within
the limits of our planet” that will guide environment policy up to 2020. The
proposal aims to enhance Europe’s ecological resilience and transform the
EU into an inclusive and sustainable green economy. The fundamentals of this
proposal are based on a set of directives around the use of pharmaceuticals
and their release into the environment. Thus, as an example, Directive
2008/98/EC sets the basic concepts and definitions related to waste manage-
ment, and Directive 2010/75/EU aims to control and prevent the industrial
emissions. In 2006, the European Community defined the regulation (EC/
1907/2006) about chemicals and their safe use. It deals with the Registration,
Evaluation, Authorisation and Restriction of Chemical substances (REACH)
[9]. The aim of REACH is to improve the protection of human health and
the environment through the better and earlier identification of the intrinsic
properties of chemical substances. At the same time, REACH aims to enhance
innovation and competitiveness of the chemical industries. A clear example of
what REACH proposed is the list of environmentally classified pharmaceuti-
cals made in 2012 by the Stockholm County Council [10]. This list shows the
environmental risks of pharmaceuticals based on the ratio between predicted
environmental concentrations and the highest concentrations of the substances
that does not have a harmful effect on the environment in terms of persistence,
bioaccumulation, and toxicity (PBT). Each of these characteristics is assigned
a numerical value. Finally, the total of these values constitutes the PBT index
for a specific substance, and it is possible to create an informative sheet for
each one.

Because of the activity of these pharmaceuticals and their impact on the
environment and the public health, it is mandatory to provide highly sensitive
and robust analytical methodologies to control them and their active metabo-
lites, at trace levels. In the food safety field, Council Directive 96/23/EC and
2377/90/EC, Decision 97/747/EC, and Commission Regulation 37/2010
establish the groups of substances to be monitored, the maximum residue lim-
its (MRLs) permitted, and the requirements of the analytical methods that
should be used by the veterinary and public health control laboratories to
detect residues.

This chapter is focused on the application of bioassays, biochemical
assays, and biosensors for the analysis of pharmaceuticals in the environment,
in addition to the usual chromatographic methodologies coupled to mass



198 Analysis, Removal, Effects and Risk of Pharmaceuticals in the Water Cycle

spectrometry detectors. These types of analytical methodologies can offer
important advantages as screening methods due to their simplicity and high-
throughput capabilities. The content of this chapter is an update of a previous
manuscript published in 2007 [11]. To not reproduce literally the first version,
primarily based on general descriptions of the main bioanalytical methodolo-
gies, we decided to focus this update on the bioanalytical identification of
pharmaceuticals in the environment from 2007 until today, mentioning briefly
the techniques used and describing those which have been developed more
recently (i.e., microarray technology). Basically, most of the literature found
is focused on the main pharmaceutical families that, owing to their actual
use and activity, may have a more strong negative environmental impact.
Thus, some of the actors will be antibiotics, hormones, analgesics, antipyre-
tics, cytostatic agents, or psychiatric drugs. For some of these substances,
there are bioanalytical tools available that have never been applied in the
environmental analytical field. Nevertheless, often these bioreagents have
been applied to complex biological matrices; therefore, the application to
environmental water samples can be considered straightforward. Figure 1
shows the most common pharmaceuticals found in the environment [12].

Antibiotics
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™ hormones
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Cyclophosphamide Diethylstilbestrol acetate
Antidepressants ifosphamide
Minaserin
Tranquillisers
Diazepam

FIGURE 1 Most common pharmaceuticals found in the environment in 2007 [12].
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Antibiotics are chemical substances that are able to suppress or kill the
growth of microorganisms. There are nine main families including penicillins,
cephalosporins, fluoroquinolones, tetracyclines, sulfonamides, amphenicols,
aminoglycosides, macrolides, and glycopeptides. Antibiotics are used exten-
sively in human and veterinary medicine, as well as aquaculture, for the pur-
pose of preventing (prophylaxis) or treating microbial infections [13]. This
overuse shows a clear correlation between antibiotic consumption and the
emergence of resistance strains, being one of the major public health pro-
blems [14]. Consumption of these medicines is measured through the defined
daily dose (DDD) unit, as recommended by the WHO Collaborating Center
for Drug Statistics, and it shows the assumed average maintenance dose per
day for a medicine used for its main indication in adults. The use of antibio-
tics is very difficult to calculate because it varies across European countries.
Nevertheless, in 2010, it was possible to calculate an estimation of 20 DDDs
per 1000 people per day of the total consumption of antibiotics [15,16].
Clearly, more than 10,000 tonnes of antibiotics are consumed in Europe each
year, and 30-60% passes through animals and humans completely unchanged.

Steroid hormones are a group of biologically active compounds
controlling human body functions related to the endocrine system and
the immune system. Steroids are synthesized from cholesterol and have in
common a cyclopentanoperhydrophenanthrene ring. Natural steroids are
secreted by the adrenal cortex, testis, ovaries, and placenta in humans and
animals and include progestogens, corticoids, androgens, and estrogens [17].
The widespread occurrence of steroid hormones and their metabolites in the
natural water resources as well as drinking water is gaining as a growing
concern [18]. As a result of the continuous growth of the population and
of livestock farming, the level of endogenous hormones excreted into
the environment has gradually increased, particularly due to the overuse
of synthetic oral contraceptives (SOCs) [19]. As an example, the estimated
yearly usage in the United Kingdom of SOCs is about 1700 kg/year, much
greater than other estrogens and androgens (about 700 kg/year) [20]. The
fraudulent use of hormones in animals to enhance growth and as reproduc-
tive aids caused the EU to ban the employment of these substances in
food-producing animals (Directive 2003/74/EC). Other international organi-
zations such as US Food and Drug Administration (FDA) [21] and Food and
Agriculture Organization (FAO/WHO) [22] have also regulated the misuse
of these drugs.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are medicines with anal-
gesic, antipyretic, and anti-inflammatory effects, and one of the reasons for
their popularity is that, unlike opioids, they do not produce sedation, respira-
tory depression, or addiction. NSAIDs have long been used in human medi-
cine and have become accepted as relatively safe. Some of the most
prominent members of this group of drugs are aspirin, ibuprofen, diclofenac,
and naproxen, all of which are available over the counter (OTC) without
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prescription in most countries. Paracetamol has also antipyretic and analgesic
properties, but has no anti-inflammatory properties and is therefore not classi-
fied as an NSAID. The worldwide consumption of these medicines is very
high. Only for aspirin, over 80 billion tablets are taken each year around the
world. It has been estimated that more than 30 billion doses of NSAIDs are
consumed every year in the United States alone [23]. The use of NSAIDs,
and in particular chronic use, increases with age, with an estimated 10—40%
of people aged over 65 years using NSAIDs daily [24]. Owing to their hydro-
philicity and stability, NSAIDs tend to remain in the aqueous phase and are
not totally eliminated by sewage treatment plants (STPs) or WWTPs. As a
consequence, these drugs and their metabolites are frequently detected in sur-
face waters [25,26].

Approximately 3000 substances are used as pharmaceutical ingredients.
Added to the aforementioned, we can also find antidiabetics, antihyperten-
sives, antidepressants, or cytotoxic drugs, but only a few of them have been
included in environmental studies [27]. Liquid chromatography coupled
with mass spectrometry (LC-MS) has become the most powerful analytical
tool for screening and identification of drugs in environmental samples.
However, adequate sample preparation is a key prerequisite aspect of suc-
cessful quantitative and qualitative analysis. A current trend in pharmaceu-
tical analysis is the reduction of the analysis time and the increase in
sample throughput without sacrificing the separation selectivity. In this
sense, bioassays and biosensors are techniques that can provide complemen-
tary analytical solutions to the chromatographic ones. As mentioned previ-
ously, throughout this chapter, we will present some of these techniques
currently used for the determination of the pharmaceuticals in the environ-
ment. Previously, we should comment that often, some literature reports
apply the terms biosensor, biochemical assay, and bioassay indistinctly.
We think it is important to correctly define these techniques in order to
use a criterion to identify each one.

A bioassay is a tool for the determination of a biological activity or the
quantification of a target analyte based on this activity, using as a recognition
element a bacteria, cell, or tissue. This recognition event is mainly determined
by physical or indirect measurement methods. In the food industry, the major-
ity of antibiotic residues are determined through bioassays (i.e., microbial
tests for quality control). By biochemical assay, we understand an assay
where the biorecognition element is a biomolecule such as an enzyme, an oli-
gonucleotide, a protein, or an antibody. Several types of biochemical assays
have been described for the detection of small organic molecules (antibiotics,
hormones, etc.). A biosensor is a self-contained integrated device, consisting
of a biological recognition element in direct contact with a transduction ele-
ment, which converts the biological recognition event into a useable output
signal. Biosensors can be classified according to either the method of signal
transduction or the biorecognition principle.
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2 BIOASSAYS

A bioassay is defined as “the determination of the relative strength of a sub-
stance (such as a drug) by comparing its effect on a test organism or an
isolated organ preparation with that of a standard preparation.” There are a
wide variety of bioassays available for the detection of pharmaceuticals in
the environment [28]. These depend on the type of observed effect, for exam-
ple, inhibition of growth, and the biorecognition element (whole cells, tissues,
etc.). Bioassays are widely used in drug production when they are used among
the standard battery of tests for the evaluation of toxicity of such drugs. For
environmental monitoring, bioassays have been used to assess the toxicity
of different chemical substances on environmental living organisms (see
Figure 2).

One of the most important bioassays developed within the last century has
been the Ames test or the Salmonella mutagenicity test. Developed by Bruce
Ames in 1973 [29] and recently discussed by Mortelmans and Zeiger [30], the
Ames Salmonella microsome mutagenicity assay is a short-term bacterial
reverse mutation assay designed to detect chemical substances that can pro-
duce genetic damage leading to gene mutations. The test uses several
histidine-dependent Salmonella strains that each carry different mutations in
various genes in the histidine operon. When the Salmonella tester strains are
grown on minimal agar plates containing a trace of histidine, only those

FIGURE 2 Variety of species used in bioassays. (A) Salmonella typhimurium; (B) Bacillus
stearothermophilus; (C) Madin—Darby canine kidney MDCK cells; (D) Alisma plantago-aquatica;
(E) fathead minnow Pimephales promelas; (F) zebra fish Danio rerio; (G) Daphnia magna.



202 Analysis, Removal, Effects and Risk of Pharmaceuticals in the Water Cycle

bacteria that revert to histidine independence (hist) are able to form colonies.
Spontaneously induced revertant colonies occur but when a mutagen is added
to the plate, the number of colonies per plate is greatly increased, often in a
dose-related manner. While this is a standard test for drug production, its
use for environmental monitoring is limited. It has been used for the detection
of mutagens/carcinogens in the workplace [31,32]. The US EPA [33] and the
Organisation for Economic Co-operation and Development (OECD) [34] both
accept the Ames assay as a standard test for mutagenicity and have published
standard protocols.

Microbial bioassays can be used for environmental monitoring by observ-
ing transformations, growth or mortality, respiration inhibition, and lumines-
cence [35]. The most commonly used assays are the microbial inhibition
tests used for the detection of antibiotics. A variety of commercial microbial
inhibition tests are available. Strains of bacteria are grown on agar plates. The
addition of a sample containing an antibiotic will inhibit the growth. Certain
strains have been produced, which are specific to one antibiotic. The incor-
poration of a color indicator (i.e., bromocresol purple) within the medium
allows for easier determination. During the incubation, the growing test cul-
ture reduces the specific indicator or modifies the pH of the medium, leading
to a color change. A summary of commercially available microbial inhibition
tests for testing in milk or meat tissue can be seen in Table 1. These microbial
inhibition tests have not been applied to environmental monitoring but rather
milk. Microbial tests are cheap, are easily performed on a large scale, and do
not require specialized equipment or harmful solvents. The major disadvan-
tages are the possibility of false positives or negatives because of the matrix.
The use of confirmatory techniques is always necessary.

Other test organisms applied in bioassays include plants, invertebrates, and
fish as well as cell or tissue cultures. Table 2 gives an outline of the types of
organisms and tests that have been performed for the evaluation of pharma-
ceutical contamination. Tests based on the growth response of plants are sen-
sitive but require a long time for growth to occur, for example, 4—6 days for
length measurement of root and shoot of plants, 14-30 days for fresh or dry
weight measurement, and 21 days for germination of spores [36]. The Trades-
cantia micronucleus (Trad-MCN) bioassay is used for testing environmental
mutagenesis. It was first developed as a test system for the gaseous mutagen
1,2-dibromoethane [37]. Klumpp et al. applied this test to the monitoring of
urban atmospheres and the test showed an elevated genotoxic potential mainly
at sites exposed to severe car traffic emissions [38]. Using the aquatic flower-
ing plants Ceratophyllum oryzetorum, Ranunculus trichophyllus, and Alisma
plantago-aquatica, it was able to develop a bioassay for simazine detection
with high sensitivities [36].

The invertebrate-based bioassays are standardized tests for the evaluation
of the effects of drug exposure on the environment. The two main freshwater
toxicity tests with invertebrates that are routinely used are the 21-day Daphnia



TABLE 1 Commercially Available Microbial Inhibition Tests

Time LOD

Test Analyte Bacterial Strain Indicator Analysis (ugkg™  Supplier Reference
BRT MRL test Penicillins B. stearothermophilus  Brilliant 2h 2-10 AiM (Munchen, Germany) [55]

Cephalosporins black 4-100

Macrolides 25-200

Tetracyclines 100-250

Sulfonamides 100

Aminoglycosides 100-500

Amphenicols 2500
Charm Penicillin B. stearothermophilus ~ Bromocresol 2h 3-4 Charm Sciences Inc. (MA, [56,57]
cowside Amoxicillin purple 6 United States)

Ampicillin 5

Cloxacillin 30-50

Ceftiofur 50-100

Oxytetracycline 200-300

Sulfamethazine 100-200

Sulfadimethoxine 50

Gentamicin 300-400

Tylosin 75-100

Pirlimycin 100-200
Delvotest Penicillins B. stearothermophilus ~ Bromocresol 3h 1-25 DSM (Delft, the [55,56,58]
SP-NT Sulfonamides purple 25-250 Netherlands)

Macrolides 30-400

Aminoglycosides 50-100

Trimethoprim 50

Dapsone 0.5

/

Continued



TABLE 1 Commercially Available Microbial Inhibition Tests—Cont'd

Time LOD

Test Analyte Bacterial Strain Indicator Analysis (ng kg™ Supplier Reference
Eclipse farm Penicillins B. stearothermophilus ~ Bromocresol 2h 5-40 Zeu-Inmunotec (Zaragoza, [55]

Sulfonamides purple 100 Spain)

Tetracyclines 150

Aminoglycosides 200

Cephalosporins 8-75
EuroClone Penicillins B. stearothermophilus ~ Bromocresol 3h 2-30 EuroClone Spa (Milan, ltaly) [59]
Kalidos TB Aminoglycosides purple 50-400

Macrolides 200

Tetracyclines 100

Amphenicols 2500

Sulfonamides 25
Valio T 101 Penicillins S. thermophilus T101 pH 4 h 2-150 Valio Ltd. (Valio, Finland) [56]
test Aminoglycosides  strain 300-1000

Macrolides 30-150

Tetracyclines 200

Quinolones 1000

Sulfonamides 200-500

Novobiocin 1000

Chloramphenicol 500

Trimethoprim 2000

Dapsone 5000




TABLE 2 Bioassays for the Detection of Pharmaceuticals in the Environment Samples Classified According to Biorecognition Element

Organism Species

Analyte

Sensitivity Matrix

Time

Observations

Reference

Plant Tradescantia
hirsutiflora
Tradescantia
subacaulis

Chlorite
Chlorate

0.8 mg L Water
0.4mgL™"

48 h

Mean frequency of
micronuclei in
early tetrads of
Tradescantia
inflorescences
exposed to
solutions for 24 h
followed by 24 h
recovery

[60]

Vicia faba

Benzalkonium
Dimethyldioctadecylammonium

10mg L™ Water
TmgL™

7 days

Significant
mutagenic effects

[61]

Invertebrates  Daphnia magna

Trimethoprim
4-Hydroxyandrostenedione

8.21mgL™"  Water
426 mglL™!

21 days
48 h

Rate of
reproduction
Acute toxicity
testing (growth of
daphnids) and
chronic toxicity
testing
(reproduction).
Results from acute
toxicity tests

[40]

Ibuprofen

51.4mgL™" Water

48 h

Acute toxicity tests

(42]

/

Continued



TABLE 2 Bioassays for the Detection of Pharmaceuticals in the Environment Samples Classified According to Biorecognition

Element—Cont’d

~

Organism Species Analyte Sensitivity Matrix Time Observations Reference
Algae Pseudokirchneriella  Trimethoprim 83.8mg L™ Water Algal-growth [40]
subcapitata 27.4mg L™ inhibition test
Lemna minor Growth inhibition
test
Fish Poecilia reticulata Trimethoprim 92.6 mg L Water 14 days  Behavior, [40]
swimming
activity—total
traveled distance
in 2 min
Dreissena Norfluoxetine 0.3pg L™ Water 4h Effect on spawning  [62]
polymorpha
Mytilopsis Fluoxetine 309ngL™! Water 4h Effect on spawning  [62]
leucophaeata
Oreochromis Ibuprofen 300ng L™ Water 48 h Acute toxicity tests  [48]
niloticus
Mollusks Sphaerium Norfluoxetine 2.95ug L Water 4 h Parturition in [62]
striatinum clams
Cell lines PLHC-1 Poeciliopsis ~ Doxorubicin T.4pg L™ Water 2-3 MTT uptake test [63]
lucida hepatoma Diclofenac 67.6 ug L™ days (cell viability)
cell Atorvastatin 46 gL
Diazepam 103 pg L™
Fluoxetine 6.34 gL
Tamoxifen 7.43 ug L™
/




Doxorubicin 1.18 ug L™ Water 2-3 Neutral red uptake  [63]
Diclofenac 74.8 ug L™ days test
Atorvastatin 43.6 gL
Diazepam 1253 pug L™
Fluoxetine 7.48 pg L™
Tamoxifen 72pg L™
RTG-2, rainbow Doxorubicin 2.55ug L™ Water 2-3 MTT uptake test [63]
trout gonadal cell Diclofenac 495 pug L' days (cell viability)
line Atorvastatin 169 pg L™
Diazepam 172 pug L™
Fluoxetine 33pg L™
Tamoxifen AT
MELN, MDA-kb2, Estrogens Different Sewage, [64,65]
HG5LN-GR, Androgens sensitivities sediments
HG5LN-MR, HELN- (ngL™"
PR B
Transfected reporter  Estrogens Different River water [66]
cell lines Androgens sensitivities
Xenobiotics (ngL™"
Human cell-derived  Estrogens, androgens, Different Wastewater, [67,68]
CALUX reporter progesterone, glucocorticoids sensitivities surface
gene (ngL™") water,
sediments
Yeast Estrogens TngEEQL™"  Water REA (RIKILT yeast (69]
estrogen bioassay)
Estrogens ng L™ River water, YES (yeast estrogen  [70-75]
wastewater, screen)
sluge YAS (yeast

androgen screen)
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and the 7-day Ceriodaphnia survival and reproduction tests. Daphnia magna
is used in aquatic toxicology because of its easy culturing, its high sensitivity
to toxins, and its clonal method of reproduction. Two types of bioassays are
commonly performed with it: 48-h acute tests using neonates that are <24 h
old and 21-day chronic life-cycle tests that are run from birth. In the former,
the toxicological effect is death; in the latter, it is the inhibition of normal
reproduction [39]. It has been employed in toxicity studies of antibiotics [40],
steroids [41], analgesics [42], and many other pollutants [43]. These tests are
practical but require skilled personnel for culturing and maintaining the
organisms. The results are based on visual or microscopic examination and
therefore are not suitable alone.

Fish bioassays are very important for environmental monitoring as they are
a reflection of the true state of the environment. Fish have distinct physiologi-
cal and behavioral responses to low levels of pollutants and are therefore good
indicators of water quality. Tests are based on larval growth and survival where
newly hatched fish of the population after 96 h is measured. Other fish assays
measure ATP (adenosine triphosphate) as a biochemical indicator of energy
stress in white muscle tissue [44-46]. Commonly used species include zebra
fish (Danio rerio), atlantic salmon (Salmo salar), fathead minnow (Pimephales
promelas), or rainbow trout (Oncorhynchus mykiss). These tests have been per-
formed to determine the toxicity of antibiotics [47], analgesics [48], and psy-
choactive drugs [49]. In the last few years, the feminization of fish has been
observed and many fish bioassays have been performed to assess the role of
human pharmaceutical contamination on this phenomenon [50,51]. Lately,
the emphasis has been on reducing and replacing acute fish assays with
in vitro assays using cultured fish cell lines. Cell lines include RTG-2 fibro-
blasts from rainbow trout, BF-2 fibroblasts from the bluegill sunfish fry, BB
fibroblasts from brown bullhead catfish, or FHM epithelioid cells from fathead
minnow [35]. For example, the cytotoxicity and genotoxicity of 11 organic
fractions from STPs were evaluated using the RTG-2 rainbow trout permanent
cell line. An automated in vitro micronucleus assay developed for the cell line
was used to test the genotoxicity, whereas neutral red uptake, kenacid blue
protein assay, and ATP content were used to evaluate cytotoxicity [46].

In vitro assays are not exclusive to fish species. The OECD has published
protocols regarding several in vitro toxicity assays. The fluorescein leakage
(FL) assay is an in vitro test that can be used to classify chemicals as ocular
corrosives and severe irritants. In the FL test, toxic effects after a short expo-
sure time to test substances are measured by an increase in the permeability of
sodium fluorescein through the epithelial monolayer of Madin—Darby canine
kidney (MDCK) cells cultured on permeable inserts. The amount of FL is pro-
portional to the chemical-induced damage to the tight junctions, desmosomal
junctions, and cell membranes and can be used to estimate the ocular toxicity
of a test substance [52]. The MTT assay developed by Mosmann [53] in 1983
determines cell viability. Viability is measured by the enzymatic conversion
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of the vital dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide into a blue formazan salt that is quantitatively measured after
extraction from tissues. Therefore, cytotoxic agents will inhibit this process.
In vitro assays are numerous and there will be ever-increasingly specific tests
being developed depending on cell lines, endpoints, etc. The use of in vitro
tests for environmental monitoring is still in its infancy. These tests are not
capable of successfully detecting one agent from another and are therefore
only suitable for evaluating the quality of the environment as a whole. How-
ever, for ethical reasons, these tests are more viable than the whole
organism tests.

The use of bioassays for chemical monitoring is becoming increasingly
doubtful as reflected by the recent decision of the European Commission to
consider one such bioassay, the mouse bioassay as having “shortcomings
and not considered an appropriate tool for control purposes because of the
high variability in results, the insufficient detection capability and the limited
specificity” [54]. These disadvantages are not exclusive to the mouse bioas-
say. As already mentioned, the bioassays are often not specific for an individ-
ual chemical substance. The effect observed cannot be conclusively attributed
to one chemical substance without further confirmation methods. What bioas-
says do afford is the ability to observe whether the environment as a whole is
observing toxic or adverse effects by substances present within it.

3 BIOCHEMICAL ASSAYS

The main purpose of this manuscript is to update the book chapter written in
2007. In the first edition, we thoroughly delved into the description of the dif-
ferent bioanalytical techniques and its application in the determination of
pharmaceuticals in samples, almost all of them, from food safety control
(milk, tissue, honey, etc.). When we wrote the first version of this chapter,
we realized that almost no biochemical tests applied to the analysis of
environmental samples were virtually published, only samples from animal
origin. In these last few years, the scientific community and international
organizations are increasingly more aware on environmental monitoring,
and that is why more and more articles related to the detection of drugs in
the environment are being published.

As mentioned earlier, in a biochemical assay, the biorecognition element
has been isolated. The biorecognition element consists in a biomolecule such
as an enzyme, a nuclear or membrane receptor, or an antibody that recognizes
selectively the analyte of interest. The mode of action of each molecule depends
on different mechanisms. In the case of enzymes, the mechanism involves the
catalytic transformation of the pollutants. Regarding the nuclear receptors, their
affinity versus particular endogenous and exogenous substances is exploited.
For instance, the affinity of the estrogen receptor (ER) for estrogenic com-
pounds such as estradiol, estrone, and ethinyl estradiol has been used to develop
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a variety of methods. One of the most important biorecognition elements are
antibodies. Because of the broad variety of specificities that can be achieved,
several immunochemical assays have been developed for a great variety of sub-
stances. However, the use of these biochemical assays for the detection of phar-
maceuticals in the environment has not been frequently reported. The ideal
assay should be specific, sensitive, easy to perform, reliable and reproducible,
inexpensive, rapid and suitable for automation, able to make a high-throughput
screening [76], and with the possibility to quantify multiple analytes in a single
assay (multiplexed capabilities) [77,78].

Basically, we can differentiate the biochemical assays depending on their
biorecognition element (receptors and antibodies). Many biochemical pro-
cesses, essential for the functioning and survival of cells (and the organism),
are regulated by hormones, neurotransmitters, cytokines, and other “messen-
ger” molecules. This regulation proceeds by interaction of these naturally
occurring molecules with receptors that are either embedded in the cell
membrane or present in the cytoplasm or in the nucleus of the cell.
Receptor-screening methodologies can be based on either the determination
of a functional response (i.e., cell proliferation), the production of second
messengers (i.e., Ca®™), or the interaction of a ligand with its receptor.
Regarding detection methods, receptor assay formats usually require
labeling of either the ligand or the receptor. Some of the most common
technologies are based on either colorimetric (ELRA, enzyme-linked recep-
tor assay), fluorescence (FRET, fluorescence resonance energy transfer), or
chemo/bioluminescence detection systems. Very few examples are
described in the literature for environmental detection applications. In
2009, Kase et al. developed an ELRA assay using the human ER-alpha for
the detection of 17B-estradiol in sediments with very low sensitivities [79].
In this case, the authors used a secondary anti-ER antibody biotin-labeled
for the signal detection.

Alternatively, immunochemical techniques are based on the affinity of the
antibody against an antigen. The complex formed has a high-affinity constant
that can reach values of around 107'°M~'. This interaction is specific
between the antigen and the corresponding antibody. The immunochemical
techniques use this characteristic as a powerful tool for the detection of pollu-
tants at low concentrations. Several immunochemical techniques have been
developed for the determination of small molecules. The reader can be
addressed to several reviews to find more information on immunochemical
technologies for residue analysis [11,80—82]. Immunoassays (IAs) are the
most frequently used methodologies for the detection of pollutants such as
pesticides and other industrial residues at trace levels. They have been applied
to the analysis of environmental samples (wastewaters, river waters, sedi-
ments, and other kinds of matrices) and complex biological matrices (urine,
serum, and saliva). In IAs for small organic molecules such as pharmaceuti-
cals, the reaction antigen—antibody (Ag—Ab) is quantified under competitive
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conditions. Therefore, most of these techniques rely on the use of labels that
are responsible for the signal generated. In the beginning, the label was
always a radioisotope (RIA, radioimmunoassay). However, the use of RIAs
was hazardous and there quickly appeared safer strategies such as fluorescent
labels (FIA, fluoroimmunoassay) and enzyme labels (EIA, enzyme IA). The
EIA offers the possibility to increase detectability by amplifying the signal
produced by a substrate. Enzymes commonly used are horseradish peroxidase
(HRP), alkaline phosphatase, and glucose oxidase.

The biochemical assays can work under homogeneous or heterogeneous
conditions. Enzyme-linked immunosorbent assays (ELISAs) are the most
well-known and frequently used heterogeneous formats, where one of the
immunoreagents is immobilized onto a solid support. Table 3 summarizes
the most recent biochemical assays (since 2007) applied for the detection of
pharmaceuticals in the environment. As can be seen, many of them are
ELISAs or similar, such as FIA or CLEIA (chemiluminescent enzyme immu-
noassay). With the dramatic progress in material science, nanotechnology, and
bioconjugation techniques, a great diversity of nanomaterials with desirable
superior properties have been designed, synthesized, and tailored to facilitate
high-performance detections for advanced IAs. Recently, great attention has
been focused on the amplification of detectable signals using nanoparticle
(NP)-based probes. One major merit of using NPs is that one can control
and tailor their properties in a very predictable manner to meet the needs of
the specific application. For example, NPs can provide unique chemical and
physical properties enabling new advanced functionality such as good bio-
compatibility, high surface-to-volume ratio, and unique optical proper-
ties [83,84]. NPs are usually employed as affinity supports for the
immobilization of biomolecules or for the labeling of biomolecules for the
amplification of a detectable signal. The processes used to generate, manipu-
late, and deploy NPs can provide exciting new possibilities for advanced
development of new analytical tools and instrumentation for bioanalytical
and bionanotechnological applications. Examples of biochemical assays using
NPs are fluorescent quantum dot-based IAs [85]; colloidal nanomaterial-based
IAs (optical-based agglutination IAs) [86]; or the use of gold [87], colored
latex, or carbon NPs [88] as labeling materials (i.e., lateral flow assays [89]).
But, for the moment, none of these technologies have been applied yet for the
detection of pharmaceuticals in the environment. Nevertheless, a couple of
NP-based IAs have been used in wastewater sample detection. The use of
magnetic particles has been described to get better kinetics for the detection
of sulfamethazine (SMZ) in wastewater samples [90]. In this case, the antibo-
dies are coated on a magnetic particle and a direct competitive IA is carried
out. In another example, the secondary antibody can be coated on a magnetic
particle surface and used to capture the complex antigen—antibody; this strat-
egy has been applied in a CLEIA for the detection of 17f-estradiol in
water [91].



TABLE 3 Biochemical Assays for the Detection of Pharmaceuticals in the Environment Samples
Assay
Type Analyte Sensitivity Matrix Miscellaneous Reference
ELISA Monensin LOD 1.5pugL™"  Water, soil, manure  Kit commercially available (MaxSignal®) [97]
ELISA Norfloxacin 22pugl! Water Indirect competitive assay with pAb [98]
ELISA Ofloxacin 1.2 pg L Water, manure, pAb [99]
sludge
TRFIA Sulfamethazine LOD 9.8 ngL™'  Water mAb [100]
Sulfamethoxazole  LOD 6.1 ng L™
Sulfadiazine LOD 5.4 ng L™
MP-ELISA  Sulfamethazine <0.03pg L™’ Waste Ab conjugated to magnetic particles [90]
ELISA Sulfamethoxazole ~ 0.255 pg L™ Water Kit commercially available (Abraxis) [101]
ELISA Sulfamethoxazole ~ 0.75 pug L™ Waste Indirect competitive assay with pAb [102]
ELISA Sulfamethoxazole  0.25 ug L™ Water Kit commercially available (Abraxis) [90]
Sulfamethazine 0.88 ug L™
ELISA Fluoroquinolones 2.5 ug L™' Water Indirect competitive assay [103]
ELISA Indomethacin 12 pg L™ Water Indirect competitive assay with pAb [104]
ELISA Carbamazepine LOQ Water, ground, mAb [105]
0.03pgL™! surface
ELISA Carbamazepine LOD Water Direct competitive assay with mAb [106]
0.024 pug L™
ELISA Cotinine 25pgL Water Direct competitive assay [107]
-




-

ELISA Levonorgestrel 0.9 pg L™ Water Indirect competitive assay with pAb [108]
ELISA Levonorgestrel 33pg L™ Water Indirect competitive assay with pAb [109]
LFIA Progesterone 0.6 ug L™ Water mAb [110]
ELISA Estradiol 21 ngL™! Water [111]
ELISA Estradiol 2.5ng L' Water Kit commercially available (Abraxis) [112]
ELISA 17-Estradiol 243 pg L™ Water Indirect competitive assay with pAb [113]
MP-CLEIA  17B-Estradiol LOD 2ngL™! Water Indirect competitive chemiluminescent assay with pAb [91]
conjugated particles
FIA 17B-Estradiol 5.4nglL” Water Indirect competitive assay with pAb [114]
ELISA 17-Estradiol 18ugl™! Water Indirect competitive assay with pAb [113]
ELISA Estrone 0.1-3 ng L Water Kit commercially available [115]
17B-Estradiol (Biosense Laboratories AS)
Estriol
RIA Estrone Water [116]
Estradiol
Estriol
ELISA Estrone Wastewater Comparison with YES assays [75]
17B-Estradiol
Ethinyl estradiol
IA 17B-Estradiol 0.32pgL™! Water [117]
ELISA 17B-Estradiol 0.5ng L™ Water Indirect competitive microarray assay [94]
170-Ethinyl
estradiol
ELRA 17B-Estradiol 0.05pug L™ Sediments Competitive assay using a labeled anti-ER Ab [79]
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Different strategies for rapid and on-site assays are being developed to
deal with the growing concerns related to chemical contamination. Research
on microarrays as multianalyte biosystems has generated increased interest
in the last decade. The main feature of the microarray technology is the ability
to simultaneously detect multiple analytes in one sample by an affinity-
binding event at a surface interface. Thus, microarray-based analytical sys-
tems are attractive alternatives to the classic immunochemical strategies due
to their high throughputs, high density, high sensitivity, enhanced reproduc-
ibility, low sample consumption, reduced analytical time, and ease of automa-
tion. Using microprinting, microspotting, or microstructuring, each probe
molecule is patterned on a chosen support to form a highly ordered matrix.
The target analytes from samples can be recognized and identified either
semiquantitatively or quantitatively. For recognition of target molecules on
microarrays, antibody molecules are most commonly used, providing high
specificities and sensitivities. A great variety of target analytes capable of
interacting selectively with a biomolecular receptor have been adapted to
microarrays [92,93]. For example, microarrays have been reported in a
DNA-/dye-based competitive IA for the detection of several pollutants includ-
ing 17B-estradiol in water samples [94]. Basically, the antigen is coated to the
microarray surface, and after the immunologic detection, the signal comes
from a secondary antibody labeled with a fluorescent DNA probe. This

Labeled secondary antibody

Specific antibody

Ei

ek aigen y Oligonucleotide-hapten
% 58 i

A B

FIGURE 3 Scheme of a couple of microarrays described in the literature. (A) Protein functiona-
lized competitive immunoassay. (B) DNA functionalized competitive immunoassay.
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strategy allows multiplexing analysis by site-encoded coating antigens added
to the use of different DNA probes. A very similar strategy (see Figure 3) has
been used for the detection of androgenic steroids. In that case, the strategy
consisted in the direct immobilization of DNA, where one of the oligonucleo-
tide chains is linked to the hapten [95]. It is noteworthy that Rivas et al. pub-
lished in 2008 an antibody microarray for the environmental monitoring of
hundreds of biomarkers simultaneously [96]. Although it is not applied for
pharmaceuticals, once the platform has been developed, it is straightforward
to add new specific antibodies. This chapter shows clearly the true potential
of the technique.

4 BIOSENSORS

This section aims to illustrate with recent examples the development of new
biosensor devices for the detection of pharmaceuticals (e.g., antibiotics, hor-
mones, analgesics, and anti-inflammatories), especially in environmental
samples.

As was commented earlier, this manuscript is an update of the book chap-
ter written in 2007 by authors from the group. Regarding the biosensor sec-
tion, in the previous edition, the different transduction techniques and
biorecognition principles were explained, and to each technique/principle,
examples of biosensors were commented. However, although several new bio-
sensor techniques were exposed, not many of them were applied to the detec-
tion of pharmaceuticals in environmental samples. From 2007 to nowadays,
the scientific community has increased the number of contributions related
to the detection of drugs in the environment. Thus, in this update, the more
recent publications related to the analysis of the different types of pharmaceu-
ticals in environmental samples are presented.

As is well known, biosensors are analytical devices consisting of a specific
biological element and a transducer. The aim of the specific biological ele-
ment is to recognize a specific analyte. Thus, the biological element is respon-
sible for the selectivity of the biosensor. On the other hand, the aim of the
transducer is to convert the biorecognition process into a measurable signal
(Figure 4).

The specific biological element may be an enzyme, antibody, antigen,
living cells, tissues, etc. The use of enzymes and antibodies is very
popular. Tissue and microbial cells are more complicated to use because they
must be kept alive. In the same way, a broad variety of transducers exist, such
as Au electrode, interdigitated electrodes, carbon paste electrode, screen-
printed electrode, graphite—epoxy composite, piezoelectric crystal, surface
plasmon resonance (SPR), fiber-optic, FRET, and bioluminescence resonance
energy transfer. These transducers are capable of converting the changes
in the biomolecule into different measurable signals such as, electric
current, electric potential, conductance, impedance, intensity and phase of
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FIGURE 4 Schematic view of the biosensor operation. In the figure, only analyte 2 is recog-
nized by the biological element. As consequence, the transducer converts the biorecognition pro-
cess into measurable signal.

electromagnetic radiations, absorption, fluorescence, and chemiluminescence.
A biosensor classification depending on their biological recognition element
or the signal transduction principle used can be seen in Table 4.

In this section, we describe novel nanotechnological and biotechnological
approaches. The physical principles and nanotechnological approaches behind
the examples should be considered universal and generally applicable to the
analysis of other chemical or biological hazards as soon as a bioreceptor is
available to detect these substances specifically.

Currently, there are few papers related to the development of biosensors
for the analysis of pharmaceuticals applied to environmental samples. How-
ever, in the last few years, several biosensors for the analysis of pharmaceu-
ticals in other matrices such as foodstuff have been reported. Hence, in this
chapter, the review of biosensors for the analysis of pharmaceuticals applied
to environmental samples is complemented with some new biosensor techni-
ques applied to pharmaceuticals detection, especially devoted to the multi-
plexation, but in other complex matrices.

According to the transduction mechanism, most common classes of bio-
sensors for environmental studies include electrochemical and optical biosen-
sors. For the recognition element, the most common classes include those
based on the use of enzymes, whole cells, and immunosensors (see Table 5).

4.1 Hormones

Regarding the analysis of pharmaceuticals applied to environmental samples,
using biosensors, researcher interest has mostly been focused on the hor-
mones. Thus, one hormone of great interest in the literature is 17p-estradiol.
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TABLE 4 Two Biosensor Classifications According Biological Element and
Signal Transduction

Biological recognition element

Single molecule Enzymes Oxidases, esterases, etc. (i.e., glucose
or molecular biosensor)
complexes . - -
Antibodies Monoclonal/polyclonal antibodies
(immunosensors)
Based on specific Ab-antigen interactions
Nucleic acids Genosensors
Cell-based Whole cells Cells are sensitive to environment and can
biosensors respond to all kinds of stimulants (microbial
sensors)
Tissues Tissues contains abundance of enzymes
Organelles Lysosomes, chloroplasts, and mitochondria

Signal transduction

Electrochemical

Amperometric

Detection of electroactive species (e.g.,
electroactive labels) present in biological test
samples

Conductometric

Measure of changes in conductance

Impedimetric

Based on the change in impedance produced
close to transducer surface

Potentiometric

Determination of the potential difference
between an indicator and a reference
electrode

Optical Absorbance Based on changes in absorbance on an
indicator compound
Evanescent Evanescent wave biosensors use waveguides
wave where the propagation through the
waveguide changes due the absorption of
molecules to the waveguide surface (e.g.,
dual polarization interferometry)
Fluorescence Based on changes in fluorescence on an
indicator compound
Surface Electron waves (surface plasmons) on the gold
plasmon surface are highly dependent on the surface of
resonance (SPR)  the gold, then the binding of a target analyte
to a receptor on the gold surface is detectable
Thermal Measure of the absorption or evolution of heat of biological
reactions (e.g., enzyme thermistor)
.

/

Continued




218 Analysis, Removal, Effects and Risk of Pharmaceuticals in the Water Cycle

TABLE 4 Two Biosensor Classifications According Biological Element and
Signal Transduction—Cont'd

Resonant Measure of the change in the resonance frequency. This change is
produced by the change in the refractive index and/or thickness
of a resonant waveguide grating due to the association rate
between the analyte and its receptor

lon-sensitive FETs ~ The ISFET devices are fabricated using microelectronic

(ISFETs) technology compatible with CMOS processes (e.g., HT, K*,
Ca*t, CcI*)

Piezoelectric Measure of changes in the resonance frequency produced by the
binding of a target analyte to a receptor (e.g., surface acoustic
waves—SAW)

/

Estradiol is a sex hormone that is present in females but also in males. The
serum levels of estradiol in males (14-55ng L™") are comparable to those
of postmenopausal women (<35 ng L™"). Estradiol not only has a critical
impact on reproductive and sexual functioning but also affects other organs,
including the bones.

In 2008, Habauzit et al. [118] demonstrated the direct detection of
17p-estradiol at concentrations above 1.4 pg L™'. The presence of estradiol
was monitored by SPR. The ligand-activated ER dimer was detected by its
interaction with a specific DNA consensus sequence estrogen response ele-
ment. The concentration and the nature of the estrogenic compounds modified
the SPR signal and were characteristic of the ligand-dependent homodimeri-
zation of ER. Although the running buffer for all experiments was 50 mM
Tris—HCl, 150 mM NaCl, 10 mM MgCl,, and 0.05% Tween 20 at pH 7.5,
the authors said that the results show that SPR-based technology used
can be successfully applied to the quantification of estrogenic compounds in
water. In 2009, Liu et al. [119] also reported a biosensor for the detection
of the hormone 17f-estradiol, but in this case, the transduction was electro-
chemical. The developed immunosensor features a gold NPlprotein
G-(LC-SPDP)' scaffold, to which a monoclonal antiestradiol capture antibody
was immobilized to facilitate a competitive IA between sample 17-estradiol
and a HRP-labeled 17B-estradiol conjugate. Amperometric detection was
applied to monitor the reduction current of benzoquinone produced from a
catalytic reaction of HRP. Thus, the authors reached a LOD of 3.5ng L™".
More recently, in 2012, again Liu et al. [120] detected estradiol using an
electrochemical immunosensor, but in this case, the calibration of the immu-
nosensor was performed in wastewater samples spiked with 17f3-estradiol. In
this approach, a competitive IA was conducted between the estradiol-bovine



TABLE 5 Biosensors for the Detection of Pharmaceuticals in the Environment Samples

Pharmaceutical

Family Analyte Biosensor Sensitivity Matrix Miscellaneous Reference
Antibiotics Sulfamethazine Dipstick 20-5000 ug L™'  River water Polyclonal antibody [131]
Sulfathiazole Fluorescence 0.11pglL™! Bottled, source, Polyclonal antibody [130]
0.85pug L™ and tap water
Honey
Sulfapyridine Amperometric 0.11 pg L™ Honey Polyclonal antibody [132]
Enrofloxacin Colorimetric 100 pg L' PBS Enzyme [133]
Enrofloxacin SPR 0.34pgL™! Milk Polyclonal antibody [134]
Sulfapyridine 0.43pg L™
Chloramphenicol 0.22pgL™!
Enrofloxacin SPR 0.07 pg L™ PBS Polyclonal antibody [135]
Tiamulin Optical SPR 10.8 ug L™ Grass [137]
24 pgL™ Groundwater
Steroids 17B-Estradiol SPR T.4pugL™" Buffer DNA [118]
Amperometric 3.5ng L™ PBS, serum Monoclonal antibody [119]
Impedimetric TnglL™ River water Bilayer lipid membrane (s-BLM) [121]
modified with Au nanoparticles
Electrical 50-200 ng L~ Synthetic stream Sulfur-oxidizing bacteria [122]
conductivity water
Amperometric 12ng L™ Wastewater Monoclonal antibody [120]
Fluorescence 0.6 ug L™ Wastewater DNA aptamer [123]
/

Continued
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Pharmaceutical

Family Analyte Biosensor Sensitivity Matrix Miscellaneous Reference
Ethinyl estradiol Amperometric 0.09 ng L™ River water Polyclonal antibody [124]
Estriol SPR T4ngL™! Liquid media Polyclonal antibody [127]
Estradiol Fluorescence 0.139 nM River water ERa-LBD [128]
Ethinyl estradiol 0.191 nM
Estriol 0.066 nM
17B-Estradiol Bioluminescent 10 nM PBS Whole cell [129]
Testosterone 0.1 uM
Analgesics Paracetamol Amperometric 1 uM River water FeTPyPz catalyst [138]
Anti- B . .
inflammatory Voltammetric 2.5nM Serum, urine Reduction 9f N-gcgtyl- [139]
p-benzoquinoneimine
Voltammetric 0.21 uM Neutral buffer Nafion-/TiO,—graphene-modified [140]
GCE
Morphine Voltammetric 0.02 pM Human urine, ILs (n-hexyl-3-methylimidazolium [141]
injection solutions  hexafluorophosphate)
Codeine Voltammetric 0.041 pg L Pharmaceutical DNA [142]
Morphine 0.043 pg L' formulations
5-Aminosalicylic ~ Amperometric 20-600 pM PBS Enzyme [143]
acid
Diclofenac Voltammetric 0.04 uM Buffer, serum, MWOCNTSs/Cu(OH), nanoparticles/IL-  [145]

seawater

GCE
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serum albumin (BSA) conjugate and the free estradiol for the limited binding
sites of estradiol antibody. Square wave voltammetry (SWV) was employed to
monitor the electrochemical reduction current of ferrocenemethanol and the
SWYV current decreased with the increase of estradiol-BSA conjugate concen-
tration at the immunosensor surface. Hence, a detection limit of 12 ng Lt
was quantified in wastewaters. In 2010, Xia et al. [121] also developed
an electrochemical biosensor for the detection of the natural estrogen 17-
estradiol but in this case applied to river water samples. The authors devel-
oped a nanostructure electrochemical biosensor to directly detect and screen
estrogenic substances based on ER binding without the use of radio or
enzyme-labeled compounds. The biosensor was fabricated by immobilization
of ERs in supported bilayer lipid membrane modified with Au NPs, and the
detection limit for 17B-estradiol was 1ngL~'. In addition, estrogenic
activity of river water samples determined by this biosensor was in good
agreement with that determined by MCF-7 cell proliferation assay. Also in
2010, Van Ginkel et al. [122] reported a novel toxicity detection methodology
based on sulfur-oxidizing bacteria (SOB) for the detection of endocrine
disrupting compounds in water. In this work, the authors demonstrated this
system in compounds such as bisphenol A, nonylphenol, diethylstilbestrol,
tributyltin, and estradiol. The SOB biosensor was able to detect these
chemicals in the 50-200 ppb range. Besides the biological elements commen-
ted before, aptamers have also been applied for the analysis of 17p-estradiol.
In 2012, Yildirim et al. [123] developed a reusable evanescent wave
aptamer-based optical biosensor for the detection of this hormone in wastewa-
ter samples. In this system, B-estradiol 6-(O-carboxymethyl)oxime-BSA was
covalently immobilized onto the optical-fiber sensor surface. Then, the
samples and the fluorescence-labeled DNA aptamer were premixed, and an
indirect competitive assay was performed. The LOD was determined as
0.6 pg L™'. Another hormone of great interest due to its high utilization as
part of oral contraceptive is the ethinyl estradiol (EE2). Martinez et al.
[124] developed an electrochemical immunosensor based on competitive
direct immunoassay between the EE2 present in the river water sample and
the EE2-HRP conjugated for the immobilized anti-EE2 polyclonal antibody.
The HRP, in the presence of hydrogen peroxide (H,0,), catalyzes the oxida-
tion of catechol (Q) whose back electrochemical reduction was detected on
gold electrode at 0.0 V. By means of this technique, the detection limit was
calculated in 0.09 ng L™". Estriol (E3), which is only produced in significant
amounts during pregnancy, is one of the three main estrogens produced by the
human body. Although E3 has demonstrated to reduce the symptomatology of
multiple sclerosis [125], it has also been found to be associated with breast
cancer [126]. In 2009, Jiang et al. [127] developed a SPR immunosensor for
the quantitative evaluation of low levels of an estriol metabolite of estriol
(estriol-16-glucuronide, E3-16G) in liquid media. E3-16G was conjugated to
ovalbumin (OVA) through an oligoethylene glycol (OEG) linker to form
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protein conjugates (E3-16G-OEG-OVA). Then, the bioconjugate was immobi-
lized on a carboxymethyl dextran-coated sensor chip via amine coupling to
develop inhibition immunoassays, reaching a limit of detection of 76 ng L™,
using a rabbit antisheep primary antibody as a binding agent. However, this
LOD was further improved by using synthesized gold colloids (15 nm) as high
mass labels conjugated to the primary antibody. Thus, the LOD reached was
14 ng L™". In 2009, Le Blanc et al. [128] reported an analytical tool for quanti-
fication of estrogenic compounds in river water based on fluorescence-labeled
ER-o. The system was based on an advanced labeling procedure for ER-a-
ligand-binding domain (ERa-LBD), where the produced protein material was
shown to have high affinities towards natural estrogens as well as xenoestro-
gens, similar to nonlabeled ERa. Using this approach, the authors detected
estradiol, EE2, and estrone and reached LODs of 0.139, 0.191, and 0.066 nM,
respectively. The system was applied to the analyses of EE2 in spiked river
water samples. Although the paper published in 2011 by Roda et al. [129]
has not been demonstrated in environmental samples, their contribution is
noticeable due to the development of a cell-based biosensor for the simulta-
neous detection of 17-estradiol and testosterone. Consequently, a portable bio-
sensing device relying on lensless contact imaging was developed. The device
comprises a disposable cartridge containing immobilized bioluminescent (BL)
whole-cell biosensors coupled with a CCD detector via a fiber-optic-based
taper. For the simultaneous detection, two cell populations, a green-emitting
androgen-responsive strain and a red-emitting estrogen-responsive strain, were
combined in the same well and dose-response curves for testosterone and
17B-estradiol were obtained. In the case of the testosterone, the ECs, was
1 x 1077 M, while the ECs for the 17B-estradiol was 1 x 10™% M.

4.2 Antibiotics

Besides hormones, other pharmaceutical compounds of great interest in envi-
ronmental analysis are the antibiotics.

Sulfonamides antibiotics are a kind of pharmaceutical that are widely
used. These antibiotics are employed in the treatment and prevention of bac-
terial infection in veterinary and human medicine [130]. In 2007, Kandimalla
et al. [131] reported a dipstick immunoassay for the detection of SMZ in
water, milk, and pig manure. In this approach, the dipstick assay was opti-
mized in terms of the immunoreagent concentration, blocking agents, and
incubation times in order to develop intense dot blots on a nitrocellulose
membrane for the visual detection test for SMZ. In the case of water, spiked
river water was used as a sample (0, 20, 50, 100, 1000, and 5000 pg Lfl).
In 2010, Jornet et al. [130] developed two optical immunosensors for the
selective detection of sulfathiazole (STZ). One of them is based on an immu-
nocomplex capture format, and the other makes use of the HH immunoanaly-
sis mode. In both cases, the signal—fluorescence peak area was related to the
analyte concentration. Using the first strategy, the LOD reached was
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0.11 pg L™" (total assay time of 18 min). With the second configuration, the
LOD was 0.85 pg L™, but the time of each whole assay was reduced to only
2 min. The authors applied both systems to the analysis of commercial bottled
water, source water, and tap water, as native and spiked with STZ at levels
from 0 to 50 pg L™'. A new approach for the detection of sulfonamide antibi-
otic residues was recently reported by Valera et al. [132]. In this work, the
detection of sulfapyridine (SPY) was reached using an electrochemical immu-
nosensor based on electrochemical nanoprobes prepared by labeling the spe-
cific antibodies with CdS NPs. The system was applied to honey samples
reaching a LOD of 0.11 pg/kg. The authors also commented that the use of
different electrochemical nanoprobes opens the possibility to obtaining multi-
plexed electrochemical immunosensors.

Fluoroquinolones are a subset of the family of synthetic broad-spectrum
antibacterial drugs, quinolones. Fluoroquinolones are broad-spectrum antibio-
tics that play an important role in the treatment of serious bacterial infections,
in human as well as veterinary medicine. In 2009, Kim et al. [133] developed
an immuno-strip biosensor system to detect enrofloxacin (ERFX) residues.
The biosensor was based on the combination of immuno-chromatography
assay and ELISA techniques. The LOD obtained was 100 ppb in PBS buffer.
In 2010, Fernandez et al. [134] demonstrated portable multichannel SPR
immunosensor for on-site analysis of antibiotics. Although the system was
applied to milk samples, this work is noticeable due to the simultaneous
detection of enrofloxacin, SPY, and chloramphenicol (CAP) reported. The
chips were covalently biofunctionalized with haptenized proteins by means
of a previously formed mixed self-assembled monolayer (m-SAM) prepared
using two types of mercapto alkyl reagents containing polyethylene glycol
units. The samples or standards were mixed with specific polyclonal antibo-
dies and injected into the sensor device. The LODs reached were 0.34, 0.43,
and 0.22 pg L~! for ERFX, SPY, and CAP, respectively. More recently, in
2012, Fernandez et al. [135] reported a nanogold probe enhanced SPR immu-
nosensor for improved detection of antibiotic residues. By this enhancement,
the LOD of ERFX was improved to 0.07 ug L™, reducing at the same time
the amount of primary antibody used.

Another approach is the use of molecularly imprinted polymer (MIPs), not
for the detection, but for the removal of pharmaceutical. As an example, in
2013, Tan et al. [136] used molecularly imprinted polymer nanoparticles
(nanoMCN@MIPs) for the selective removal of fluoroquinolones in spiked
seawater. The nanoMCN@MIPs were prepared by covalent grafting of
ofloxacin-imprinted polymer onto the surface of mesoporous carbon nanopar-
ticles (MCNs). The adsorption capacity of the NPs for ofloxacin was
40.98 mg g~ '. Other antibiotic drug that is used in veterinary medicine is
the tiamulin (TIA). In 2007, Wilson et al. [137] presented the development
and validation of a screening method, based on a SPR biosensor, for the
TIA determination in grass and groundwater, reaching LODs of 10.8 and
2.4 png L7, respectively.
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4.3 Analgesics and Anti-Inflammatory Compounds

As it is well known, an analgesic is any member of the diverse group of drugs
used to relieve pain and to achieve analgesia, paracetamol (acetaminophen)
and the NSAIDs being the most common. On the other hand, anti-inflammatory
refers to the property of a substance or treatment that reduces inflammation. In
2010, Oliveira et al. [138] developed a biosensor for the determination of para-
cetamol using a biomimetic sensor coupled to a flow injection analysis FIA sys-
tem, based on a modified glassy carbon electrode surface with a Nafion®
membrane doped with iron tetrapyridinoporphyrazine (FeTPyPz). Thus, the
LOD reached was 1 x 10~ M. The presented system was applied to the analy-
sis of river water enriched with paracetamol. In 2011, electrochemical sensors
for the paracetamol were also reported. Ozcan and Sahin [139] published a sys-
tem based on the reduction of N-acetyl-p-benzoquinoneimine formed on the
electrochemically treated pencil graphite electrode (PGE). The LOD obtained
was 2.5 nM in buffer. The developed system was also applied to the detection
of paracetamol in human blood serum and urine samples. On the other hand,
Fan et al. [140] demonstrated the electrochemical behavior of paracetamol at
the Nafion/TiO,—~GR composite film-modified glassy carbon electrode. The
LOD reached was 2.1 x 10~’ M in neutral buffer. In 2012, Ensafi et al. [141]
demonstrated the voltammetric detection of morphine using a N-hexyl-3-
methylimidazolium hexafluorophosphate/multiwall carbon nanotubes paste
electrode as a biosensor. The LOD reached was 0.02 uM and the sensor was
applied for the determination of morphine in biological and pharmaceutical
samples such as human urine and injection solution. Again Ensafi et al. [142]
reported in 2013 the simultaneous determination of codeine and morphine. In
this work, a DNA-based biosensor was constructed through layer-by-layer tech-
nique. Thus, MWCNTs-PDDA was immobilized on the surface of electro-
chemically pretreated PGE to increase the electron transfer characteristics of
the electrode surface. Finally, the dSDNA polyions were immobilized at the sur-
face of MWCNTs-PDDA/PGE. The detection limits were 0.041 and
0.043 pg L' for codeine and morphine, respectively. The biosensor was
applied to validate its capability for the analysis of codeine and morphine in
blood serum, urine samples, and pharmaceutical formulations. In 2009, Akkaya
et al. [143] reported a catalase—peroxidase-based biosensor for the determina-
tion of 5-aminosalicylic acid (5-ASA, mesalazine), which is an anti-
inflammatory drug used to treat inflammation of the digestive tract (Crohn’s
disease). This compound is an aspirin derivative, which is a very effective form
of treatment of inflammatory bowel disease. While the linear concentration
range was 20-600 uM, the biosensor was applied to the determination of
5-ASA level in Salofalk (medicine 500 mg tablet) but by dissolving the tablet
first in phosphate buffer (pH 6.5, 50 mM). Diclofenac is one of the most fre-
quently applied NSAID, and due to its extensive use as an analgesic and anti-
rheumatic, diclofenac residues can nowadays be regularly detected in surface
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waters throughout the world [144]. In 2012, an electrochemical sensor for the
determination of diclofenac was reported by Arvand et al. [145]. This sensor
consists of Cu(OH), NPs, hydrophobic ionic liquid 1-ethyl-3-methylimidazolium
fhexafluorophosphate (EMIMPF¢), and multiwalled carbon nanotubes for
glassy carbon electrode modification, and the LOD obtained was 0.04 pM. This
system was applied to blood serum and seawater using diclofenac sodium—25
tablets and ampoules.
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1 INTRODUCTION

More than 15,000 prescription pharmaceutical compounds (PhCs) and over-
the-counter (OTC) drugs are registered and approved for use today,
corresponding to about 1300 active ingredients [1]. Attention is currently paid
to the “origin” of PhCs, as set in the regulations issued by the US FDA [2] and
the European Community Directive 2004/27/EC [3], which contains a commu-
nity code relating to medicinal products for human use, and Regulation 726/
2004 [4], which lays down community procedures for the authorization and
supervision of medicinal products for human and veterinary use, and an envi-
ronmental assessment of each new compound is mandatory before its launch
onto the market and use. Additionally, in June 2007, the European Community
Regulation Registration, Evaluation, Authorisation and Restriction of Chemi-
cals (REACH) [5] came into force, with the aim of safeguarding human health
and the environment through better and earlier identification of the intrinsic
properties of chemical substances. As a result, information about the composi-
tion of administered PhCs is readily available. Nevertheless, data on their
consumption in terms of annual quantity administered in a specific area
(country, region, etc.) or for particular users (households, hospitals, healthcare
structures, etc.) are much more difficult to obtain, in particular for OTC drugs.
Furthermore, consumption patterns vary between study areas (local, regional,
and countrywide), making prediction of PhC consumption extremely difficult.
Consumption patterns may vary due to the local economic situation, national
and local healthcare system organization, and drug prescription guidelines
and behavior (recommended average dose and treatment duration), as well
as geographic prevalence of certain diseases at particular times. A rough esti-
mate of the global consumption of human PhCs showed that about 100,000
tons of PhCs is used each year, which corresponds to a worldwide average
consumption of 15 g/(year per capita) [6]. Although more detailed analyses
of PhC consumption of specific therapeutic classes by area and by country
are available in terms of sales [7], these data do not aid evaluation of the mass
flow of PhCs consumed in a specific area over a specific period of time.
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Although many investigations have pointed out the environmental risks cor-
related to the occurrence of pharmaceuticals in aquatic environments (surface
and groundwaters) [8] and that the main source is due to wastewater treatment
plant (WWTP) discharges [9], up to now, legal limits regarding PhCs have not
thus far been set, and no technical guidelines or suggestions as to most suitable
treatments for reducing their concentrations in final effluent are yet avail-
able [10]. However, recent studies evidenced that hospital effluents can be con-
sidered hot-spot sources and the search for appropriate management and
treatment of this kind of effluent is an extremely pressing issue [11-13].

Conventional activated sludge (CAS) processes have been employed
extensively in WWTPs all over the world, predominantly because they pro-
duce a secondary effluent that complies with global and national quality stan-
dards for discharge into surface water bodies, and they entail reasonable
construction, operating, and maintenance costs. WWTPs were built and
upgraded with the principal aim of removing easily or moderately biodegrad-
able carbon, nitrogen, and phosphorus compounds and microbiological
organisms, which regularly arrive at the treatment plant in concentrations
of the order of mg/L and at least 10° MPN/100 mL, respectively. In raw
domestic wastewaters, PhCs generally range considerably from 107° to
107° mg/L [14], and their chemical and physical properties, namely, solubil-
ity, volatility, adsorbability, absorbability, biodegradability, polarity, and sta-
bility, also vary greatly [15,16], with obvious repercussions on their behavior
during the treatments and consequently their removal efficiencies [17].

Among the many factors governing the complex interactions in waste-
waters and treatment systems, trace lipophilic pollutants are likely to be asso-
ciated with colloids, due to their organic coating [18], on which some PhCs
can sorb. In addition, positively charged molecules can become associated
to these colloids by means of low-strength van der Waals bonds.

To get an overview of the current situation, a literature search was performed,
and the findings are reported in the graph of Figure 1. They were obtained by
searching Scopus with the following variables: document type, all; data range,
1997-2012 (included); subject areas, all; and search for, “pharmaceutical acti-
vated sludge” or “drug municipal wastewater treatment” or “pharmaceutical sew-
age.” It is quite evident that in the last 6 years, the number of studies dealing with
occurrence of PhCs in wastewater and removal by CAS systems has greatly
increased. To refine the search, these studies were screened for the terms: “phar-
maceutical mass load,” “environmental risk assessment,” and “pharmaceutical
prediction concentration” (Figure 2) and for “activated sludge modeling pharma-
ceutical compound,” “pharmaceutical concentration secondary sludge,” and
“removal mechanism pharmaceuticals activated sludge” (Figure 3).

These graphs show that in recent years, the main focus of such studies has
been environmental risk assessment (636 items), followed by pharmaceutical
mass loads (168 items), activated sludge modeling pharmaceutical compound
(144), pharmaceutical prediction concentration (143), removal mechanisms
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(124), and, in last place, pharmaceutical concentrations in secondary sludge
(119). The following sections will present and discuss the major findings on
these topics for selected pharmaceuticals belonging to a wide spectrum of
therapeutic classes.

2 CHAPTER FRAMEWORK

The first part of the chapter presents a brief description of the CAS process,
focusing on the most common treatment trains for both wastewater and sludge
(Section 3). The historical development of the activated sludge process is then
discussed, in order to identify the most common reactor configurations, which
will then be considered as the chapter progresses. The selection criteria for
compounds to include in this study are outlined in Section 4, which also
reports the list of selected PhCs grouped according to their therapeutic class.

The occurrence of the selected PhCs in domestic raw influent and CAS
effluent is reported in Section 5, while their occurrence in the primary, excess,
and treated sludge is detailed in Section 6. Aqueous and overall pharmaceuti-
cal removal efficiencies are discussed in Section 7, as well as their percentage
partitions (where data available) among effluent, sludge, and removed fraction
during secondary biological treatment. How PhC removal efficiencies can be
affected by the main chemical and physical properties of selected compounds
and operational parameters within the biological reactors is discussed, respec-
tively, in Sections 8 and 9.

The average mass load rankings, based on the collected data pertaining to
the secondary effluent and the corresponding average flow rate, are reported
and discussed in Section 10. Section 11 outlines an environmental risk assess-
ment of secondary effluent as well as treated sludge and in particular reports
results in terms of risk quotient both for the two kinds of CAS outlets. The
PhCs are then ranked according to their presence in secondary effluent and
sludge, highlighting those with the highest risk and enabling identification
of the most critical compounds in terms of load and environmental risk. The
aim is to contribute to the debate by raising issues to consider further to reduc-
ing the impact of PhCs in secondary effluent and treated sludge, which are
generally directly discharged into surface water bodies or applied to the land,
respectively. Some indications about the available tools for modeling the
behavior of PhCs in CAS are also reported (Section 12).

The chapter concludes with a focus on a special kind of wastewater that
contains a great amount of PhCs: the effluent from pharmaceutical
manufacturing facilities. The observed concentration ranges of such micropol-
lutants, the treatments commonly adopted for this kind of effluent (mainly
CAS), and the lack of specific regulations for the discharge of these contami-
nants are discussed (Section 13).

All reported concentration data are measured rather than predicted, but it
is important to note that they (PhC occurrence in water and sludge, removal
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efficiency, and mass load) were reported in a host of previous investigations
carried out in different countries and at different times. Hence, the findings
are unavoidably affected by uncertainty. For instance, measured PhC concen-
trations will depend on protocols used for sampling, preparation, conserva-
tion, and chemical analysis. Furthermore, removal efficiency is strictly
correlated to measured influent and effluent concentrations, while mass load
will depend on assumed (average) flow rate and (average) concentration,
and the risk quotients are calculated using assumed measured concentrations
and predicted no-effect concentrations, and so on [19-22]. Hence, for
in-depth analysis of the reported data, the specific cited studies should be con-
sulted. Nevertheless, the data reported and analyzed in this study should pro-
vide a snapshot of the current state of affairs and provide a springboard for
further debate on this crucial issue.

3 CONVENTIONAL WASTEWATER TREATMENTS

Domestic (also known as urban) wastewaters are generally subjected to a
treatment sequence including preliminary treatments (screening, grit removal,
and oil and grease removal), a primary gravity settling (sometimes this step is
absent), secondary biological treatment (by activated sludge, fixed-film reac-
tors, lagoon systems, and/or sedimentation), and finally tertiary steps, some-
times including advanced treatments (chemical coagulation, flocculation,
sedimentation, activated carbon filtration, disinfection, and chemical oxida-
tion). Figure 4 reports the sequences generally adopted for raw wastewater
and the resulting sludge.

For the secondary step, activated sludge treatment is that most extensively
employed all over the world for processing both urban wastewaters from
small and large communities and industrial effluents. This type of treatment
was developed by two English researchers, Ardern and Lockett, in 1914,
and since then, it has been implemented on a global scale. Activated sludge
treatment consists mainly of flocculating microorganisms held in suspension
and contact with wastewater in a mixed aerated tank. The so-called CAS sys-
tem consists of a biological reactor (where activated sludge may develop and

Treated
Raw

infl effluent
influent Preliminary Primary Secondary treatment Secondary Tertiary
treatment sedimentation (biological, chemical) sedimentation treatment
¢ l Todischarge’
Liquidstream Primary sludge Excess sludge or reuse

Sludge stream
Excess

o R T
sludge Primary Stabilization Dewaterin reated s,udge‘
thickening (aerobic, anaerobic, chemical) g Tofinal disposal or reuse

FIGURE 4 Common treatment sequences adopted for domestic effluent and sludge produced
during their treatment.
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grow) followed by a secondary clarifier: The simplest diagram of this process
is that shown in Figure 5, and subsequent configurations developed over the
years are shown in Figure 6.

The biological reactor may consist of one (Figures 5 and 6A) or more
compartments (Figure 6B-F). Multiple compartments provide different oper-
ational conditions, namely, aerobic, anoxic, and anaerobic, and enable C, N,
and P removal. Adsorption, absorption, flocculation, oxidation—reduction
reactions, and sedimentation are the main physical and biochemical processes
occurring within the activated sludge process. Biochemical reactions (ana-
bolic, catabolic, and cometabolic reactions) take place within the biological
reactor and bring about the degradation of the organic compounds in the influ-
ent wastewater. The reactions are performed by the microorganisms sus-
pended in the liquid, namely, bacteria, protozoa, rotifers, and fungi, which
together form the biomass (see image on the left in Figure 5), which develops
and grows as these reactions take place. Organic compounds subject to bio-
degradation include not only lipids, proteins, and carbohydrates, which occur
at the order of mg/L, but also micropollutants (i.e., pharmaceuticals and per-
sonal care products), occurring at concentrations of ng/L or pg/L.

After enough time for the appropriate biochemical reactions, the mixed
liquor is transferred to a settling tank (secondary clarifier) to allow gravity
separation of the suspended solids (in form of floc particles) from the treated
effluent. Some of the settled solids are returned to the biological reactor
(return activated sludge) in order to maintain the desired biomass concentra-
tion inside (about 3—4 g/L)). The remainder is considered waste (the
so-called excess sludge) and is subjected to thickening, by removing a portion
of the liquid fraction in order to increase its solid content. Through the pro-
cesses of stabilization, dewatering, drying, and combustion, both the water
and organic fractions are considerably reduced, and the processed solids (trea-
ted or digested sludge) are suitable for reuse or disposal.

Over the years, different configurations of the activated sludge process were
developed to promote nitrification, denitrification, and phosphorus removal.
More recent evolutions in CAS include membrane bioreactors (MBRs,
Figure 6E) and moving bed biological reactors (MBBRs, Figure 6F). MBRs were
developed with the primary aim not only to improve effluent quality but also to
upgrade existing WWTPs by replacing the previous secondary settler with a
membrane compartment able to better separate the solid from the liquid phase.
They generally operate at higher biomass concentrations and higher sludge ages
with respect to CAS. MMBRs were designed to enhance biological processes by
promoting the growth of both suspended and attached (on the surface of carriers
present in the biological reactor) biomass, thereby increasing the biomass con-
centration in the aeration tank. One of the main advantages of the two new con-
figurations is that they are able to treat a higher pollutant load in the “original”
reactor volume [23]. Although these two treatments are becoming more diffuse,
CAS is still by far the most common in operation (and most studied).
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4 PHARMACEUTICAL COMPOUNDS INCLUDED
IN THE STUDY

PhCs include a wide spectrum of highly active substances designed to interact
with receptors in humans and animals. They are generally grouped into thera-
peutic classes according to their physiological activity. However, it is worth
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noting that these compounds, even if they belong to the same therapeutic
class, may have very different chemical structures and chemical—-physical
properties, resulting in very different behaviors during wastewater treatment.

To narrow the field somewhat, a group of PhCs was selected according to
the following criteria: high consumption, widespread occurrence in urban
wastewater and treated effluent all over the world, as documented by the
recent studies (see in particular [13,14,24-28]), and available analytical meth-
ods. By these means, 74 PhCs were selected, spanning the following 15 thera-
peutic classes: analgesics and anti-inflammatories (A), antibiotics (B),
antidiabetics (C), antihypertensives (D), beta-blockers (E), diuretics (F), lipid
regulators (G), psychiatric drugs (H), receptor antagonists (I), hormones (J),
beta-agonists (K), antineoplastics (L), topical products (M), antiseptics (N),
and contrast agents (O). Among these compounds, data pertaining to 64 in
water and 54 in sludge were considered, as shown in Table 1.

5 OCCURRENCE IN THE INFLUENT AND IN THE EFFLUENT

Figure 7 shows the occurrence of the selected PhCs, grouped according to
their therapeutic class, reported for raw municipal WWTP influent (on the
left) and CAS effluent (on the right). These graphs are plotted from data col-
lated in the review by Verlicchi et al. [14] of 244 full-scale CAS systems of
different nominal capacities operating in various global locations. The bars
of the graph show the variability range observed for each PhC and the
corresponding average values measured in the raw influent and secondary
effluent. As discussed in [14], measured concentrations generally refer to
24 h composite, flow-proportional, or time-proportional water samples. As
reported and discussed in [20-22], the sampling mode may greatly influence
the reliability of experimental data.

Referring to the influent, six compounds had an average concentration
>10 pg/L, 21 PhCs were detected in the range 1-10 pg/L, and the remaining
37 had a mean concentration below 1 ng/L. The highest average values were
found for the analgesics/anti-inflammatories acetaminophen, ibuprofen, and
tramadol (all about 30 pg/L), followed by the psychiatric drugs diazepam
and gabapentin (on average, respectively, 21 and 13 pg/L) and then the anal-
gesic salicylic acid (17 pg/L). The antibiotics cefalexin, ciprofloxacin, clari-
thromycin, erythromycin, and sulfapyridine were, on average, detected at
concentrations higher than 1 pg/L. The widest variability ranges were
observed for the analgesic/anti-inflammatory, antibiotic, and lipid regulator
classes. As discussed in [14], and elsewhere, influent concentrations may vary
over the course of the day [29], the week [30], and the year [27], depending
on many factors, including differences in the nature and consumption patterns
of the PhCs in question, as well as CAS influent flow rate.

In general, CAS effluent contains smaller average concentrations than
its influent, but they are, nonetheless, far from negligible. Indeed, for
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TABLE 1 Selected Compounds Included in This Study
Therapeutic Class Compounds Water Sludge
Analgesics/anti- Acetaminophen, acetylsalicylic acid, 14 8
inflammatories (A) codeine, diclofenac, fenoprofen,

ibuprofen, indomethacin, ketoprofen,
mefenamic acid, naproxen, phenazone,
propyphenazone, salicylic acid, tramadol

Antibiotics (B) Azithromycin, cefalexin, 20 22
chloramphenicol, chlortetracycline,
ciprofloxacin, clarithromycin,
doxycycline, enrofloxacin, erythromycin,
fleroxacin, gatifloxacin, lomefloxacin,
metronidazole, minocycline,
moxifloxacin, norfloxacin, ofloxacin,
oxytetracycline, roxithromycin,
sarafloxacin, sparfloxacin,
sulfachloropyridazine, sulfadimethoxine,
sulfamethoxazole, sulfanilamide,
sulfapyridine, sulfasalazine, sulfathiazole,
tetracycline, trimethoprim

Antidiabetics (C) Glibenclamide, metformin 1 2

Antihypertensives (D) Diltiazem, hydrochlorothiazide 2 2

Beta-blockers (E) Atenolol, bisoprolol, celiprolol, 6 3
metoprolol, propranolol, sotalol

Diuretics (F) Furosemide 1 1

Lipid regulators (G) Bezafibrate, clofibric acid, fenofibric 5 3
acid, gemfibrozil, pravastatin

Psychiatric drugs (H) Carbamazepine, diazepam, fluoxetine, 4 4
gabapentin, paroxetine

Receptor antagonists ()  Cimetidine, famotidine, loratadine, 2 4
ranitidine

Hormones (J) Estradiol E2, estriol E3, estrone E1, ethinyl 4 4
estradiol EE2

Beta-agonists (K) Salbutamol 1 0

Antineoplastics (L) Ifosfamide 1 0

Topical products (M) Crotamiton 1 0

Antiseptics (N) Triclosan 1 1

Contrast agents (O) lopromide 1 0

Compounds whose data are only available for water phase are in italics, and compounds whose
data are only available in sludge phase are underlined.

/
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FIGURE 7 Occurrence of the 64 selected PhCs from 15 therapeutic classes in the influent (left
side) and effluent (right side) of a conventional activated sludge system.

2 compounds, the mean concentrations were still >10 pg/L. (tramadol and
fenofibric acid); for 9, they were between 1 and 10 pg/L; and only for the
remaining 63 substances were detected effluent levels below 1 pg/L. The
highest average values were found for tramadol (20 ng/L as reported
by Kasprzyk-Hordern et al. [31] and Wick et al. [32]), fenofibric acid
(10 pg/L), diazepam (6.5 pg/L), ibuprofen (3.90 pg/L), atenolol (3.74 ng/L),
and cimetidine (3.47 pg/L). Differences in the values observed in the CAS
effluent are due not only to different influent concentrations values and the
characteristics of the compounds but also to the design and operational
characteristics of the WWTP, as will be discussed later.

6 OCCURRENCE IN SEWAGE SLUDGE

Investigations on the occurrence of selected PhCs in sewage sludges from dif-
ferent stages of their treatment have been carried out less often than wastewa-
ter investigations. As a result, data pertain to a smaller number of compounds



Removal of Pharmaceuticals by Conventional Treatment 243

and a limited number of full-scale treatment plants. The analysis reported here
includes 54 common PhCs that were investigated in the major studies on the
issue, among them [25,27,28,33—37]. Collected data refer to (generally grab)
samples of primary (diverting from the primary clarifier), excess (secondary),
and treated (thickened) sludges. The main results, in terms of concentration
variability and means of the selected PhCs (grouped according to their thera-
peutic class), are reported in Figure 8. The number in brackets after the name
in the X-axis corresponds to the logarithm of solid—liquid distribution coeffi-
cient of the compound Log Ky (with Ky in L/kg). As discussed in
Section 8.6, in an initial analysis, the affinity of a compound for the solid
phase is expressed by K4, which is experimentally determined as the ratio
between the concentration of compound sorbed to solid and the concentration
of compound in the liquid phase at equilibrium. For most PhCs, removal by
sorption is negligible in comparison with the total mass balance, as evidenced
by the relatively low Ky values (K4<500L/kgs), corresponding to
Log K4<2.6 [38].

In general, data on the presence of PhCs in sludges are few and far
between. Antibiotics have been the most analyzed and found to be the most
abundant. Other classes investigated in sludges are analgesics and anti-
inflammatories, hormones, lipid regulators, psychiatric drugs, and receptor
antagonists. An interesting study recently published by Martin et al. [27]
details the evolution of the concentration levels of 16 common PhCs (analge-
sics and anti-inflammatories, antibiotics, lipid regulators, psychiatric drugs,
hormones, and beta-blockers) in the sludge treatment sequence over the
course of the year. These authors found that the time of year may influence
the concentration of PhCs in sludge, mainly due to different seasonal con-
sumption (as for ibuprofen and salicylic acid or some antibiotics) and, to a
lesser extent, the changes in degradation rates at the elevated temperatures
during the summer season. This was found to apply to PhCs such as carba-
mazepine and ethinyl estradiol, whose consumption is not influenced by the
season. Gao et al. [54] found similar results regarding the concentrations of
three types of antibiotics: fluoroquinolones, sulfonamides, and macrolides,
whose concentrations were slightly higher in winter than in spring and
autumn, due to both a greater consumption and a decline in water use in win-
ter. They concluded that the antibiotics in raw sewage are more prone to trans-
fer from the aqueous to the solid phase in winter, causing an increase in the
amount of antibiotics in the sludge.

Martin et al. [27] found that the concentrations of most of the selected
compounds increased between primary and secondary sludges, with the
exception of diclofenac, ibuprofen, and salicylic acid. They ascribed this
behavior to the different physical-chemical properties of the investigated
compounds (namely, chemical structures, pK,, and K, values) and the differ-
ent chemical compositions of primary and secondary sludges, which resulted
in different absorption/adsorption patterns. The highest concentration of PhCs
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found in secondary sludge could be explained by the hydrolysis of conjugates
or by the higher organic matter content of secondary sludge, which is mainly
composed of biomass, considering that the retention of PhCs occurs mainly in
the organic fraction of sewage sludge [42,55]. The higher concentration of
diclofenac, ibuprofen, and salicylic acid found in primary sludge could be
due to a retention mechanism based on electrostatic interactions [56]. Despite
their hydrophilic potential (negative Log K,.), the fluoroquinolones cipro-
floxacin and norfloxacin have a high tendency for sorption due to their zwit-
terionic character (pK, cooy=>5.9-6.4 and pK, ny» =7.7-10.2) [46].

Martin et al. [27] also noted that the concentrations of most of the inves-
tigated PhCs (ibuprofen, naproxen, ketoprofen, salicylic acid, sulfamethoxa-
zole, carbamazepine, propranolol, ethinyl estradiol, and estriol) decrease in
an anaerobically treated sludge, contrasting with data reported by Radjenovic¢
et al. [26], who detected an increase in ibuprofen, diclofenac, gemfibrozil, lor-
atadine, and glibenclamide. In any case, biodegradation of pharmaceutically
active compounds is influenced by desorption of pharmaceuticals from the
sludge matrix and microbial activity, and the final outcome will depend on
the balance between these two processes in each particular case [52]. An
increase in the concentrations of compounds such as ibuprofen, diclofenac,
gemfibrozil, loratadine, and glibenclamide could be explained by lower bio-
degradation potential of the sludge. Triclosan is present at high concentrations
in digested sludge; it has a Log K, of 4.8 and a pK, of 7.9 and under waste-
water conditions (pH about 7) can be considered a hydrophobic compound
prone to sorption onto sludge. Gao et al. [57] found that tetracyclines manifest
strong sorption to sludge via complexation with metals associated with the
sludge and cation-exchange reactions. Their sorption removal is affected by
the temperature, pH, and Ca*" and Mg”" concentrations of the sludge, as well
as its organic matter content.

As for the psychiatric drugs, paroxetine and fluoxetine were the antide-
pressants most retained on sludge (they have a high sorption potential as
shown by their Log K4 >4), whereas carbamazepine showed a wide variabil-
ity, but in general, its partition to solids remained quite low.

7 PhC REMOVAL BY CONVENTIONAL WWTPs

Over the last decade, most studies have dedicated more attention to the liq-
uid than the solid phase, assessing its impact on the environment following
discharge of the effluent from the treatment plant. For this reason, authors
have predominantly evaluated the efficiency of selected PhC removal
from the liquid phase, considering the raw influent and the treated liquid
effluent, but not the sludge produced during either primary or secondary
treatment. This removal efficiency can therefore legitimately be termed
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the “apparent removal’ or ‘“aqueous phase removal,” to distinguish it
from the overall removal efficiency, which also takes into account the
sludge phase.

According to many authors [12,58-63], preliminary treatments and pri-
mary settling are generally fairly inefficient at removing PhCs (almost always
<10%) from wastewaters. Removal depends mostly on sorption potential to
suspended solids deposited during primary sedimentation. In some cases,
compounds may even be released during this process, presumably due to
the simultaneous presence of deconjugable substances, that is, human metabo-
lites, of these compounds in the raw influent [45,64].

A relatively high removal efficiency has been found for norfloxacin,
reported at 28% [46] and even as high as 40% [63]. This latter study also
reported high efficiency of removal of tetracycline, 40%, and oxytetracy-
cline, 35%. As regards tetracycline, this has been tentatively ascribed to a
strong tendency of the compound to form complexes with iron (III) ions,
which may enhance removal by coagulation and flocculation during
sedimentation [65].

Leung et al. [63] found that mechanical coarse screening (>6 mm) com-
bined with a very short hydraulic retention time (HRT) (<0.5 h) should not
be expected to remove micropollutants. Chemically enhanced sedimentation
moderately increased the removal of norfloxacin (47%) and tetracycline
(41%) alone.

No significant reduction was found for ibuprofen, ketoprofen naproxen,
mefenamic acid, or gemfibrozil [64,66]. This can be correlated to their acidic
structures (negative charge of the molecule at pH 7), accompanied by a very
low solid-liquid partition coefficient K4, which results in their presence
mainly in the aqueous phase. For the hormone estrone, a higher concentration
was observed at the end of primary sedimentation with respect to the influ-
ent [64], very likely due to the oxidation of the estradiol present, which would
explain the high negative removal efficiencies seen for estrone and the posi-
tive reduction of estradiol.

Whatever the configuration of the biological reactor, the main removal
mechanisms invariably include biological degradation, adsorption, absorption,
flocculation, and sedimentation. Chemical transformations may also occur
within the biological reactor and generally consist of deconjugation of certain
micropollutants, which is conversion back to their original compounds, but
this is not a particularly influential occurrence [67].

The different mechanisms that occur within the biological reactor may be
favored by different operational conditions (namely, redox, pH, temperature,
sludge retention time (SRT), and HRT) and different reactor configurations
(plug-flow or complete-mix reactors, single-tank reactors, or reactors in series
with alternate anoxic—oxic—anaerobic compartments), as discussed in Section 9.

CAS processes are not able to efficiently remove all the different kinds
of PhCs [68] for various reasons. In particular, PhCs are designed to be
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biologically stable, and their sorption tendency depends on the types and
properties of both the suspended solids (sludge) and the PhC molecule, not
to mention the conditions inside the bioreactor, mainly pH, redox potential,
and temperature.

As preliminary and primary treatments are fairly inefficient at removing
PhCs, raw influent can be considered to possess the same pollutant load as
the influent to the biological tank (hence, ¢ ,w =cjns in Figure 5). Moreover,
Oinr can be assumed as equal to Q.¢. As a consequence, removal from the lig-
uid phase 7,queous can be evaluated by applying Equation (1):

_ Oinr Cint — Oefr Cetr

Cinf — Ceff
naqueous - x 100 =

% 100 (1)
Qinf Cinf Cinf

where Q is the average influent (subscript inf ) or effluent (subscript eff ) flow
rate expressed in terms of L/d and c is the average concentration in the influent
(subscript inf ) or in the effluent (subscript eff ), pg/L, as shown in Figure 5.

A limited number of investigations have thus far considered the WWTP as
a whole: a black box with only one inlet (influent water) and rwo outlets
(namely, effluent water and treated sludge). Accordingly, the overall removal
efficiency can be evaluated by means of Equation (2):

. Oinf Cinf — (Qeff Ceff + Pludge Csludge)
Noverall = R
Qinf Cint

x 100 (2)

where Pgjyqge is the sludge production rate (tons/d) and cgjyqge is the concentra-
tion of PhC in the treated sludge (ng/g dry matter).

The difference between overall and aqueous removal is the fraction that is
sorbed to sludge matter; as a consequence, 7aqueous 15 €xpected to be higher
than Toverall-

Figure 9 shows the variability ranges and the mean value of the removal
efficiencies 7.queous for the 64 selected PhCs (listed in Table 1) based on data
presented in the review by Verlicchi et al. [14]. The graph only reports PhC
removal and does not show any release that may occur. An in-depth analysis
of this is reported in the cited review, whereas in this chapter, only a few
cases will be discussed.

Out of the 64 compounds, data are not available for four PhCs: the antibi-
otic sulfasalazine, the beta-blockers bisoprolol and celiprolol, and the antineo-
plastic ifosfamide. The best average removal efficiencies (>75%) were found
for 15 PhCs, with the highest values (>95%) for salicylic acid, estriol, and
chloramphenicol. Twenty-three compounds showed good removal, in the
range 50-75%, whereas for 17 compounds, the removal was modest
(25-50%) and quite low for the remaining compounds, as in the case of met-
oprolol, fenofibric acid, tramadol, carbamazepine, and diazepam.

As mentioned earlier, the extent to which a compound can be removed in a
CAS system depends on many factors: the chemical and physical properties of



248 Analysis, Removal, Effects and Risk of Pharmaceuticals in the Water Cycle

Apparent removal efficiency faqueous, %
0 10 20 30 40 50 60 70 80 90 100

Acetaminophen ==
Acetylsalicylic acid
Codeine
Diclofenac
Fenoprofen
Ibuprofen

A Indomethacin
Ketoprofen
Mefenamic acid
Naproxen
Phenazone
Propyphenazone | C )
Salicylic acid | @
wo-dramadol | Err 0 L L
Azithromycin | C I )
Cefalexin | [ I
Chloramphenicol | ==
Ciprofloxacin | L
Clarithromycin ]
Doxycycline

B Enrofloxacin
Erythromycin
Metronidazole
Norfloxacin ( I 1
Ofloxacin
Roxithromycin
Sulfachloropyridazine
Sulfadimethoxine
Sulfamethoxazole
Sulfapyridine
Sulfasalazine
Sulfathiazole
Tetracycline

I T R

___________ Fed=—F-4-F-F-4--F-3-E-+t-9--F-4--F-1-3--F-1--}-

C  Glhenclamide lodocfoded o bolo o L0 oo Lodee Lol ool

Diltiazem | [ : 1

lq—|ydn:a(:hk':rothiazide____ — ]

Atenolol | I
Bisoprolol
Celiprolol |

E MetoFF)Jrololﬁ L ' 1
Propranolol | T )

Bezafibrate L T
Clotibric acid
Fenofibric acid
Gemfibrozil
_.Pravastatin | 1 | 1 L 11 |l Ll L m |l ]
Carbamazepine } T .
Diazepam | —

H Fluoxetine | L I
Gabapentin_| _ | | T

| Cimetidine | : I ]
---Bapitidie L _{__| | | St P -
Estradiol | [

J Estriol | I
Estrone | [
Ethinylestradiol_| _ | E o—1 ]

_.Sabuamel FH—F—FF—FFFFFFF+F -+

VI

9 Average removal efficiencies from the liquid phase for the selected compounds.



Removal of Pharmaceuticals by Conventional Treatment 249

the compound, wastewater composition, operational conditions, and reactor
configurations. Hence, high variations in reported removal were observed
for most compounds (e.g., diclofenac, ketoprofen, clarithromycin, atenolol,
propranolol, and salbutamol, as shown in Figure 9), and no clear and defini-
tive conclusions can be drawn on their removal, and even less can be stated
about the fate of a particular therapeutic group.

Among the influential operating parameters (HRT, SRT, T, and redox and
recirculation ratio), SRT seems to be the most critical for activated sludge
design, as it affects the treatment process performance, aeration tank volume,
sludge production, and oxygen requirements. It has been proven that longer
SRT improves the removal of most of the PhCs during sewage treatments
[35,69]. Indeed, WWTPs with high SRTs allow the enrichment of slowly
growing bacteria and consequently the establishment of a more diverse bio-
coenosis with broader physiological capabilities (e.g., nitrification or the
capacity for certain pathways) than WWTPs with low SRTs [70]. All of these
parameters will be taken into consideration in the following discussion of the
behavior of specific compounds under particular conditions.

Acetaminophen, ibuprofen, acetylsalicylic acid, salicylic acid, estrone,
estriol, and estradiol were efficiently removed by CAS systems. Biodegrada-
tion of both acetaminophen [71] and ibuprofen [72] is known to be rapid.
Diclofenac, on the other hand, was one of the selected PhCs that showed a
modest removal efficiency (<29%). This may be due to the combination of
degradation in wastewater and the liberation of additional diclofenac mole-
cules by deconjugation of glucuronidated or sulfated diclofenac and/or its
desorption from particles [61]. According to Cirja et al. [73], compounds with
chlorine groups within the molecule may more readily persist during
biological treatment. This could explain the poor average removal efficiencies
reported for diclofenac and clofibric acid (on average <40%).

For fluoroquinolones (namely, norfloxacin, ciprofloxacin, enrofloxacin,
and ofloxacin), adsorption is a potentially major elimination process.
Although these compounds are very hydrophilic and zwitterionic [53], their
higher concentrations in sludge (Figure 8) and their percentage partition onto
sludge (Table 2) support this conclusion.

As regards sulfamethoxazole, [35] observed that in some cases, a release
occurred due to the presence of metabolites in the influent that can subsequently
be transformed into their parent compounds during biological processes.

Macrolides, namely, erythromycin, clarithromycin, and roxithromycin,
were removed to a lesser extent in CAS systems. One possible reason is that
sometimes, particles larger than 0.45 um are not included in the analysis.
This may lead to an underestimation of the concentrations of these com-
pounds in the influent [54]. Gobel et al. [35] also proposed a gradual release
of the macrolides from fecal particles during biological treatment as an expla-
nation for the possible negative removal efficiencies sometimes observed.
According to [53], the conjugated metabolites in raw influent samples can



TABLE 2 Fractions of Selected PhCs Removed via Sorption to Sludge and Discharge with Secondary Effluent During Biological

Treatment, with Respect to the Influent Mass Load

Class Compound SRT (Days) % Biodegraded % Sorbed % in Effluent  References
Acetaminophen - >99 <0.01 <0.2 [57]
Analgesics and anti-inflammatories A Diclofenac 4-60 5-45 <5 55-95 [33]
6 25 <5 70-75 [25]
16 10 5 85 [25]
<20 5 0 95 [34]
>50 10-30 0 70-90 (34]
Ibuprofen 4-60 90-100 <5 0-10 [33]
2 <5 <5 95-100 [72]
<20 35-40 0 60-65 [34]
>50 95 0 5 [34]
>20 96 0 4 [75]
Indomethacin 6 27 0 73 [25]
16 40 <5 58-60
Ketoprofen 6 70 0 30 [25]
16 <95 5-10
Mefenamic acid 6 65 7 28 [25]
16 55-58 <30 <20




Naproxen 10-30 55-85 <5 15-45 [33] )
6 77 0 23 [25]
16 95-98 0 <5 [25]
<20 5 0 95 [34]
>50 85-90 0 10-15 [34]
>20 91 0 9 [75]
Antibiotics B Azithromycin 10-30 <40 <10 60-90 [35]
Chloramphenicol 6 0 0 100 [25]
Chlortetracycline - 100 [57]
Ciprofloxacin 10-12 <10 70-80 <30 [46]
20 <10 77 <4 [37]
Clarithromycin <20 <10 <5 75-90 [35]
>50 90 <5 10 [35]
<20 <10 <10 >90 [35]
6 0 18 82 [25]
16 0 <45 55-60 [25]
Doxycycline - 47 3 50 [57]
Enrofloxacin 20-25 19 65 17 [36
Erythromycin <20 20 0 80 [34]
>20 93 0 7 [75]

J
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TABLE 2 Fractions of Selected PhCs Removed via Sorption to Sludge and Discharge with Secondary Effluent During Biological
Treatment, with Respect to the Influent Mass Load—Cont'd

Class Compound SRT (Days) % Biodegraded % Sorbed % in Effluent  References
Lomefloxacin 20-25 60 40 [36]
Metronidazole 6 100 [25]

16 15-18 82-85
Norfloxacin 10-12 <10 80-90 <20 [46]
20 <10 72 <4 [37]
Ofloxacin 20-25 60 40 [36]
Oxytetracycline - 37 2.2 61 [57]
Roxithromycin 4-30 <60 <5 >35 [35]
<20 18 2 80 [34]
>20 93 0 7 [75]
Sulfamethoxazole - >89 <0.1 11 [57]
4-12 50-90 <5 10-50 [35]
<20 20 0 80 [34]
Sulfapyridine 10-30 <70 <10 >30 [35]
Tetracycline - 93 7.1 [57]




Trimethoprim <50 ~90 <5 ~10 [35] \\
<20 <10 <5 >90 [35]
6 40 <5 <60 [25]
16 38-40 5-10 50-55 [25]
<20 18 0 72 (34]
>20 78 0 22 [75]
Antidiabetics C Glibenclamide 6 <10 90-95 [25
16 60 40 [25]
15 73 7 20 [25]
Antihypertensives E Hydrochlorothiazide 6 100 [25]
16 100
Beta-blockers G Atenolol 6 <70 <5 <35 [25]
Metoprolol 6 ~35 0 ~65 [25]
16 0 0 100
Sotalol 6 10 <5 <90 [25]
16 <50 <5 50
Diuretics H Furosemide 6 35-40 <5 60-65 [25]
16 75-80 2-5 20
Lipid regulators | Bezafibrate 6 12 2 86 [25]
16 <80 <5 20-25 [25]
2 45-50 <5 50 [72]

/
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TABLE 2 Fractions of Selected PhCs Removed via Sorption to Sludge and Discharge with Secondary Effluent During Biological
Treatment, with Respect to the Influent Mass Load—Cont'd

Class Compound SRT (Days) % Biodegraded % Sorbed % in Effluent  References
Gemfibrozil 6 0 3 97 [25]
16 90 <5 5-10 [25]
Pravastatin 6 45 0 55 [25]
16 62 2 <40
Psychiatric drugs ) Carbamazepine - —41 0.6 141 [57]
4-60 <40 <5 >60 [76]
6 22 3 75 [25]
16 0 5 95 [25]
Diazepam 6 0 42 58 [25]
16 65 35
Fluoxetine <20 80 0 20 [34]
>50 90 0 10 [34]
>20 78 2 20 [75]
Receptor antagonists K Cimetidine 6 42 4 54 [25]
16 60 5-8 32-35

-




Famotidine 6 <10 10 85 [25]
16 80 20 0
Ranitidine 6 <20 <5 80 [25]
16 75 <5 20-25
Hormones L Estradiol, E2 10-30 85-99 <5 <15 [76]
5-15 93 0 7 [77]
Estrone, E1 10-30 35-97 <5 5-60 [76]
5-15 95 5 [771]
Ethinyl estradiol, EE2 10-30 45-95 <5 5-50 [76]
<20 25 5 70 [34]
>50 80-90 0 10-20 [34]
5-15 25 63 12 [77]
Estriol, E3 5-15 100 [77]
Beta-agonists M Salbutamol 6 <60 <5 <45 [25]
16 40-42 2 55-60
Contrast agents Q lopromide 10-30 20-95 <5 5-80 [76]

-
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be deconjugated during the treatment. They also propose that analyte behav-
ior, such as adsorption to particles, may be altered by changing physical—
chemical parameters during the treatment process, thus influencing the
removal efficiency.

Modest to good removal efficiencies were found for the lipid regulators,
which, however, displayed quite wide variability ranges, in particular for
bezafibrate, gemfibrozil, and clofibric acid. Modestly average removals were
observed for the beta-blockers, in particular for metoprolol (<20%). It is pos-
sible that microbial clearance of conjugates could be responsible for an under-
estimation of its removal efficiency, as this is well known to influence the
balance in WWTPs [42].

Carbamazepine is quite a stable compound and may even be considered an
anthropogenic marker [74]. Due to its hydrophilic nature, it is removed from
wastewater by sorption onto sludge. It has quite often been detected at a
higher concentration in the CAS effluent. This may be due to conversion of
carbamazepine glucuronides and other conjugated metabolites to the parent
compounds by enzymatic processes in the CAS [68].

It is important to observe that the term removal in CAS quite often
implies conversion of the original PhC (parent compound) to other different
compounds (metabolites) rather than complete mineralization (elimination).
Moreover, it is important to note that low removal efficiencies could also
be due to the fact that contaminants are present at very low concentrations
in the influent, and unavoidable instrumental errors may affect their
“observed” removal values [14,72]. At the other extreme, high removal effi-
ciencies, >99%, which corresponds to a reduction of the influent concentra-
tion of two orders of magnitude, may nevertheless not be enough to
consistently reduce the PhC concentrations to a low level of risk to aquatic
life. For instance, if ibuprofen presents an influent concentration of 350 pg/
L, even if 99% is removed, its final concentration would still amount to
3.5 pg/L, that is, a considerable mass load when discharged by the WWTP,
as discussed in the succeeding text.

7.1 Solid-Liquid Partition and Pharmaceutical “Loss” Through
Biodegradation

As reported in the preceding text, sludge tends to concentrate poorly degrad-
able micropollutants. These are quite often hydrophobic substances with a
high sorption potential. High aqueous removal efficiencies for some PhCs
would seem to indicate very efficient removal during the treatments. How-
ever, only a certain fraction of the total mass is really lost (degraded); for
some compounds, a considerable portion of the influent mass load could accu-
mulate onto the sludge. Thus, determining the mass balance at a particular
WWTP requires evaluation of the percentage mass loads of the selected PhCs
discharged with the effluent, sorbed onto to sludge, and removed during
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biological treatment, with respect to the influent mass load. Table 2 reports
the corresponding fractions reported by different investigations that performed
both liquid- (raw influent and CAS effluent) and solid-phase (sludge) ana-
lyses. Where available, the SRT of the investigated plant is reported. This
parameter seems to be one of the factors that can influence the behavior of
micropollutants in biological reactors, as will be discussed later (Section 9).

7.2 Considerations About Biological Degradation and Sorption
Removal Mechanisms

Biodegradation of PhCs may occur through (i) metabolic reactions in which the
pollutant is used as a source of primary carbon or nutrients for microorganism
growth (anabolic reactions) and/or as an energy source (catabolic reactions) or
(ii) cometabolic reactions in which the pollutants are transformed by the action
of extracellular polymeric enzymes (called EPS in Figure 5) produced by the
cells, but without any benefit for the microorganisms. It is less probable that
the biological compartment contains specific microorganisms able to metabo-
lize micropollutants exclusively. For instance, Forrez et al. [78] found that the
enzyme ammonium monooxygenase, which is involved in the nitrification
processes, was responsible for the degradation of the hormone ethinyl estra-
diol. In any case, CAS systems operating at high SRTs could promote a higher
and more specific enzymatic activity through increased cell lysis [67]. The
enzymatic mechanism responsible for the degradation of certain PhCs may
be not activated as long as there are more readily degradable carbon or nutrient
sources available, as may be the case in conventional municipal WWTPs. In
this context, Drillia et al. [79] found that the antibiotic sulfamethoxazole can
serve as a source of both carbon and nitrogen for enriched consortia but is
only biodegraded whenever there is a depletion of carbon and nitrogen or both
in the medium. In the presence of acetate and ammonium nitrogen, however,
the antibiotic was not degraded and remained unaltered. For this reason, sulfa-
methoxazole is expected to be detected in many municipal WWTP effluents,
only in extended aeration systems will a depletion of carbon and nitrogen
source occur, making sulfamethoxazole degradation more likely.

Few studies have investigated the long-term effects of PhCs on the perfor-
mance of biological reactors, namely, removal of COD, nitrogen and phos-
phorus compounds, and bacteria. Schmidt et al. [80] investigated
the influence of a mixture of ciprofloxacin, gentamicin, sulfamethoxazole, tri-
methoprim, and vancomycin, up to a final concentration up to 30—40 mg/L, on
the removal of COD, ammonia, and bacteria by activated sludge processes in
lab-scale WWTPs. These concentrations are unlikely to be found in urban and
hospital wastewater [12], but they may be a feature of pharmaceutical industry
wastewaters, as will be discussed in Section 13. Schmidt and colleagues
observed that at 30 mg/L of the total antibiotic concentration, the nitrification
ended at nitrite, while no nitrification at all occurred at 40 mg/L antibiotic
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concentration. They also determined that the nitrifiers were more sensitive to
antibiotics than heterotrophic bacteria. COD removal in antibiotic-stressed lab
plants was not influenced by <20 mg/L antibiotics, and antibiotics were not
found to negatively affect the total viable count of bacteria. Furthermore,
removal of antibiotics varied during the observation period, and these fluctua-
tions were not strictly influenced by the total antibiotic concentrations.

Gao et al. [54] investigated the potential effect of fluoroquinolones on
microorganisms in CAS and concluded that these compounds are unlikely to
have adverse effects as their concentrations did not generally exceed the
threshold of 8 pg/L. at which genotoxic effects may occur. Discussion of the
behavior of some other common PhCs is reported in Section 8.5.

Sorption mechanisms are quite difficult to assess and to predict [81]. As
discussed in Section 8.6, these will depend not only on the sorbate in question
but also on the sorbent, that is, the composition of the solid phase, in particu-
lar its organic carbon fraction (f,.) and cation-exchange capacity (CEC) [82].
Indeed, compounds may absorb into/adsorb onto bacterial lipid structures and
the fat fraction of sewage sludge through hydrophobic interactions (this is the
case of aliphatic and aromatic groups); may adsorb onto polysaccharide struc-
tures, which often feature a negative charge, on the outside of bacterial cells
through electrostatic interactions (this is the case of amino groups); and/or
can bind chemically to bacterial proteins and nucleic acids. The partitioning
between the aqueous and the solid phase is described by the solid—water dis-
tribution coefficient Ky, that is, the ratio of the equilibrium concentration of
the chemical on the solids to the corresponding equilibrium concentration in
the aqueous fraction, as discussed in Section 8.6, which analyzes different
case studies and specific PhCs.

8 PROPERTIES PREDICTING REMOVAL IN CAS

As mentioned previously, the behavior of a PhC in conventional WWTPs will
depend upon many factors, including the chemical and physical properties of
the compound and the configuration and operational conditions of the
biological reactor and the settling tank. The properties of a particular com-
pound will influence whether it will remain in the aqueous phase (like many
acidic, neutral, and basic compounds), degrade (such as ibuprofen and acet-
aminophen), or interact with solid particles (such as certain antibiotics, which
have a higher potential for adsorption onto sewage sludges). In this context,
the chemical structure, volatility, acidity, lipophilicity, biodegradability, and
sorption potential of PhCs are the main properties investigated up to now by
different research teams and are therefore those that are reported in the suc-
ceeding text, with particular focus on their significance, values, and reliability
as predictors, based on knowledge about their behavior in a CAS. The popular
rules of thumb defining threshold values of each of these properties are also
reported, alongside the limitations plaguing their application.
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8.1 Chemical Structure

Poor removal efficiencies in CAS systems have been documented for com-
pounds with complex molecular structures, like those featuring aromatic rings
(as in naproxen and ketoprofen), and for small PhC molecules containing
halogens groups (like clofibric acid and diclofenac) [83]. Very small differ-
ences in chemical structure can result in very different behavior in the CAS.
Take, for example, the hormones estradiol and ethinyl estradiol. Although
they have basically the same chemical structure, the latter features an ethinyl
group, which results in a great difference in biodegradability. Indeed, micro-
organisms in biological reactors are able to degrade estradiol quite easily,
while ethinyl estradiol is more persistent.

8.2 Volatility

Volatility is the tendency of a compound to volatilize—that is, to evaporate
from the liquid phase into the gaseous phase. This property is strictly corre-
lated to the Henry coefficient H of a compound, defined as the ratio between
the concentration of this compound in solution and its concentration in the gas
above the solution, at the equilibrium. In fact, Ternes and Joss [58] found that
a significant amount of compound will be stripped in a bioreactor with fine
bubble aeration if H>10">. However, most PhCs are characterized by H
values <10 (often <107'%), since they are designed to take effect in an
aqueous environment (for instance blood) and are therefore rather hydrophilic.
As a consequence, the amount of PhCs stripped in the aeration tank of a CAS
system is very low (Table 3).

8.3 Acidity

Acidity indicates whether or not a specific ionic interaction is relevant for the
sorption potential of a given PhC. It is measured through the dissociation con-
stant pK, of the compound. pK, can be used to determine the fraction of
the dissolved chemical that exists in a neutral, nonionized state at the
system pH. Since pK, is the negative logarithm of K, (pK,=—log K,=pH —
log([A™]/[AH])), it follows that the lower the value of pK,, the stronger the
acid and that a difference in the unit in pK, on a log scale reflects a tenfold

TABLE 3 Henry Coefficient: Rule of Thumb

Parameter Conditions Rule of Thumb References

H <107? Low volatility (58]

H >107° High volatility (58]
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difference in acid strength. On the other side, the higher the value of pK,, the
stronger the base. Common acidic drugs are ketoprofen (pK,=3.88) and acet-
aminophen (pK,=9.5), which are mainly present in anionic form at pH 7, and
common basic drugs are diazepam (pK,=3.3) and nadolol (pK,=9.76),
which are mainly present in their cationic form. Verlicchi et al. [14] provide
values of pK, for most common PhCs.

The complex molecule of a PhC often contains heteroatoms and multi-
functional groups and can be polar and ionizable. These properties are argu-
ably closely linked to and influenced by the pH of the mixture. Moreover,
many compounds have more than one ionizable functional group (for
instance, ciprofloxacin; see Figure 10), which will generate several equilib-
rium constants that have to be considered separately. The degree of ionization
is correlated to the pH of the solution containing the compound, and as ion-
ized and nonionized species typically behave differently, this is a crucial fac-
tor. For instance, an ionized molecule will generally be more water-soluble
and less likely to partition to lipid-like substances than its nonionized form.

Naturally, the potential of a molecule to participate in the environmental
ion-exchange processes ubiquitous in soil and sludge systems will also be
affected by whether the charge is positive or negative [84]. At the pH of
wastewater, compounds tend to be classified as either nonionized (neutral)
or ionized (basic or acidic). Acidic compounds may carry a negative charge,
while basic compounds may carry a positive charge. As reported in detail in
the supplementary data of the review by Verlicchi et al. [14], at pH 7, some
of the selected PhCs may have a positive charge overall, some may have a
negative charge, and some will be neutral.

Table 4 reports the rules of thumb usually adopted for pK,.

O Basic group Y Acid group

FIGURE 10 Chemical structure of ciprofloxacin containing both acid and basic.

TABLE 4 pK,: Rule of Thumb

Parameter Conditions Rule of Thumb

pKa 2-12 Low acidity

pKa <2 High acidity
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8.4 Hydrophobicity/Lipophilicity

Hydrophobicity is the physical property of a compound that allows it to be
repelled by a mass of water. Different coefficients have been used to evaluate
the tendency of a substance to stay in the aqueous phase, and the most com-
mon parameters are the octanol-water partition coefficient (K,,) and the
octanol-water distribution coefficient (D,,,). In the past, K, was generally
used for evaluating and predicting PhC behavior in the aquatic compartment
by considering high K, values as characteristics of hydrophobic substances,
poor water solubility, and in some cases a high potential to sorb on organic
material of sludge ([85], as reported in Table 5).

Nonetheless, PhCs are complex multifunctional organic compounds,
which, in some cases, are ionized in the aquatic environment. Thus, one
PhC may generate nonionized species, which will predominate in partition
into octanol from water, and ionized species, which will generally remain in
the aqueous compartment. Hence, the pH at which measurements are made
for evaluating K, is a crucial parameter, prompting Cunningham [84] to
recently state that K,,, does not properly describe environmental partitioning
or dynamic interactions in the environment of polar and ionizable compounds
such as PhCs. He suggested that for these compounds, the coefficient D, is
more suitable, as it is pK,-dependent at environmental pH. D, is defined
by Equation (3) and, according to Schwarzenbach et al. [86], evaluated
through Equation (4) for acidic compounds and Equation (5) for basic ones:

(3)

concentration in n — octanol
Doy

concentration in water

LogD,y, =LogK,y + Log (acidic compound) 4)

1
1 4 10PH—PKs

LogD,y, =LogK,y + Log (basic compound) (5)

1
where LOgDow - logl()Dow'

/TABLE 5 Lipophilicity: Rule of Thumb
Parameter Conditions Rule of Thumb References
Log Kow <2.5 Low sorption [85]
Log Kow >4 High sorption (85]
Log Dow <1 Low sorption [84]
Log Doy >3 High sorption (84]

o /
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In the case of neutral moieties, the two previous correlations result in
Equation (6):

LogD,w = LogKoy (6)

According to [87], since most water treatments are conducted at a pH
between 7 and 8, and as D,,, simultaneously embodies the concepts of hydro-
phobicity and ionogenicity, D, at pH 7-8 is an appropriate physicochemical
parameter for understanding and regulating water treatment of PhCs. Table 5
reports the rule of thumb when using lipophilicity to predict PhC behavior in
aquatic compartments.

However, the parameter Log D, assumes that any charged species is
completely water-soluble and that only the neutral fraction of an acidic or
basic trace organic contaminant can partition to the solid phase. In fact,
charged species can participate in interactions that are not necessarily electro-
static; hence, sorption of those analytes carrying a charge is likely to be a
function of both the electrostatic properties of sorbent and sorbate [34] and
the van der Waals interactions between them.

8.5 Biodegradability

The biodegradability of a compound is measured using the experimentally
determined kinetic constant ki, [88]. The constant ko is influenced by
many factors: the biochemical versatility of the sludge (correlated to SRT),
the bioavailability and chemical structure of the substance to degrade (i.e.,
the potential of microorganisms to interact with them, which is correlated to
its concentration in the aqueous phase, generally very low), the availability
of a cosubstrate, and the fraction of inert matter contained in the sludge (influ-
enced by influent composition and sludge age) [58]. The degradation rate may
also be influenced by temperature, biological reactor configuration, and
sludge floc dimension and characteristics. Values may vary in a wide range,
for instance, 0.002 L/(gss d) for roxithromycin and 350 L/(g,s d) for
estradiol [39].

Temperature can be accounted for by the known model based on Arrhe-
nius equation in Equation (7):

kbiol, 7 = kbiol, T, elT=To) (7)

where ko7 is the constant (L/gg d) at the desired temperature T (°C), kiol,T,
is the constant at the reference temperature T, (°C), and 0 is the temperature
coefficient (0.03-0.09).

Biomass is usually approximated by the amount of total or volatile sus-
pended solids (respectively, TSS and VSS), which can easily be determined
by routine measurements. However, a major drawback of utilizing TSS is that
only a fraction of them can be considered as viable biomass, while an inert
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fraction is also present [89]. Although this has been successfully overcome,
for instance, for COD and ammonia transformation, by classifying activated
sludge bacteria into heterotrophic and autotrophic fractions, the issue of iden-
tifying bacteria responsible for PhC degradation still remains to be
addressed [90].

The sludge characteristics that may influence the values of ky;, are as
follows:

e Floc size: The CAS floc has a smaller dimension than that found in MBRs.
Cicek et al. [91] found that the average diameter of particles in the
MBR was about 3.5 um, with 97% of the particles being smaller than
10 um. Most of the surface area was made up of particles in the size range
of 3 to 5 pm in diameter. In a CAS system, only 88% of the particles were
smaller than 10 pm, and a large number of particles ranging from
20 to 120 pm were detected. In this case, the main contribution to the total
surface area was provided by particles in the size range of 80—120 pum.
Their analysis showed that the CAS sludge contains large size flocs,
while the MBR sludge is primarily composed of single bacteria and small
flocs. Ternes and Joss [58] found that diffusion limits transformation
of the compound, which occurs only in the outer floc layers, not contribut-
ing to the biological activity. As a result, for many PhCs, the ky;, in
a CAS is smaller than the corresponding ky;, determined for an
MBR [58,88].

e Diversity of the activity of the biomass due to differences in either the
microbial population or the enzyme activity expressed (i.e., sludge age,
as reported by Clara et al. [70]).

e The fraction of active biomass within the total suspended solids [88].

Furthermore, a complex structure and the presence of toxic groups in the
compound will make breaking down the molecule more difficult [67].
Table 6 reports the rule of thumb for evaluating biodegradability of a PhC.

TABLE 6 Biodegradability: Rule of Thumb

Parameter Conditions Rule of Thumb [88]

Kol <0.01 L/gesd  No removal by biodegradation (<20% for strongly
sorbing compounds with K4> 1 L/g., due to transfer to
sludge)

kpiol 0.1-10L/ges d  Partial removal (20-90%)

Kbiol >10 L/gs d Removal >90%. Degradation strongly depends on

reactor configuration
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To give a few examples, high values of &, have been found for ibuprofen
(9-351/gss d), paracetamol (58-80L/gs d), estradiol (350L/gs d), and
estrone (600 L/gy d), while very low ko levels have been reported for the
recalcitrant carbamazepine (0.08 L/g; d), iopamidol (<0.36 L/g,, d), and
tetracycline (0.44 L/g  d). Values of ko for many common PhCs are listed
in the review by Pomigs et al. [39], along with the corresponding references.

8.6 Sorption Potential

Sorption of an organic contaminant mainly occurs by absorption, which
involves hydrophobic interactions between the aliphatic and aromatic groups
of a compound with the lipophilic cell membrane of the microorganisms
and the fat fractions of the sludge, and by adsorption, where positively
charged groups on the PhC (e.g., amino groups) electrostatically interact with
the negatively charged surfaces of the microorganisms. These positively
charged groups can also bind chemically to bacterial proteins and nucleic
acids. As a result, sorption depends on the characteristics not only of the com-
pound (presence of amino groups, COOH groups, etc., in the molecule) but
also of the sludge, namely, the organic compound fraction (f,.), cation-
exchange capacity (CEC), suspended solid size, and SRT.

While primary sludge contains few microorganisms and a large fat frac-
tion, microorganisms make up the greatest portion of suspended solids in
the secondary sludge. Interestingly, Hyland et al. [82] found that f,. appears
to be fairly similar in different activated sludge solids (43—47%, on average
44%), appearing relatively unaffected by the location and operational condi-
tions of the treatment plants investigated. Likewise, the CEC of the sludge
solids is consistent across sludges (CEC=54-75 meq/100 g). These authors
also confirmed that SRT has no significant impact on the sorption potential
of a compound. Instead, sorption potential is often correlated to the solid—
water distribution coefficient K4 (=X/S), which describes the ratio between
the concentration sorbed onto sludge and the dissolved concentration S at
equilibrium. The pertinent rule of thumb for predicting PhC behavior is
reported in Table 7.

TABLE 7 Sorption Potential: Rule of Thumb N
Parameter Conditions Rule of Thumb References
Ky >500 L/kg High sorption [58]

Log Ky >2.67

Kq <500 L/kg Low sorption [58]

Log Ky <2.67
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The coefficient K4 of various PhCs has been experimentally evaluated for
different primary, activated, and digested sludges, as well as for soils and
sediments [28,32,52,55,92]. Among these, activated sludges have been inves-
tigated the most, and a recent review by Pomigs et al. [39] reports K4 data for
a great number of compounds. Some authors found that for some compounds,
K4 values are greater in secondary sludge than in primary [46,58], for exam-
ple, ciprofloxacin, whose K4 was found to be equal to 2000 L/kg, in primary
sludge and 2 x 10* L/kg,, in activated sludge. Despite being an extremely
polar compound, it sorbs readily onto the suspended solids in the sewage
sludge [46]. At a neutral pH, this sorption is likely to rely mainly on electro-
static interactions between the positively charged amino group (Figure 10)
and the negatively charged surfaces of the microorganisms. As microorgan-
isms in the secondary sludge make up the greatest proportion of the suspended
solids, a relatively high sorption constant of K;4~/20 L/g of suspended solids
and a relatively high sorbed fraction were observed. In contrast, primary
sludge contains few microorganisms and has a large fat fraction, so the Ky
of ciprofloxacin in the primary sludge is only~2 L/gSS. This means that
~20% of the ciprofloxacin is sorbed onto the primary sludge, whereas more
than double this load partitions onto the secondary sludge [93].

When employing literature values for K, great care must be taken to choose
the right ones. This is because in evaluating Ky, some studies have used PhC
concentration in the range pg/l to mg/L [32,55], which are higher orders of
magnitude than those usually observed in raw municipal wastewaters for many
compounds. Moreover, as reported by Stevens-Garmon et al. [81], some studies
have relied on single-point calculation rather than sorption isotherms, which
may not be suitable at other PhC concentration ranges.

Hyland et al. [82] suggest that for hydrophobic, nonionized compounds,
partition to organic matter in activated sludges can be estimated using Ky
derived from K, values. The assumption is that the chemical will partition
solely into the organic fraction of the solid. However, in general, the sorption
of polar compounds and/or compounds with charged functional groups may
be governed by a combination of different mechanisms, including electro-
static interactions, van der Waals forces, cation exchange, cation bridging,
surface complexation, and hydrogen bonding [84]. The extent of sorption does
not correlate with their hydrophobicity (hence K,,) as can be seen for neutral
compounds. This implies that some electrostatic interactions or others may be
driving the specific sorption of these species, but no conclusions can yet be
drawn as to the specific nature of these mechanisms and how they may differ
between analytes.

Specific sorption coefficients generally decrease with increasing tempera-
ture, and the measured effect of temperature on sorption isotherms is ascribable
to a combination of the temperature dependence of both sorption coefficient
and solubility [94]. K4 may also be influenced by pH [95]. For instance, many
psychiatric drugs (fluoxetine and carbamazepine) present basic properties with
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their amine moieties (pK, around 9). Having a higher pH value close to 8 would
result in a higher ratio of undissociated, and hence more hydrophobic, mole-
cules in the sludge and consequently higher K4 values.

As reported in Table 2, norfloxacin is mainly removed by sorption onto
sludge. It has a high sorption potential (Log Kq4~4) and a high hydrophobic
potential (Log D,,,=1-3), and, being a positively charged compound, it
partly sorbs to solid sludge surfaces by electrostatic interactions. This behav-
ior can be explained by the fact that microorganisms have a negatively
charged surface acting as a cation exchanger, meaning a stronger association
will occur between this surface and a positively charged species than with a
neutral one [86]. That being said, atenolol (K4~30 L/kg, Log K4~ 1.4),
another positively charged molecule at pH 7, was observed to possess a
noticeably lower potential to sorb onto sludge solids. However, the compound
is less hydrophobic than norfloxacin (Log Dy, =—2.14), suggesting that
hydrophobic sorption interactions are still important for positively charged
compounds [81].

The neutral hormones ethinyl estradiol, estradiol, and estrone have high
Log K4 (2.6-3.2) and high Log K, (3.7-4.3), but they are not removed by
sorption, as they have very high ko, (ethinyl estradiol ~10 L/(gs d)) and
one order of magnitude higher the other two hormones. The negatively
charged compounds atorvastatin and gemfibrozil have Log K, values in the
range 1.5-1.7 and 2-2.3 and Log D,,, values of 1.9 and 2.8, respectively.
Other negatively charged substances, namely, ibuprofen, diclofenac,
naproxen, sulfamethoxazole, and enalapril, have very low Log Ky (<1.4)
and Log D, < 1.7. For neutral and negatively charged compounds, increasing
Log D, is indicative of increasing sorption potential. For nonionic com-
pounds, sorption is assumed to be governed by partitioning to the organic
phase in the activated sludge [81].

9 OPERATIONAL FACTORS AFFECTING PhC REMOVAL

There are a number of operational factors likely to influence the biological
removal of PhCs in CAS. These include carbon load, HRT, solid retention
time (SRT), food—microorganism ratio (F/M), mixed liquor-suspended solids
(MLSS), pH, temperature, redox potential, and reactor configuration. The fol-
lowing section discusses these factors through interesting case studies found
in the literature:

9.1 Initial Organic Carbon Concentration and Applied
Organic Load

Urase and Kikuta [55] found higher degradation rates of selected PhCs (hor-
mones, analgesics, lipid regulators, and psychiatric drugs) with lower initial
organic carbon concentrations. Their investigations, carried out in batch
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experiments in lab reactors fed with synthetic wastewaters, showed that
microorganisms in the activated sludge degrade the target compounds more
rapidly in the absence of easily biodegradable substances such as glucose
and peptones. The lower Total Organic carbon operational condition was
found to be preferable for the removal of target substances in the batch exper-
iment, as under these conditions, microorganisms are forced to utilize micro-
pollutants as sources of C and N.

Gabet Giraud et al. [62] found that in low-loaded activated sludge with an
applied F/M ratio below 0.1 kg BODs (kg MMLVSS d)~', higher removal
was achieved for the ten selected beta-blockers and the investigated estrogens
(estrone, estradiol, estriol, and ethinyl estradiol) than in medium-loaded acti-
vated sludge processes (0.5 kg BODs (kg MMLVSS d)™").

9.2 Hydraulic Retention Time

This parameter determines the mean residence time of soluble compounds within
the biological compartment. In this time, PhCs may biodegrade to a greater or
lesser extent, depending on their biological degradation kinetics. Based on litera-
ture data pertaining to PhC removal collected in their database, Miege et al. [96]
revealed that higher PhC removal occurs at higher HRT. Unsurprisingly, there-
fore, Yang et al. [97] found that the contact time required for activated sludge
to degrade sulfamethoxazole and sulfadimethoxine is longer than the HRT of
4—6 h usually provided by CAS processes in urban WWTPs.

Gros et al. [98] and Garcia-Galan et al. [99] found that those compounds
with a half-life, t;/,, less than WWTP HRT generally exhibited high removal
efficiencies, concluding that #,,, can give us an idea of the time the compounds
need to remain in the biological reactor to ensure their efficient removal. In par-
ticular, they found that three different situations applied: (a) for compounds
with high removal efficiency and high degradation rate (low ¢,,,), like ibupro-
fen, naproxen, salicylic acid, acetaminophen, and enalapril, and (b) for com-
pounds with poor or no elimination and low degradation (high ¢,), like
carbamazepine, clofibric acid, and diclofenac, HRT does not influence com-
pound removal; (c) for compounds with medium removal and moderate degra-
dation rate (including famotidine, ranitidine, and pravastatin), HRT seems to
play a role, as their removal efficiencies were higher at increased HRT. Gros
et al. [98] concluded that substances that are biodegradable (high ko or low
t1p) and have low LogKy (low sludge—water distribution coefficient,
corresponding to low tendency to adsorb on sewage sludge) are more influ-
enced by HRT, while compounds with high Log K4 and low &, are more influ-
enced by SRT. However, there are other PhCs like ibuprofen with high ;. and
low Log Kj that are efficiently removed, irrespective of HRT and SRT.

Based on experimental findings on Canadian WWTPs (SRT from 2 to
10 days), Metcalfe et al. [100] proposed the following correlation for
naproxen and ibuprofen, between HRT and percentage PhC removal 7:
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n=1.735¢"5501RT (8)

They concluded that due to the high half-lives observed for most of the
investigated compounds in WWTP effluents, higher HRTs should be required
to enhance compound degradation.

9.3 Sludge Retention Time

Many authors (among them [101]) have found that a long SRT promotes the
adaptation of different kinds of microorganisms, as well as the presence of
slower growing species that could have a greater capacity for removing xeno-
biotics while simultaneously greatly improving suspended solid separation.
This is the case for ibuprofen and diclofenac, as reported by Suarez
et al. [69], who found removal only after the growth of specific bacteria.

For compounds with a significant sorption potential, such as estrogens and
sulfamethoxazole, SRT is known to exert a significant effect only on the
degree of their transformation [69,70], while no clear correlation was found
between SRT and the removal of beta-blockers, carbamazepine, ciprofloxacin,
ofloxacin, and norfloxacin [102].

For lipophilic substances, in general, the retention time inside the reactor
may be more strongly influenced by the SRT rather than the HRT of the plant,
which could explain how compounds with relatively slow kinetics can be bio-
logically transformed during secondary treatment steps operating at high
SRTs. Varying SRT in a secondary biological treatment system may influence
the biological activity of the activated sludge, as well as potentially affecting
the nature of the organic matter [82]. SRT may potentially be indicative of the
degree of oxidation of the organic matter present, or it might influence
the composition and activity of the biomass or even of the active fraction of
the biomass [88].

A minimum SRT of 10-15 days has been suggested as necessary to ensure
the development of a diverse biocoenosis, comprising nitrification, denitrifi-
cation, and phosphorus removal [70].

An increase in SRT may also cause differences in sludge characteristics
and performance. Indeed, Massé et al. [103] observed a deterioration of
sludge settleability and CAS effluent quality in the presence of filamentous
bacteria and therefore an increase in protein and polysaccharide release.

Clara et al. [70] found that if a specific substance is degraded in an SRT-
dependent fashion, a critical value for the sludge age can be determined. In
WWTPs operating SRTs below this critical value, effluent concentrations in
the range of influent concentrations or a distribution according to the adsorp-
tion equilibrium must be expected, whereas degradation will occur in WWTPs
operating at SRTs higher than the critical value. Generally speaking, high
removal efficiencies and low effluent concentrations are achieved at SRTs
higher than 10 days at an environmental temperature of 10 °C. This
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corresponds to the requirements for WWTPs situated in sensitive areas,
according to the urban wastewater directive of the European Community
91/271/EEC [104] in moderate climatic zones.

9.4 Sludge Characteristics (Floc Size, Biomass Concentration,
and Acclimation)

Few studies have thus been carried out on this issue. Nonetheless, microscopic
analysis carried out by Cicek et al. [91] showed that with respect to the sludge
of a MBR, CAS sludge is composed of larger flocs, fewer free-swimming bac-
teria, greater amounts of filamentous organisms inside the flocs (see Figure 5,
left bottom), and higher concentrations of nematodes and crawling or free-
swimming ciliates. Biomass in CAS has a lower viable fraction than in the
MBR. Moreover, metabolic activity and specific enzymatic activity tests
showed that overall activity is lower in the CAS than in the MBR sludge.
The CAS contains fewer enzymes in the soluble phase than found in the
MBR, and CAS cultures are capable of degrading a narrower spectrum of car-
bon substrates than MBR cultures.

Microbial communities evolve according to the prevailing environmental
conditions and therefore largely depend on the composition of the incoming
wastewater, including its organic loading rate. Kraigher et al. [105] showed that
a significant structural shift in the bacterial community caused by permanent
PhC presence occurred only at a concentrations >50 png/L, which are unlikely
to occur in municipal WWTPs receiving urban effluents. However, interesting
considerations are raised by the long-term study conducted by Suarez et al. [69]
on a CAS pilot plant fed by a synthetic mixture containing selected PhCs.
They revealed that the removal efficiency observed for naproxen was directly
proportional to the concentration of the mixed liquor volatile suspended solids
(MLVSS) in the bioreactor. The removal efficiency increased from 27% to
99% during the first 300 d of investigation, when the VSS increased from 1
to 4 g/L, and remained stable during the following 300 days. This initial
enhancement could be attributable to a possible acclimation of bacteria to this
compound. Similarly, in an aerobic pilot reactor, diclofenac removal increased
from 0 to 25% during the first 170 days, which coincides with the death and
wash of heterotrophic bacteria and the development of strictly nitrifying
biomass. Removal of ibuprofen in an anoxic reactor increased gradually with
time from below 16% (up to day 200) to 75% (on day 340) [67]. These exam-
ples confirm that the type of bacteria flourishing in biological systems can
influence the behavior of micropollutants to a very significant extent.

According to Ternes et al. [93], existing microorganisms could acclimate
to the presence of PhCs by broadening their enzyme spectrum in response
to the lower sludge loading with bulk organics when working at higher
SRT. Suarez et al. [69] confirmed that biological transformation of PhCs
follows pseudo-first-order kinetics, the transformation rate being directly
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proportional to the soluble substance concentration, as well as to the sludge
concentration, although the effect of the latter will only be significant for
compounds with moderate biological degradation constants. Hence, an
increase in SRT will cause an increase in the relative amount of inert mass
in the activated sludge [88]. Majewsky et al. [90] found that active heterotro-
phic bacteria, known to govern COD removal, could be considered a deter-
mining factor for biological PhC removal.

9.5 Internal Recirculation Ratio

Suarez et al. [69] found that the effect of an increase in the internal recirculation
ratio from 3 to 4 (from the aerobic to the anoxic compartment of the pilot reac-
tor) was relevant for substances with moderate biological degradation con-
stants, such as the psychiatric drug citalopram (0.41 L/g,, d), whose removal
efficiency increased from 25% to 50%. A slighter improvement (about 10%)
was found in the removal efficiency of compounds with higher ky;,, including
ibuprofen (kpjo;=3.7 L/g d), naproxen (kpjo=3.3 L/gss d), and fluoxetine
(kpioy=1.6 L/g d). Nonetheless, these three compounds were already trans-
formed to a high extent (70-80%) at a recirculation ratio equal to 3.

9.6 Temperature

The effect of temperature on the efficiency of PhC removal has been investi-
gated by many authors. Among them, Vieno et al. [102] reported that at low
winter temperatures, nitrification did not occur in the investigated activated
sludge plants in Finland and far lower removal efficiencies were observed
for analgesics (naproxen, ibuprofen, ketoprofen, and diclofenac) and lipid reg-
ulators (bezafibrate). Likewise, Vader et al. [106] found that removal of ethi-
nyl estradiol in activated sludges ceased when the sludge lost its nitrification
capacity due to falling temperatures. Suarez et al. [69] concluded that the
influence of temperature is inversely proportional to the biological degrada-
tion rate constants of PhCs. As a consequence, temperature is a significant
factor for substances with moderate to low ky;o that undergo transformation
through mechanisms involving microbial activity.

9.7 pH Value

pH may influence the removal of micropollutants from wastewater by influen-
cing both the physiology of microorganisms (optimal pH for microbial
enzyme activities) and the solubility of the micropollutants present in waste-
water. Depending on their pK, values, PhCs can exist in various protonation
states as a consequence of pH variation in the aquatic compartments. At
pH 6-7, tetracyclines are neutral molecules, and for them, adsorption becomes
the most incisive removal mechanism. Moreover, Horsing et al. [95] found
that pH can be an important factor for the partition coefficient K.
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9.8 Redox Potential

Suarez et al. [69] found that anoxic conditions (corresponding to a redox
potential range from about —50 mV to about +50 mV) favor the removal
of fluoxetine, trimethoprim, and erythromycin, while aerobic conditions
(corresponding to a redox potential greater than 50 mV) are better for the
removal of naproxen, ibuprofen, hormones, citalopram, sulfamethoxazole,
and roxithromycin. Their investigations confirmed that operating at different
redox conditions could result in an increased microbial diversity and a broader
enzyme spectrum inside the biological reactor.

9.9 Reactor Configuration

Joss et al. [88] found that where sorption levels are high (K3 > 100 L/kg,), the
impact of dividing the reactor volume into cascades becomes less significant
(i.e., in the removal of the plug flow, the configuration becomes increasingly
similar to a single completely mixed tank, even for compounds with high deg-
radation constant k). This is due to the fact that with increasing Ky, the sol-
uble concentration is increasingly controlled by sorption/desorption, while the
influent load has limited impact.

Claraetal. [70] and McAdam et al. [ 107] found that high removal efficiencies
and low effluent concentrations of ibuprofen and bezafibrate are achieved at the
design criteria for nitrogen removal. Relatively high removal efficiencies for
estrogens may be observed in the absence of nitrogen removal, implying that
effective biodegradation can proceed in heterotrophically dominated microbial
consortia. Vieno et al. [108] found that atenolol and sotalol were slightly more
efficiently eliminated in the WWTPs where nitrogen removal was greater than
60%, compared with those that removed less than 30% nitrogen. Similarly,
Lajeunesse et al. [94] found that biological nutrient reactors, including anoxic—
oxic—anaerobic tanks operating at different redox conditions, and microbial
environments may contribute to the decomposition of more persistent com-
pounds such as the antidepressants carbamazepine and fluoxetine.

That being the case, it is still not entirely clear how the type of technology
affects micropollutant removal, as in many cases, discussion is based on data
referring to activated sludge reactors, which differ in their configurations,
operational conditions, and concentration of the influent wastewater. Nonethe-
less, Behera et al. [66] found that carbamazepine, metoprolol, and triclosan
were more efficiently removed in a modified CAS called Daewoo nutrient
removal (DNR) treatment, consisting of a sludge denitrification tank and
anaerobic, anoxic, and aerobic zones, which help in the simultaneous removal
of nitrogen and phosphorus. The same authors found improved removal effi-
ciencies for clofibric acid, gemfibrozil, atenolol, estriol, and estradiol in
WWTPs adopting a Symbio treatment, wherein both aerobic and anoxic con-
ditions coexist in a single stage, within a single tank. They ascribed the
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increase in the removal of those PhCs with the development of a dual zone
within the sludge floc, brought about by a controlled air supply to the aeration
tank maintaining dissolved oxygen at the desired low level. In this scenario,
the outer region of the floc has access to the dissolved oxygen and promotes
nitrification, while the inner part is oxygen-depleted and maintained under
anoxic (denitrifying) condition, resulting in simultaneous nitrification and
denitrification in a single tank.

Suarez et al. [34] divided PhCs into three groups according to their poten-
tial to be removed in a biological reactor. In this system, ibuprofen, fluoxe-
tine, and natural estrogens were classed as highly biodegradable compounds
under aerobic and anoxic conditions; diclofenac, naproxen, ethinyl estradiol,
roxithromycin, and erythromycin as highly biodegradable compounds under
aerobic conditions but persistent in anoxic conditions; and finally sulfameth-
oxazole, trimethoprim, carbamazepine, and diazepam as resistant to biological
transformation.

10 MASS LOAD DISCHARGED BY CAS SYSTEMS

Up to now, attention has been paid to the behavior of PhCs during their pas-
sage through a CAS system and how chemical and physical properties as well
as operational and design conditions influence the removal of selected com-
pounds in order to improve it. The amount of compounds not degraded during
the treatment still remains in the treated effluent or in the sludge. An attempt
to quantify the mass load for selected PhCs discharged by means of municipal
CAS effluent has been made in order to define the most critical compounds,
according to the amount discharged into the environment.

Mass loads L; were evaluated for selected PhCs i on the basis of the data
(PhC mass load and average flow rate and PhC concentrations in many
WWTPs) collected in the review by Verlicchi et al. [14]. These data are
reported in the graph in Figure 11 in terms of variability range and average
value. L; was evaluated via Equation (9), using the effluent concentration
¢; j» (h=min, max, and average observed value) from the WWTP j, the aver-
age treated flow rate Q;, and the population served by the WWTP j. Each
mass load is expressed in mg/1000 inhabitants/day:

Ci,j,hQj

—>—=——— % 1000 9
served population ©)

Lijn=

The graph in Figure 11 reports, in descending order, the range of variabil-
ity of mass loads L;.

As discussed in [14], these findings may be affected by different sources
of uncertainty, as pointed out in [20], and for this reason, they have to be
considered with caution. That being said, the highest average mass
loads (>200 mg/1000 inh/d) were found for the antihypertensive hydrochloro-
thiazide (368 mg/1000 inh/day), the psychiatric drug carbamazepine (364 mg/
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1000 inh/day), the receptor antagonist cimetidine (332 mg/1000 inh/day), and
the beta-blocker atenolol (316 mg/1000 inh/day), followed by the analgesics/
anti-inflammatories: naproxen (295), ibuprofen (273), diclofenac (241), keto-
profen (217), and mefenamic acid (211). The antibiotics clarithromycin (140),
trimethoprim (124), ofloxacin (123), and erythromycin (100) exhibited lower
average daily mass loads.

It was not possible to correlate the mass load to the sludge production due
to lack of data for each WWTP. However, this is a pressing issue as an
increase of sewage sludge production has taken place in Europe in recent
years. The amount of sludge generated in European countries in 2006 was
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estimated to be more than 8 million tons, of which 50% was land-applied.
Estimates of sewage sludge annual production are of 11.6 million for 2012
(42% land-applied) and more than 13 million for 2020 (44% land-applied)
[109]. Although land disposal is regulated by European directives and
national laws, none of these regulations take into account the problem of
PhCs, which can be transferred to soil after land application of biosolids. This
gives them the potential to enter surface water, leach groundwater, or accumu-
late in vegetation or other living microorganisms. For this reasons, further
research is necessary to complete the mass balance and to identify the most
urgent mitigation measures required to reduce the impact of this widespread
practice on the environment.

11 ENVIRONMENTAL RISK OF RESIDUAL PhCs IN TREATED
EFFLUENT AND SLUDGE

11.1  Environmental Risk Assessment for Water and Sludge

Ecotoxicological risk assessment was performed for PhCs in secondary efflu-
ents and treated sludge by means of risk quotient RQ, which is evaluated by
means of Equation (10):

 MEG

RO =
Q PNEC;

i =1 (water), 2(digestedsludge) (10)

where MEC,; is the measured environmental concentration of the PhC in the sec-
ondary effluent (i =1) or digested sludge (i =2) and PNEC; is the corresponding
predicted no-effect concentration in water (i=1) or sludge (i=2). In[110,111],
PNEC,, ,; values were estimated from the lowest acute or chronic toxicity data
reported in literature from toxicological studies using bacteria, algae, or fish
species as target organisms and applying an assessment factor of 1000, which
takes into account interspecies variations in sensitivity, intraspecies variability,
and laboratory data to field impact extrapolation, as already discussed and
reported in [14]. A different approach was adopted for estimating PNECyjygge-
As to date, little toxicological data regarding PhCs in terrestrial organisms have
been reported in the literature, and PNECy4e. values were estimated from
PNEC,. values by applying the equilibrium partition approach, as suggested
by the European Commission [110] and according to [28,112] as follows:

PNECsludge = PNECwater X Kd x 1000 (1 1)

where Kj, the solid—water partition coefficient referred to the sludge, is in
L/kgss and PNECgyqee in pg/L.

Common criteria for interpreting RQ values in risk assessment studies
establish different risk levels: low risk (RQ<0.1), medium risk
(0.1 <RQ< 1), and high risk (RQ>1) [113].
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RQ in treated effluent—Figure 12 reports the RQ ranges and the
corresponding average values of some of the selected compounds found in
the secondary effluent, taken from graph on the right in Figure 7. PhCs are
listed in descending order of risk on the Y-axis, alongside their PNEC,a;
(ng/L). PNEC values used for secondary effluent are those used in [14,40,41].

As shown in Figure 12, out of the 49 selected PhCs, average effluent concen-
tration data yield high environmental risk figure for 12 compounds (from eryth-
romycin to azithromycin), while a moderate risk is posed by 14 substances (from
acetaminophen to metronidazole) and a low risk by the remaining 23 compounds.

The most critical compounds are antibiotics (6 pose a high risk and 2 a
moderate one), psychiatric drugs (fluoxetine and diazepam present a high
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risk), analgesics and anti-inflammatories (for two compounds, RQ > 1, and for
5 compounds, RQ is between 0.1 and 1), and the lipid regulators gemfibrozil
and fenofibric acid.

Once the effluent is discharged into the surface water body, dilution occurs,
and its extent will depend on the receiving body flow rate. This will result in
some decrease in the concentration of the pharmaceutical compounds. If a dilu-
tion factor equal to 100 can be assumed, the risk quotient in surface water for all
the compounds decreases by two orders of magnitude. According to data
reported in Figure 12, only two compounds (erythromycin and ofloxacin) still
have RQ > 0.1 (medium risk), on the basis of the average PhC concentration,
the remaining compounds having an RQ < 0.1. However, if the environmental
risk assessment is based, more prudently, on the maximum PhC concentration
measured, the risk level is still high for erythromycin and medium for ofloxacin,
sulfamethoxazole, fluoxetine, diazepam, ibuprofen, and fenofibric acid.

The dilution effect is vital for mitigating the adverse effects posed by the pres-
ence of micropollutants in receiving water bodies. In this context, Al Aukidy
et al. [24] show the importance of the hydrodynamic characteristics of the receiv-
ing water body (mainly flow rate) and the risk related to effluent dominant rivers
for which the dilution effect is quite modest (about 1 or less), resulting therefore
in an equally modest mitigation of the risk. In any case, it is important to remem-
ber, as remarked by Martin et al. [28], that even if acute toxic effects in the
aquatic environment may seem unlikely, chronic environmental exposure to
toxic chemicals may still harm aquatic species with a long life cycle.

RQ in treated sludge—Figure 13 reports the RQ ranges for treated sludge,
based on the concentration data reported in Figure § and available PNEC e,
data. K4 values are those reported in brackets, after the name of each sub-
stance, on the X-axis in Figure 8. The resulting PNEC values for the sludge
are those in brackets, after the name of each compound in the Y-axis of
Figure 13. The compounds responsible for the highest environmental risks in
digested sludges (based on average concentrations detected in digested sludge
sample) are the six antibiotics, oxytetracycline, erythromycin, azithromycin,
ofloxacin, tetracycline, and clarithromycin; the two analgesics/anti-
inflammatories ibuprofen and naproxen; the two hormones estradiol and ethinyl
estradiol; the lipid regulator gemfibrozil; and the psychiatric drug fluoxetine.

The risk posed by the presence of PhCs in digested sludge applied to land
can be evaluated according to European Commission Technical Guidance on
Risk Assessment EUR 20418 EN/2 [110] as the ratio between their predicted
environmental concentration in soil (PEC,,;;) and the corresponding PNEC,;;.
This document recommends evaluating PEC,,; 1 year after one sludge-dose
application by means of Equation (12):

Csludge X APPsludge
DEPTHSOH X RHOsoil

PECy = (12)

where Cguqge 1S the measured concentration in digested sludge (ug/kg dry mat-
ter), APPg,q40c is the application rate of dry sludge onto soil (0.5 kg/m2 for
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FIGURE 13 Risk quotient of selected PhCs, in descending order of risk, in digested sludge.

agricultural soils), DEPTH,,; is the mixing depth (0.20 m for agricultural
soils), and RHO,,; is the bulk density of wet soil (1700 kg/m3 for
agricultural soils).

PNEC,,; is evaluated by means of an equation formally similar to Equa-
tion (11), using Ky values for soil.

Very few values for soil are available in the literature, and as remarked in
Section 8.6, a considerable difference has been found between K; in sludges
and soils in some cases, as reported by Martin et al. [28]. In that study, they
found a drastic decrease of RQ values after sludge application onto soil.
The only toxic effect expected is the one caused by estradiol, since its RQ
has been calculated as 2.7. This means that an ecotoxic risk is still present
to terrestrial ecosystem in spite of the significant decrease in the concentration
of estradiol from digested to amended digested sludge.

Additionally, Yang et al. [97] found that sorption onto sludge of sulfon-
amide antibiotics like sulfamethoxazole and sulfadimidine is reversible. This
implies that they can be released from the sludge upon their release into the
natural environment, highlighting the fact that these compounds pose a poten-
tial risk for the environment if there are no suitable processes to eliminate
them from the sludge.
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Recent studies investigated the occurrence and distribution of PhCs in soil
irrigated with reclaimed water [114] and soil that received biosolids from urban
sewage treatment plants [ 115]. They confirmed that conventional WWTPs, cur-
rently adopted all over the world, are not efficient enough to remove these
micropollutants from wastewaters and sludge, and as a result, they found their
way into the environment. Once in the environment, pharmaceutically active
compounds can produce subtle effects on aquatic and terrestrial organisms,
especially on the former since they are exposed to long-term continuous influx
of WW effluents as remarked in [14] and biosolids as pointed out in [27].

The most critical compounds—The current study highlights the fact that
the most critical PhCs, namely, those posing a high risk to the environment,
will depend on the matrix investigated: secondary effluent or treated sludge.
If we compare these groups of compounds with those with the highest mass
load discharged into the environment reported in Figure 11, we find that the
two groups do not overlap, as shown in Figure 14. In fact, this graph shows
the RQ of the selected compounds in both sludge and water (the two series
of histograms previously shown in Figures 11 and 12) together with their
corresponding mass load (the black line, data from Figure 13). Compounds
are reported from the highest to the lowest mass load.

Using these criteria, the most critical compounds are found to be ibuprofen
(high RQyater, high RQgjygge, and high load); fluoxetine, ofloxacin, erythromy-
cin, tetracycline, and azithromycin (high RQuaer and high RQgjugee); and
gemfibrozil, estradiol, and ethinyl estradiol (high RQuyguer and medium
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FIGURE 14 Comparison of average-specific mass load discharged by CAS effluent and RQs for
secondary effluent and sludge.
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11.2 Risk of Antibiotic-Resistant Bacteria and Genes

In addition to the environmental risk based on PNEC values for effluents as
well as for sludge, there is another source of risk linked to the occurrence
of the class of antibiotics both in the effluent and sludges: the development
and release of antibiotic-resistant bacteria (ARB) and genes (ARG). ARG
and ARB have been found to be several orders of magnitude higher in raw
WWTP influents than in treated effluents, but, due to their high bacterial con-
tent, digested sludges also represent a significant environmental contamina-
tion route [116]. It has been reported in the literature that the percentage
antibiotic resistance in a treated wastewater effluent was generally higher than
the percentages in the river water, but these were observed to increase down-
stream of a WWTP [117]. WWTPs play a vital role in the elimination or
spread of ARB and ARG, as the treatment systems and their operational con-
ditions are likely to influence their fate. While it is likely that treated effluents
with trace amount of ARGs and ARB from the treatment plants discharged
into rivers or streams can add to the contamination of the environment, com-
parison of release loads of ARGs and ARB, Munir et al. [116] showed that
land application of biosolids from WWTPs seems to be the main source of
entry of ARGs and ARB into the natural environment. Further research is nec-
essary to determine how best to reduce the spread of such bacteria.

12 MODELING

Various attempts have been made to create and propose a model able to sim-
ulate the fate and behavior of selected pharmaceuticals in a CAS in support of
their design process. In this context, Plosz et al. [118] recently suggest using
mechanistic models, that is, ASM-X, in regional risk assessment. Pomiés
et al. [39] reviewed 18 different literature models describing micropollutant
removal in CAS and remarked that an explanation for the validity of proposed
models is often lacking, and for this reason, future developments are neces-
sary to improve modeling of micropollutant removal in WWTP. Indeed, in
their current form, they are not ready to be used in process design.

13 CAS: TREATMENT OF PHARMACEUTICAL INDUSTRY
WASTEWATERS

Wastewaters generated by pharmaceutical manufacturers contain a variety of
organic and inorganic constituents including spent solvents, catalysts, addi-
tives, reagents, and small amounts of intermediates, by-products, raw materi-
als, and active pharmaceutical ingredients, which makes them particularly
difficult to treat [119]. In addition, concentrations of COD, BOD, SS, and
nitrates are generally very high, of the order of tens—hundreds mg/L. The ratio
BOD/COD is about 0.45-0.60, and pH may vary in the range 5-8.
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For instance, pharmaceutical wastewater investigated by Sreekanth et al. [119]
contained as follows: 8500-9000 mg/L total dissolved solids; 2800-3000 mg/L
TSS; 13,000-15,000 mg/L COD; 7000-7500 mg/L. BOD; 600-750 volatile fatty
acids; 2500-3000 mg/L alkalis, such as CaCOj; 200-250 mg/L. chlorides;
120-170 mg/L nitrates; 300-450 mg/L sulfates; and 100-120 mg/L phosphates,
and the pH of the bulk drug in pharmaceutical wastewater was 7.0-7.5. In this
effluent, the target PhC was carbamazepine, which was detected at levels
of 10-15 mg/L. In some areas, PhC concentration may be even higher: Sirtori
et al. [120] reported a concentration of 45mg/L of nalidixic acid
(a fluoroquinolone-type antibiotic was found) in an industrial effluent, and Chel-
liapan et al. [121] found tylosin concentrations of up to 20-200 mg/L in pharma-
ceutical effluent they investigated. Indeed, it is estimated that approximately half
of the pharmaceutical wastewaters produced worldwide are discharged without
specific treatment [ 122]. When treated, they are generally subjected to physico-
chemical processes [123] and then to aerobic biological steps [124].

The operational parameters most influential in the removal of pollutants
from pharmaceutical effluent are HRT, temperature, pH, dissolved oxygen,
organic load, microbial community, presence of toxic and persistent com-
pounds, and batch operation of pharmaceutical production facilities [124].
Hence, activated sludge processes for the pharmaceutical industry effluent
are generally designed with long HRT [125], operational temperature not
greater than 30 °C (between 30 and 60 °C, the number of bacterial species
decline with temperature, and activated sludge process fail at temperatures
above 60 °C [126]). In fact, cooling of pharmaceutical effluent may even be
necessary. Suman Raj and Anjaneyulu [124] found that pharmaceutical waste-
water can be biologically treated using mixed consortia by integrating chemi-
cal coagulation as a pretreatment. They found that a chemical coagulation
with lime followed by aerobic oxidation with activated sludge increased the
biodegradability through reduction in sulfate concentration (down to
44-48%). They also found that the best results in the biological step were
achieved at a mixed liquor concentration of about 4000 mg/L, confirming ear-
lier results by Suman Raj et al. [127].

Unfortunately, the impact of high concentrations of PhCs in activated
sludges, as seen in pharmaceutical wastewaters, has not been yet investigated,
and the worry is that their concentrations may inhibit biological processes. In
any case, biological treatments are not able to complete removal of PhCs
and other pollutants, and so complementary treatments should be used in con-
junction with the traditional methods. These additional treatments include mem-
brane filtration, reverse osmosis, and activated carbon. In this context, Larsson
et al. [128] monitored the effluent of a WWTP situated in Patancheru, near
Hyderabad, in India. This plant receives about 1500 m*/d of wastewaters,
mainly from 90 bulk drug facilities (BODs=1300 mg/L; COD=6000 mg/L;
SS =500 mg/L ; and dissolved solids =9000 mg/L), and the treatment sequence
consists of an equalization tank (HRT=2 days), a chemically assisted SS



Removal of Pharmaceuticals by Conventional Treatment 281

removal tank, a biological reactor (HRT =4 days) in which 20% of domestic
wastewaters are added to improve the removal efficiency, and a secondary clar-
ifier. Excess sludge is subjected to centrifugation. The final effluent
(BOD=270mg/L; COD=1300mg/L; SS=300mg/L; and dissolved
solids=5000 mg/L) is discharged into surface water bodies, and the treated
sludge is disposed of in landfill. An investigation on the occurrence of some
PhCs in the final effluent of this plant showed the following concentration
ranges: 28-31 mg/L for ciprofloxacin, 0.8-0.95 mg/L for metoprolol, 0.7-0.9
for enrofloxacin, 0.39-0.42 for norfloxacin, 0.15-0.30 for enoxacin, 0.15-0.16
for ofloxacin, and 0.09-0.16 for ranitidine.

Deegan et al. [129] review many common treatments (traditional as well
as advanced) and conclude that the problem of pharmaceuticals in wastewater
cannot be solved merely by adopting end-of-pipe treatments, but source mea-
sures such as replacement of critical chemicals and reduction in raw material
consumption also need to be adopted.

14 CONCLUSIONS

Most of the municipal WWTPs consist of preliminary, primary, and second-
ary treatments, mainly activated sludge systems with the final effluent being
discharged into a surface water body and often indirectly reused for irrigation
purposes or recreational activities and the treated sludge often land-applied.
Many PhCs are usually present in raw influent at concentrations in the range
107°-10% pg/L and even more, and common WWTPs are not able to effi-
ciently remove all of them from liquid effluent as well as sludge. Observed
removal efficiencies vary in a wide range for the different compounds, as well
as for the same substance, due to the different chemical and physical charac-
teristics of PhCs and to operational conditions.

This study highlights the fact that the occurrence of some PhCs in the sec-
ondary effluent discharged into surface water bodies may pose a medium—
high (acute) risk to aquatic life. Furthermore, many other compounds, even
if their environmental risk was found to be low, are discharged at high daily
mass loads, which could contribute to negative effects on aquatic organisms
in the long term due to chronic and mixture toxicity. For these reasons, it
would be more prudent to begin monitoring the most frequently and most per-
sistent administered PhCs, as well as those with the highest environmental
risk, namely, antibiotics (including erythromycin, ofloxacin, sulfamethoxa-
zole, clarithromycin, amoxicillin, tetracycline, and azithromycin), psychiatric
drugs (like fluoxetine, diazepam, and carbamazepine), analgesics/anti-
inflammatories (ibuprofen, mefenamic acid, naproxen, diclofenac, and keto-
profen), and lipid regulators (fenofibric acid, fenofibrate, and gemfibrozil).
Unfortunately, up to now, PhCs are not included among those compounds
to be monitored, notwithstanding their occurrence has been documented since
more than 20 years in many European countries. For this reason, further
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researches are necessary (i) to analyze the occurrence of scarcely investigated
PhCs in the influent and outlets of municipal WWTPs, (ii) to evaluate the
environmental impact of mixtures of different PhCs, (iii) to evaluate the best
end-of-pipe measures for the existing WWTPs to guarantee better removal of
the most persistent compounds, and (iv) to suggest source control options to
reduce the quantity and variety of PhCs in the water cycle.

REFERENCES

[1] FDA, Approved Drug Products with Therapeutic Equivalence Evaluations, 2012. Available
at the web site http://www.fda.gov/downloads/Drugs/InformationOnDrugs/ucm086233.pdf
(last access on 15 February 2013).

[2] FDA, Guidance for Industry: Environmental Assessment of Human Drug and Biologics

Applications, 1998. http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulator-

yInformation/Guidances/ucm070561.pdf (last access on 15 February 2013).

Directive 2004/27/EC of the European Parliament and of the Council of 31 March 2004

amending Directive 2001/83/EC on the Community code Relating to Medicinal Products

for Human Use.

Regulation (EC) n. 726/2004 of the European Parliament and of the Council of 31 March

2004 Laying Down Community Procedures for the Authorisation and Supervision of

[3

=

[4

=

Medicinal Products for Human and Veterinary Use and Establishing a European Medicines
Agency.

EC, 2006. Regulation of the European Parliament and of the Council of 18 December 2006,
(1907/2006), Concerning the Registration, Evaluation, Authorisation and Restriction of

[5

—_

Chemicals (REACH), Establishing a European Chemicals Agency, Amending Directive
1999/45/EC and Repealing Council Regulation (EEC) No 793/93 and Commission Regula-
tion (EC) No 1488/94 as well as Council Directive 76/769/EEC and Commission Directives
91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC.
[6] K. Kummerer, Pharmaceutical in the Environment: Sources, Fate Effects, and Risks,
Springer, Berlin, 2004.
WHO, 2004. The World Medicines Situation, Report WHO/EDM/PAR/2004.5, available at
the web site http://apps.who.int/medicinedocs/en/d/Js6160e/6.html#Js6160e.6 (last access
on 15 February 2013).
[8] J. Fick, H. Soderstrom, R.H. Lindberg, C. Phan, M. Tysklind, D.G.J. Larsson, Environ.
Toxicol. Chem. 28 (2009) 2522-2527.
[9] C.G. Daughton, I.S. Ruhoy, Environ. Toxicol. Chem. 28 (2009) 2459-2521.
[10] P. Verlicchi, A. Galletti, M. Petrovic, D. Barcelo, in: D. Barcelo (Ed.), Emerging
Organic Contaminants and Human Health, Springer-Verlag, Berlin, Heidelberg, 2012,
pp. 139-172.
[11] P. Verlicchi, A. Galletti, L. Masotti, Water Sci. Technol. 61 (2010) 2507-2519.
[12] P. Verlicchi, A. Galletti, M. Petrovic, D. Barceld, J. Hydrol. 389 (2010) 416-428.
[13] P. Verlicchi, M. Al Aukidy, A. Galletti, M. Petrovic, D. Barceld, Sci. Total Environ. 430
(2012) 109-118.
[14] P. Verlicchi, M. Al Aukidy, E. Zambello, Sci. Total Environ. 429 (2012) 123-155.
[15] N. Le Minh, S.J. Khan, J.E. Drewes, R.M. Stuetz, Water Res. 44 (2010) 4295-4323.
[16] A. Ziylan, N.H. Ince, J. Hazard. Mater. 187 (2011) 24-37.
[17] D. Cairns, Essentials of Pharmaceutical Chemistry, Pharmaceutical Press, London, 2012.

[7

—


http://www.fda.gov/downloads/Drugs/InformationOnDrugs/ucm086233.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070561.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070561.pdf
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0005
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0005
http://apps.who.int/medicinedocs/en/d/Js6160e/6.html#Js6160e.6
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0010
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0010
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0015
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0020
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0020
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0020
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0025
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0030
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0035
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0035
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0040
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0045
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0050
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0055

Chapter | 8 Removal of Pharmaceuticals by Conventional Treatment 283

[18] W. Stumm, J.J. Morgan, Aquatic Chemistry — Chemical Equilibria and Rates in Natural
Waters, third ed., Wiley-Interscience, New York, 1996.

[19] M. Liebig, J. Moltmann, T. Knacker, Environ. Sci. Pollut. Res. 13 (2006) 110-119.

[20] C. Ort, W. Gujer, Water Sci. Technol. 54 (2006) 169-176.

[21] C. Ort, M.G. Lawrence, J. Reungoat, J.F. Mueller, Environ. Sci. Technol. 44 (2010)
6289-6296.

[22] C. Ort, M.G. Lawrence, J. Rieckermann, A. Joss, Environ. Sci. Technol. 44 (2010)
6024-6035.

[23] Metcalf & Eddy, Wastewater Engineering Treatment Disposal Reuse, McGraw Hill Inter-
national, Singapore, 2003.

[24] M. Al Aukidy, P. Verlicchi, A. Jelic, M. Petrovic, D. Barcelo, Sci. Total Environ. 438
(2012) 15-25.

[25] A. Jelic, M. Gros, A. Ginebreda, R. Cespedes-Sanchez, F. Ventura, M. Petrovic,
D. Barceld, Water Res. 45 (2011) 1165-1176.

[26] J. Radjenovi¢, M. Petrovic, D. Barcel, Water Res. 43 (2009) 831-841.

[27] J. Martin, M.D. Camacho-Mufioz, J.L. Santos, 1. Aparicio, E. Alonso, J. Environ. Manage.
102 (2012) 18-25.

[28] J. Martin, M.D. Camacho-Munoz, J.L. Santos, I. Aparicio, E. Alonso, J. Hazard. Mater.
239-240 (2012) 40-47.

[29] B.G. Plosz, H. Leknes, H. Liltved, K.V. Thomas, Sci. Total Environ. 408 (2010)
1915-1924.

[30] R. Salgado, R. Marques, J.P. Noronha, J.T. Mexia, G. Carvalho, A. Oechmen, M.A.M. Reis,
Environ. Pollut. 159 (2011) 2359-2367.

[31] B. Kasprzyk-Hordern, R.M. Dinsdale, A.J. Guwy, Water Res. 43 (2009) 363-380.

[32] A. Wick, G. Fink, A. Joss, H. Siegrist, T.A. Ternes, Water Res. 43 (2009) 1060—-1074.

[33] A.Joss, E. Keller, A. Alder, A. Gobel, C. Mcardell, T. Ternes, H. Siegrist, Water Res. 39
(2005) 3139-3152.

[34] S. Suarez, J.M. Lema, F. Omil, Water Res. 44 (2010) 3214-3224.

[35] A. Gobel, C.S. Mcardell, A. Joss, H. Siegrist, W. Giger, Sci. Total Environ. 372 (2007)
361-371.

[36] A. Jia, Y. Wan, Y. Xiao, J. Hu, Water Res. 46 (2012) 387-394.

[37] R.H. Lindberg, U. Olofsson, P. Rendahl, M.I. Johansson, M. Tysklind, B.A.V. Andersson,
Environ. Sci. Technol. 40 (2006) 1042-1048.

[38] T.A. Ternes, N. Herrmann, M. Bonerz, T. Knacker, H. Siegrist, A. Joss, Water Res. 38
(2004) 4075-7084.

[39] M. Pomies, J. Choubert, C. Wisniewski, M. Coquery, Sci. Total Environ. 443 (2013)
733-748.

[40] T.A. Roepke, M.J. Snyder, G.N. Chen, Aquat. Toxicol. 71 (2005) 155-173.

[41] T.H. Hutchinson, N.A. Pounds, M. Hampel, T.D. Williams, Sci. Total Environ. 233 (1999)
167-179.

[42] H. Andersen, H. Siegrist, B. Halling-Sgrensen, T.A. Ternes, Environ. Sci. Technol. 37
(2003) 4021-4026.

[43] O. Braga, G.A. Smythe, A.L. Schifer, A.J. Feitz, Environ. Sci. Technol. 39 (2005)
3351-3358.

[44] M. Esperanza, M.T. Suidan, R. Marfil-Vega, C. Gonzalez, G.A. Sorial, P. McCauley,
R. Brenner, Chemosphere 66 (2007) 1535-1544.

[45] A. Gobel, A. Thomsen, C.S. McArdell, A. Joss, W. Giger, Environ. Sci. Technol. 39 (2005)
3981-3989.


http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0060
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0060
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0065
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0070
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0075
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0075
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0080
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0080
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0085
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0085
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0090
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0090
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0095
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0095
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0100
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0105
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0105
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0110
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0110
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0115
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0115
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0120
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0120
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0125
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0130
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0135
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0135
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0140
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0145
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0145
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0150
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0155
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0155
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0160
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0160
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0165
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0165
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0170
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0175
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0175
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0180
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0180
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0180
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0185
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0185
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0190
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0190
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0195
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0195

284 Analysis, Removal, Effects and Risk of Pharmaceuticals in the Water Cycle

[46] E. Golet, 1. Xifra, H. Siegrist, A. Alder, W. Giger, Environ. Sci. Technol. 37 (2003)
3243-3249.

[47] S.J. Khan, J.E. Ongerth, Water Sci. Technol. 46 (2002) 105-113.

[48] R.H. Lindberg, P. Wennberg, M.I. Johansson, M. Tysklind, B.A.V. Andersson, Environ.
Sci. Technol. 39 (2005) 3421-3429.

[49] S. Martin Ruel, M. Esperanza, J.M. Choubert, I. Valor, H. Budzinski, M. Coquery, Water
Sci. Technol. 62 (2010) 2970-2978.

[50] K. McClellan, R.U. Halden, Water Res. 44 (2010) 658—668.

[51] X. Miao, J. Yang, C.D. Metcalfe, Environ. Sci. Technol. 39 (2005) 7469-7475.

[52] J. Radjenovi¢, A. Jelic, M. Petrovi¢, D. Barceld, Anal. Bioanal. Chem. 393 (2009)
1685-1695.

[53] W. Xu, G. Zhang, X. Li, S. Zou, P. Li, Z. Hu, J. Li, Water Res. 41 (2007) 4526-4534.

[54] L. Gao, Y. Shi, W. Li, H. Niu, J. Liu, Y. Cai, Chemosphere 86 (2012) 665-671.

[55] T. Urase, T. Kikuta, Water Res. 39 (2005) 1289-1300.

[56] M.S. Diaz-Cruz, M.J. Lépez De Alda, D. Barcelo, Trends Anal. Chem. 22 (2003)
340-351.

[57] P. Gao, Y. Ding, H. Li, I. Xagorarakil, Chemosphere 88 (2012) 17-24.

[58] T.A. Ternes, A. Joss, Human Pharmaceuticals, Hormones and Fragrances, the Challenge of
Micropollutants in Urban Water Management, IWA Publishing, London, 2006.

[59] M. Yasojima, N. Nakada, K. Komori, Y. Suzuki, H. Tanaka, Water Sci. Technol. 53 (2006)
227-233.

[60] A.J. Watkinson, E.J. Murby, S.D. Costanzo, Water Res. 41 (2007) 4164—4176.

[61] S. Zorita, L. Martensson, L. Mathiasson, Sci. Total Environ. 407 (2009) 2760-2770.

[62] V. Gabet-Giraud, C. Mieége, J.M. Choubert, S.M. Ruel, M. Coquery, Sci. Total Environ.
408 (2010) 4257-4269.

[63] H.W. Leung, T.B. Minh, M.B. Murphy, J.C.W. Lam, M.K. So, M. Martin, P.K.S. Lam,
B.J. Richardson, Environ. Int. 42 (2012) 1-9.

[64] M. Carballa, F. Omil, J.M. Lema, M. Liompart, C. Garcia-Jares, 1. Rodriguez, M. Gémez,
T. Ternes, Water Res. 38 (2004) 2918-2926.

[65] C. Gu, K.G. Karthikeyan, Environ. Sci. Technol. 39 (2005) 2660-2667.

[66] S.K. Behera, H.W. Kim, J.E. Oh, H.S. Park, Sci. Total Environ. 409 (2011) 4351-4360.

[67] F. Omil, S. Suarez, M. Carballa, R. Reif, J.M. Lema, in: D. Fatta-Kassinos (Ed.), Xenobio-
tics in the Urban Water Cycle: Mass, Flows, Environmental Process, Mitigation and Treat-
ment Strategies, Environmental pollution, Vol. 16, Springer Science and Business Media
B.V., Dordrecht, London, New York, 2010, pp. 283-305.

[68] S.C. Monteiro, A.B.A. Boxall, Environ. Contam. Toxicol. 202 (2010) 53-154.

[69] S. Suarez, R. Reif, J.M. Lema, F. Omil, Chemosphere 89 (2012) 164-171.

[70] M. Clara, N. Kreuzinger, B. Strenn, O. Gans, H. Kroiss, Water Res. 39 (2005) 97-106.

[71] M.J. Gémez, M.J. Martinez Bueno, S. Lacorte, A.R. Fernandez-Alba, A. Agiiera, Chemo-
sphere 66 (2007) 993-1002.

[72] M. Clara, B. Strenn, O. Gans, E. Martinez, N. Kreuzinger, H. Kroiss, Water Res. 39 (2005)
4797-4807.

[73] M. Cirja, P. Ivashechkin, A. Schaeffer, P.F.X. Corvini, Rev. Environ. Sci. Biotechnol. 7
(2008) 61-78.

[74] M. Clara, B. Strenn, M. Ausserleitner, N. Kreuzinger, Water Sci. Technol. 50 (2004)
29-36.

[75] E. Fernandez-Fontaina, F. Omil, J.M. Lema, M. Carballa, Water Res. 46 (2012)
5434-5444.


http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0200
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0200
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0205
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0210
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0210
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0215
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0215
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0220
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0225
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0230
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0230
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0235
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0240
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0245
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0250
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0250
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0255
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0260
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0260
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0265
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0265
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0270
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0275
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0280
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0280
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0285
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0285
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0290
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0290
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0295
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0300
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0305
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0305
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0305
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0305
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0310
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0315
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0320
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0325
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0325
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0330
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0330
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0335
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0335
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0340
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0340
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0345
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0345

Chapter | 8 Removal of Pharmaceuticals by Conventional Treatment 285

[76] A. Joss, H. Andersen, T. Ternes, P.R. Richle, H. Siegrist, Environ. Sci. Technol. 38 (2004)
3047-3055.
[77] Y. Zhou, J. Zha, Z. Wang, Environ. Monit. Assess. 184 (2012) 6799-6813.
[78] 1. Forrez, M. Carballa, N. Boon, W. Verstraete, J. Chem. Technol. Biotechnol. 84 (2008)
119-125.
[79] P. Drillia, S.N. Dokianakis, M.S. Fountoulakis, M. Kornaros, K. Stamatelatou,
G. Lyberatos, J. Hazard. Mater. 122 (2005) 259-265.
[80] S. Schmidt, J. Winter, C. Gallert, Arch. Environ. Contam. Toxicol. 63 (2012) 354-364.
[81] J. Stevens-Garmon, J.E. Drewes, S.J. Khan, J.A. McDonald, E.R.V. Dickenson, Water Res.
45 (2011) 3417-3426.
[82] K.C. Hyland, E.R.V. Dickenson, J.E. Drewes, C.P. Higgins, Water Res. 46 (2012)
1958-1968.
[83] K. Kimura, H. Hara, Y. Watanabe, Desalination 178 (2005) 135-140.
[84] V.L. Cunningham, in: K. Kummerer (Ed.), Pharmaceutical in the Environment — Sources,
Fate, Effects and Risks, third ed., Springer, Berlin, Heidelberg, 2008, pp. 23-34.
[85] H.R. Rogers, Sci. Total Environ. 185 (1-3) (1996) 3-26.
[86] R.P. Schwarzenbach, P.M. Gschwend, D.M. Imboden, Environmental Organic Chemistry,
Wiley-Interscience, Hoboken, 2003.
[87] M.J.M. Wells, Environ. Chem. 3 (2006) 439-449.
[88] A. Joss, S. Zabczynski, A. Gobel, B. Hoffmann, D. Loffler, C.S. McArdell, T.A. Ternes,
A. Thomsen, H. Siegrist, Water Res. 40 (2006) 1686—1696.
[89] G.L. Cronje, A.O. Beeharry, M.C. Wentzel, G.A. Ekama, Water Res. 36 (2002) 439—444.
[90] M. Majewsky, T. Gallé, V. Yargeau, K. Fischer, Bioresour. Technol. 102 (2011)
7415-7421.
[91] N. Cigek, J.P. Franco, M.T. Suidan, V. Urbain, J. Manem, Water Environ. Res. 71 (1999)
64-70.
[92] M. Carballa, G. Fink, F. Omil, J.M. Lema, T. Ternes, Water Res. 42 (2008) 287-295.
[93] T.A. Ternes, A. Joss, H. Siegrist, Environ. Sci. Technol. 38 (2004) 393A-398A.
[94] A. Lajeunesse, S.A. Smyth, K. Barclay, S. Sauvé, C. Gagnon, Water Res. 46 (2012)
5600-5612.
[95] M. Horsing, A. Ledin, R. Grabic, J. Fick, M. Tysklind, J.L. Jansen, H.R. Andersen, Water
Res. 45 (2011) 4470-44382.
[96] C. Miege, J.M. Choubert, L. Ribeiro, M. Eus¢be, M. Coquery, Environ. Pollut. 157 (2009)
1721-1726.
[97] S. Yang, C. Lin, A. Yu-Chen Lin, P. Andy Hong, Water Res. 45 (2011) 3389-3397.
[98] M. Gros, M. Petrovi¢, A. Ginebreda, D. Barceld, Environ. Int. 36 (2010) 15-26.
[99] M.J. Garcia-Galan, M.S. Diaz-Cruz, D. Barceld, Environ. Int. 37 (2011) 462—473.
[100] C.D. Metcalfe, B.G. Koenig, D.T. Bennie, M. Servos, T.A. Ternes, R. Hirsch, Environ.
Toxicol. Chem. 22 (2003) 2872-2880.
[101] S. Weiss, T. Reemtsma, Water Res. 42 (2008) 3837-3847.
[102] N.M. Vieno, T. Tuhkanen, L. Kronberg, Environ. Sci. Technol. 39 (2005) 8220-8226.
[103] A. Massé, M. Spérandio, C. Cabassud, Water Res. 40 (2006) 2405-2415.
[104] Council Directive 1991/271/EEC of 21 May 1991 Concerning Urban Waste-Water
Treatment.
[105] B. Kraigher, T. Kosjek, E. Heath, B. Kompare, I. Mandic-Mulec, Water Res. 42 (2008)
4578-4588.
[106] J.S. Vader, C.G. van Ginkel, FM.G.M. Sperling, J. de Jong, W. de Boer, J.S. de Graaf,
M. van der Most, P.G.W. Stokman, Chemosphere 41 (2000) 1239-1243.


http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0350
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0350
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0355
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0360
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0360
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0365
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0365
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0370
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0375
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0375
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0380
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0380
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0385
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0390
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0390
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0395
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0400
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0400
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0405
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0410
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0410
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0415
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0420
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0420
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0425
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0425
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0430
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0435
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0440
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0440
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0445
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0445
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0450
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0450
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0455
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0460
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0465
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0470
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0470
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0475
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0480
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0485
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0490
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0490
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0495
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0495

286 Analysis, Removal, Effects and Risk of Pharmaceuticals in the Water Cycle

[107] EJ. McAdam, J.P. Bagnall, Y.K.K. Koh, T.Y. Chiu, S. Pollard, M.D. Scrimshaw,
J.N. Lester, E. Cartmell, Chemosphere 81 (2010) 1-6.

[108] N. Vieno, T. Tuhkane, L. Kronberg, Water Res. 41 (2007) 1001-1012.

[109] Milieu Ltd, WRc, RPA, Environmental, Economic and Social Impacts of the Use of Sew-
age Sludge on Land, Final Report for the European Commission, DG Environment Under
Study Contract DG ENV.G.4/ETU/2008/0076r.

[110] EC, 2003. Technical Guidance Document on Risk Assessment, Part II. EUR 20418 EN/2.
European Commission, Joint Research Centre.

[111] European Agency for the Evaluation of Medical Products (EMEA). Guideline on the Envi-
ronmental Risk Assessment of Medicinal Products for Human Use, The European Agency
for the Evaluation of Medicinal Products: Committee for Medicinal Products for Human
Use. EMEA/CHMP/SWP/4447/00, 2006.

[112] M.M. Gonzalez, J. Martin, J.L. Santos, 1. Aparicio, E. Alonso, Sci. Total Environ. 408
(2010) 563-570.

[113] M.D. Hernando, M. Mezcua, A.R. Fernandez-Alba, D. Barcelo, Talanta 69 (2006)
334-342.

[114] T.A. Ternes, M. Bonerz, N. Herrmann, B. Teiser, H.R. Andersen, Chemosphere 66 (2007)
894-904.

[115] G.J.H.P. Gielen, M.R. van den Heuvel, P.W. Clinton, L.G. Greenfield, Chemosphere 74
(2009) 537-542.

[116] M. Munir, K. Wong, I. Xagoraraki, Water Res. 45 (2011) 681-693.

[117] T. Iwane, T. Urase, K. Yamamoto, Water Sci. Technol. 43 (2001) 91-99.

[118] B.G. Plosz, K.H. Langford, K.V. Thomas, Biotechnol. Bioeng. 109 (2012) 2752-2769.

[119] D. Sreekanth, D. Sivaramakrishna, V. Himabindu, Y. Anjaneyulu, Bioresour. Technol. 100
(2009) 2534-2539.

[120] C. Sirtori, A. Zapata, 1. Oller, W. Gernjak, A. Agiiera, S. Malato, Water Res. 43 (2009)
661-668.

[121] S. Chelliapan, T. Wilby, P.J. Sallis, Water Res. 40 (2006) 507-516.

[122] O.V. Enick, M.M. Moore, Environ. Impact Assess. 27 (2007) 707-729.

[123] N. Kulik, M. Trapido, A. Goi, Y. Veressinina, R. Munter, Chemosphere 70 (2008)
1525-1531.

[124] D.S. Suman Raj, Y. Anjaneyulu, Process Biochem. 40 (2005) 165-175.

[125] N. Oz, O. Ince, B. Ince, J. Environ. Sci. Health A 39 (2004) 2029-2042.

[126] T.M. LaPara, C.H. Nakatsu, L.M. Pantea, J.E. Alleman, Water Res. 35 (2001) 4417-4425.

[127] D.S. Suman Raj, N.S. Chary, V.H. Bindu, M.R.P. Reddy, Y. Anjaneyulu, Int. J. Environ.
Stud. 61 (2004) 99-111.

[128] D.G.J. Larsson, C. de Pedro, N. Paxeus, J. Hazard. Mater. 148 (2007) 751-755.

[129] A.M. Deegan, B. Shaik, K. Nolan, K. Urell, M. Oelgemoller, J. Tobin, A. Morrissey, Int. J.
Environ. Sci. Technol. 8 (2011) 649-666.


http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0500
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0500
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0505
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0510
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0510
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0515
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0515
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0520
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0520
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0525
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0525
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0530
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0535
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0540
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0545
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0545
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0550
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0550
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0555
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0560
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0565
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0565
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0570
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0575
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0580
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0585
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0585
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0590
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0595
http://refhub.elsevier.com/B978-0-444-62657-8.00008-2/rf0595

S Chapter 9

Removal of Pharmaceuticals
by Membrane Bioreactor (MBR)
Technology

Ruben Reif, Francisco Omil and Juan M. Lema
Department of Chemical Engineering, School of Engineering, University of Santiago de
Compostela, Santiago de Compostela, Spain

/e

\

hapter Outline

1. Innovative Technologies for 3.2. Innovative Hybrid
Emerging Issues 287 Configurations Using

2. MBRs for the Elimination Activated Carbon 304
of Pharmaceuticals: 3.3. Comparison with
10 Years of Research 291 Conventional

3. Efficiency of MBRs to Processes 306
Remove Pharmaceuticals 4. Conclusions 314
from Wastewater 293  Acknowledgments 315
3.1. Relevance of References 315

Operational Parameters

\ and Other Factors 300 /

1 INNOVATIVE TECHNOLOGIES FOR EMERGING ISSUES

Combating water scarcity is undoubtedly a global priority. Different factors
such as increasing population, climate change, more intensive agricultural
practices, and urbanization constitute a challenge that will require a transfor-
mation of the water industry based on the combination of innovative technol-
ogies and new management approaches, with the aim to supply, protect, and
reuse water in agricultural, industrial, and urban contexts. Twenty years
ago, technologies based on membrane separation for wastewater treatment
were first commercialized for special applications like the treatment of
high-strength wastewater such as landfill leachate or industrial effluents.
The most common membrane processes for wastewater treatment use pressure
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as the driving force, acting as selective permeable barriers, which permit the
passage of water and can reject a wide range of particulate and dissolved com-
pounds present in the wastewater [1]. Membrane design usually consists of
polymeric materials with pores or molecular channels incorporated on its
structure, being its molecular weight cutoff (MWCO) the main characteristic.
In this sense, Schifer et al. [2] distinguished two main categories: porous
(ultrafiltration (UF) and microfiltration (MF)) and dense membranes (reverse
osmosis (RO)), being nanofiltration (NF) modules between porous and dense.
This classification strongly influences the type of application for each module,
being MF/UF modules often employed in combination with biological treat-
ment processes, the so-called membrane bioreactor (MBR) and NF/RO for
effluent polishing, although RO membranes are most commonly used in
drinking water purification from seawater due to its extremely high selectivity
and ability to separate ions.

Focusing on the use of porous membranes, the first systems developed
were based on cross-flow units placed outside the activated sludge tank and
equipped with high-flow circulation pumps. Energy requirements were sub-
stantially high, so they were considered uneconomical for municipal wastewa-
ter applications. A first example of an early pilot project, which assessed the
performance of membranes coupled with biological processes, was described
in Knoblock et al. [3]. This work shows the development of design informa-
tion for a system treating wastewater from two General Motors facilities.
These types of studies provided a solid basis for the design of full-scale dem-
onstration systems for the treatment of complex wastewater, characterized by
a high variability in its composition. A recent review by Mutamin et al. [4]
shows the knowledge available on the use of MBRs to treat high-strength
industrial wastewater, confirming that, after more than 20 years of research,
this technology has been extremely successful for industrial applications. Fur-
ther research showed that the high operational cost, mainly attributed to
energy consumption, eventually became the main constraint for the wide-
spread implementation of membrane solutions, since their process specifici-
ties directly impact the energy demand. More specifically, aeration
constitutes the main limiting factor, since it still accounts for ~80% of the
total energy demand. Aiming at overcoming this limitation, the more recent
developments of a new generation of low-pressure/submerged filtration sys-
tems boosted the implementation of MBR technologies. This new operational
strategy showed lower costs and consequently, applications to municipal
wastewater treatment gained relevance. The operation of those immersed sys-
tems consists of the positioning of the membrane units in the activated sludge
tank, requiring a lower transmembrane pressure. Air blowers, which have high
energy consumption, could be simultaneously used for biological sludge aer-
ation and membrane module scouring, to avoid fouling or pore clogging.
Therefore, such systems are less costly to install and operate, making the tech-
nology more viable for the treatment of both municipal and industrial wastes.
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In spite of this improvement, direct comparisons based on real operation still
show lower costs for conventional treatments. For example, Fenu et al. [5]
calculated an overall energy consumption of 0.64 kW h/m” of permeate, nec-
essary for the operation of a full-scale MBR, with this demand being substan-
tially higher than the estimated energy cost for processes based on
conventional activated sludge (CAS) systems (0.3 kW h/m? of effluent). Con-
sidering the practitioner’s point of view, Kraemer et al. [6] showed the main
advantages and disadvantages of the MBR technology. Indeed, higher opera-
tional costs were mentioned as a main drawback, although other factors were
highlighted, such as the lack of equipment standardization, their poor capacity
facing flow peaks, and the greater mechanical performance, which make the
exploration of new or expanded systems difficult. Therefore, ongoing research
is still focused on improving systems to reduce energy consumption, with the
aim to promote MBRs as definitive cost-effective answers to a growing range
of treatment requirements.

In spite of the aforementioned drawbacks, MBRs have been gradually
implemented in the market, and nowadays, they cannot be considered just
as a promising wastewater treatment alternative, thus representing a mature
technology. The review of Santos and Judd [7] analyzed the status of
membrane products for MBRs with specific reference to municipal wastewa-
ter treatment, showing how the MBR market doubled in the 5 years
between 2000 and 2005 to reach $217 million, being expected to increase
its value from $296 million in 2008 to $488 million in 2013. In the survey
carried out by Huisjes et al. [8], it was reported that by the end of the year
2008, about 800 MBR plants with an installed capacity greater than
20m>d™" (industrial applications) and 100 m* d~" (municipal applications)
were commissioned in Europe, of which 566 were built up for industrial appli-
cations and 229 for municipal applications. In the same study, Spain and
Italy were pointed out as the most dynamic countries, since together doubled
the parks of MBR units installed from 2005 to 2008. Indeed, this commercial
success can be explained by MBR numerous advantages such as their
small footprint (expanding an MBR-based treatment plant only requires the
addition of new modules to existing basins, instead of installing another large
clarifier), high-quality effluent (meeting very strict discharge limits
particularly in terms of suspended solid and pathogen elimination), and high
level of automation, being their capital costs comparable to conventional tech-
nologies when both are designed to achieve similar effluent quality [6]. It is
also important to mention their low space requirements, due to the avoidance
of the use of secondary settlers and, therefore, bulking issues. Thus, mem-
brane technology is considered a useful technology for upgrading obsolete
facilities.

In parallel with the gradual implementation of MBRs in the wastewater
market, during the last decade, several studies have reported the worldwide
occurrence of pharmaceutically active compounds (PhACs) in different
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environmental compartments (surface waters, groundwaters, soils, sediments,
etc.). This emerging environmental issue has been widely discussed on a
scientific level, and it is evidently perceived in a comparable way in different
countries. Within the context of the European Water Framework
Directive (Directive 2000/60/EC), which has the aim of achieving a good sta-
tus of all water bodies in Europe for 2015, current legislation is drifting toward
the inclusion of new pollutants in the list of priority substances. More con-
cretely, the inclusion of three pharmaceuticals of concern (diclofenac, estradiol,
and ethinyl estradiol) in the list might imply a paradigm shift in the European
wastewater management due to the substantial changes that many facilities
should undertake in order to comply with the new regulations. For example,
in Germany, the first full-scale applications of suitable technologies for trace
pollutant removal are already being used or are under construction [9] since
conventional water treatment processes were designed to remove organic matter
and nutrients in some cases, but they cannot fully and systematically remove
PhAC:s to a high extent, mainly due to their poor biodegradability. In this con-
text, it is obvious that some of the aforementioned advantages of the MBR tech-
nology, particularly those related to effluent quality, might contribute to
mitigate the continuous release of pharmaceuticals into the aquatic environ-
ment. Consequently, MBRs were soon targeted by researchers within the waste-
water treatment field since it was relevant to assess the influence of some
specific features in order to determine the potential of MBRs for an enhanced
elimination of recalcitrant compounds:

e MBRs allow an accurate control of the sludge retention time (SRT). Previous
works in this line point out that this parameter exerts a significant influence in
the adaptation of the microorganisms to a continuous input of PhACs [10,11].
Longer SRTs would allow the growth of slowly growing bacteria, subse-
quently leading to the formation of a broader ecology of microorganisms with
a wider spectrum of physiological and adaptation characteristics.

e MBRs are normally operated using a high suspended biomass
concentration, which allows a more intense biological treatment within a
reduced space. MBR biomass shows different physical properties com-
pared with CAS, such as higher specific surface area and smaller particle
size. Since biological sludge also acts as a sorbent for some pharmaceuti-
cals, depending on their physicochemical properties (pKa and hydrophobi-
city), an enhanced sorption potential might be expected.

e Although expensive, posttreatment processes have achieved excellent
results eliminating pharmaceuticals from sewage. Increased efficiency might
be expected treating MBR permeate with technologies such as NF, ozona-
tion, or filtration through activated carbon columns due to its significantly
lower number of interfering substances (organic matter, colloids, suspended
solids, etc.). In fact, MBRs can rightly be called the most important pretreat-
ment solution before further advanced treatment [9].
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2 MBRs FOR THE ELIMINATION OF PHARMACEUTICALS:
10 YEARS OF RESEARCH

Considering the aspects indicated, the availability of scientific literature
on this topic has been growing during the last years. This section
synthesizes the research on MBRs applied to remove pharmaceuticals from
wastewater. In particular, we analyze past and current research in the
field, providing a critical review of results attained, operational strategies
adopted by researchers, and MBR configurations employed. Those are crucial
aspects in considering how reliable and representative data are regarding the
potential improved effectiveness of MBRs compared with conventional
approaches.

An extensive survey carried out by Santos et al. [12] analyzes different
topics that constitute the core of the research into MBRs. Briefly, their
research survey was conducted using a web-based search engine, using five
different primary research terms combined with another six secondary terms.
Publications concerning membrane fouling were the most prominent of all
those analyzed, but published studies of micropollutants were the ones
growing faster, this obviously being driven by MBR current market size,
growth projections, and the obvious impact of future regulations. A similar
surveying approach was conducted by Hughes et al. [13], who carried out a
global-scale analysis identifying all studies that had detected pharmaceuticals
in either STP effluent or receiving waters across 41 countries. Their wide
search criteria, also based on a review via a search engine for scientific
literature, yielded more than 18,000 results, and consequently, the study
was further constrained only to common journals, using in the end 236
papers. Obviously, the topic addressed in this chapter represents only a small
picture within the vast number of scientific literature available dealing with
the environmental issue of pharmaceuticals in the water cycle. Nevertheless,
the use of a similar approach has allowed us to identify the most considered
aspects regarding the use of MBRs for pharmaceuticals elimination as well
as current trends and knowledge gaps. The web of knowledge search
engine (http://apps.webofknowledge.com) was used for this survey, consider-
ing the topics “MBR,” “membrane bioreactor,” “pharmaceuticals,” and
PPCPs (Pharmaceutical and Personal Care Products), since pharmaceuticals
are quite often grouped within this category. No restrictions based on time span
were considered for this query, and we only included scientific papers pub-
lished in journals belonging to the Science Citation Index, dismissing technical
reports, short communications, or contributions to conferences. In total, 115
research papers dealing with aspects related to the topic were found and clas-
sified for this review. The first papers were published in 2003, and since then,
their number has been growing exponentially. Obviously, the majority of them
deal with the effectiveness of MBRs at removing different pharmaceutical
compounds. According to the different research lines found on this topic, we
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FIGURE 1 Main topics addressed in the research available on pharmaceuticals removal
by MBRs.

have grouped them into different categories. Figure 1 shows the importance of
each category according to the number of papers available online.

The most numerous studies were those that establish direct comparisons of
the performance of MBRs with other technologies in terms of PhAC removal
and those assessing the fate of different pharmaceuticals in MBRs, under the
influence of different operational parameters. It is particularly interesting to
highlight the growing use of integrated systems combining MBRs with other
approaches (26 papers found), this category being the one that has gained
more relevance in the last 3 years. For this type of works, it is important to
clarify that the terminology employed in the literature is confusing and the
terms “hybrid” or “integrated” are randomly used, very often mixed with
“posttreatment.” In the wastewater treatment field, it can be considered that
a bioreactor is based on a hybrid configuration when a combination of two
or more processes is taking place simultaneously within the same treatment
unit, enhancing the overall quality of treatment thanks to synergistic effects.
Often, this definition includes the involvement of two different types of bio-
mass (suspended and fixed) within the same process.

Actually, MBR process can be considered as hybrid itself, since it com-
bines within the same unit a biological treatment with a filtration step. In this
case, it is obvious that the combination of both processes could provide a
more advantageous treatment. On the contrary, two consecutive processes
placed in a treatment train, for example, MBR followed by a polishing step
using ozonation, should not be considered as a typical hybrid process. There-
fore, we have grouped both types of approaches under the single term
“integrated,” which we consider more appropriate, although the majority of
papers grouped within this category consisted of a further posttreatment of
the MBR permeate. A comparatively lower number of papers classified as
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“various” carried out different approaches, such as the elucidation of bio-
degradation kinetics, role of specific strains of bacteria (nitrifiers in most
cases), studies about sorption and distribution of PhACs in wastewater and
sewage sludge, or the effect of different PhACs on the behavior of microbial
communities. Some studies were mainly focused on the development and vali-
dation of analytical methods for measuring different PhACs in wastewater,
permeate, and sludge, which, in some cases, provided specific insights on the
performance of the MBR used. A similar number of papers studied the overall
performance of MBRs treating hospital wastewater, which is also an interesting
application of the MBR process due to its complexity. For example, Beier
et al. [14] found that 34% of antibiotics found in municipal wastewaters were
originated from a hospital. Five reviews were found, and given the relative nov-
elty of the topic, they were mostly focused on the comparison of data available
for several technologies that provided information on the relevance of the main
removal mechanisms influencing the elimination of PhACs.

In spite of the number of papers published, a general consensus regarding
the reasons and the extent to which MBRs can improve the elimination of
pharmaceuticals compared with conventional systems still has not been
reached. As it will be shown in the following section, comparison between
different studies is difficult due to the substantial differences in terms of oper-
ational parameters and size (lab, pilot, or full-scale), which add more uncer-
tainty to the vast list of issues that researchers face trying to get reliable
and consistent data (different sampling strategies, analytical methods, lack
of reproducibility of results, etc.). A clear example of these challenges can
be found in the calculation methodologies described in Carballa et al. [15]
to perform mass balances of pharmaceuticals and personal care products in
sewage treatment plants. This work showed how the method used for mass
balance calculations (the use of measured data or solid-water distribution
coefficients to calculate concentrations in sludge) could significantly affect
the conclusions concerning the efficiency of a wastewater treatment process.

3 EFFICIENCY OF MBRs TO REMOVE PHARMACEUTICALS
FROM WASTEWATER

During biological treatment, a vast number of factors could affect the process
performance for removal of pharmaceutical compounds. Although their influ-
ence has been widely studied throughout literature, most of studies were
focused on conventional systems. Nevertheless, valuable information can be
extracted from such studies for a better understanding of PhAC elimination
in MBRs. The review of Suarez et al. [16] showed that four main removal
mechanisms govern the elimination of PPCPs during conventional treatment:
volatilization, sorption to solids, biodegradation, and chemical transformation.
Their individual contribution to elimination efficiencies is strongly deter-
mined by the physicochemical properties of each specific PhAC. Given the
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distinctive features of the MBR technology, the assessment of biodegradation
and sorption is particularly interesting to elucidate how the use of membranes
might enhance removal efficiencies.

Biodegradation of PhACs can in principle be driven either by metabolism,
when microbial growth is achieved using the micropollutant as a source of
primary carbon or nutrients, or by cometabolism, which implies that transfor-
mation is carried out by the action of extracellular enzymes produced by the
cells, not leading to cellular growth or energy production [1]. The relevance
of this second pathway might be greater than expected due to higher availabil-
ity of other pollutants in sewage at much higher concentrations, which are
more likely to act as primary substrates. How biodegradation is achieved
might be independent of the technology employed, but in the case of MBRs,
subtle differences might be expected. For example, Jones et al. [17] reported
that systems operating at high SRT, which is a common characteristic of most
MBRs, could favor a higher and less specific enzymatic activity due to the
increased cell lysis.

Sorption takes place by two very different mechanisms: Absorption, which
is strongly dependent on PhAC lipophilicity, is driven by their interactions
with the lipophilic cell membrane of the microorganisms and with the lipid
fractions of the sludge. On the contrary, adsorption proceeds by the electro-
static interactions of positively charged groups of PhACs with the negatively
charged surfaces of microorganism, and thus, it is related to the tendency of a
substance to be ionized in aqueous phase. Since smaller floc sizes and surface
area have been reported for MBR biomass [18], a slightly different behavior
might be expected in terms of sorption potential. The most common approach
to determine the fraction of PhACs sorbed onto solids is the use of solid-water
distribution coefficients (Kg4, in L kg '), whereas biodegradability is estimated
through pseudo first-order degradation kinetics (Ky;io) as shown in Joss
et al. [11]. Apparently, PhnACs with high values of both parameters will be
successfully eliminated during the biological treatment, whereas those com-
pounds presenting low values will not be removed nor biotransformed at a
significant extent. In both situations, the influence of operating parameters
of the plant will be rather limited [16]. Therefore, intermediate situations with
one high value, either K4 or Ky, are of interest for MBRs, due to the afore-
mentioned capacity to operate at extended SRT (a feature typically associated
with high sludge concentrations), independently of the hydraulic retention
time (HRT) applied. Unfortunately, the availability of K4 and K, data spe-
cifically measured for MBRs is extremely scarce. Table 1 classifies PhACs
into four elimination ranges using information gathered from a selection of
16 research papers focused on MBR technology, also showing Ky, and Ky
data. Since there are potentially hundreds of pharmaceutical compounds pres-
ent in the aquatic environment, for the purposes of this chapter, we con-
strained the selection of substances of interest to 12 representative PhACs
from five therapeutic classes. The selection was based on the following



TABLE 1 Efficiency of PhAC Removal in MBRs According to the Reviewed Papers

Elimination Range (%)

Therapeutic Group ~ PhACs Acronym Kbpiol Kq 0-20 20-50 50-80 80-100 References
Antibiotics Erythromycin ERY 0.31 10.2 0 0 1 2 [20-22]
Roxithromycin RXT 0.51 21.8 0 0 4 1 [20,22-24]
Sulfamethoxazole ~ SMX 0.3 8.6 0 0 5 1 [20,22-26]
Trimethoprim TMP 0.05 25.4 1 2 0 3 [20-24,26]
Antidepressant Fluoxetine FLX 1.98 355 1 0 0 1 [20,26]
Antiepileptic Carbamazepine CBz 0.00 <2.7 6 2 1 0 [20-23,25-28]
Anti-inflammatories Diclofenac DCF <0.10 78.5 5 4 0 0 [20,22-24,26,28-31]
Ibuprofen IBP 38.07 112 0 0 0 8 [20,22,23,26,28,29,31,32]
Naproxen NPX 4.23 35.5 0 0 4 4 [20,22-24,26,29,31,32]
Hormones Estradiol E2 800 250-630 O 1 0 3 [21,26,27,33]
Ethinyl estradiol EE2 8 316-630 O 1 0 5 [21,23,27,33-35]
Tranquilizer Diazepam DZP 0 32.4 2 1 0 0 [20,22,26]

Kiiol (L (g VSS d)"Hand Ky (L kg™"). Data in italics belong to CAS systems.

Data were obtained from [11,16,19] and removal data were from references shown on the table.
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criteria: to consider a wide range of substances found at measurable levels in
STP effluents, with high prescription rates and belonging to different thera-
peutic groups. Simultaneously, it was preferred to work with substances com-
prising different physicochemical properties and therefore behavior/fate
throughout sewage treatment processes and with an availability of reliable
analytical methods to detect them in complex matrices such as wastewater.

Although the fate and behavior of PhACs during MBR treatment is the
main aspect addressed in the reviewed papers, some of them also provide
information on the assessment of operating conditions (pH, temperature,
MLSS concentration, HRT, and SRT), elucidation of removal mechanisms,
and other relevant findings, as shown in Table 2.

From Table 1, it can be seen that IBP was the PhAC most efficiently trans-
formed in MBRs closely followed by NPX, in good agreement with their
reported Ky and Ky values. E2, EE2, and ERY were also easily removed
PhACs (although the availability of information was slightly limited for E2
and ERY), showing a consistent trend among different studies. It is interesting
to highlight that, in spite of similar removal efficiencies, their behavior is sub-
stantially different. According to both constants, E2 and EE2 removal is
mainly driven by sorption, whereas ERY is biologically transformed. There-
fore, it is expected that operation parameters might influence differently the
extent of their elimination. Data available for CBZ are fairly consistent and
well correlated with Ky, and Ky and show the opposite fate, with very poor
eliminations reported. DZP and DCF eliminations are similarly low. The
availability of data was again limited for DZP, although the range of elimina-
tions reported is again in good agreement with kinetic and sorption data. In
the case of DCF, the extent of its removal ranges from 0 to 50%. This high
variability can be attributed to its moderate sorption behavior and low biode-
gradability, which might enhance or reduce its removal depending on MBR
operating conditions. TMP also shows the same variability, which also con-
firms the importance of varying operational aspects on its removal. RXT
and SMX show low to moderate Ky;, and Ky. Accordingly, most of the
reviewed papers placed its removal in the 50-80% range. Data available for
FLX were scarce (two papers) and contradictory (lowest and highest range
of removal reported). The fate and behavior of this compound should be con-
sidered for future studies in MBRs. However, according to Ky, (moderate)
and Ky (high), its elimination should be placed in the upper range.

From this assessment, it can be stated that the fate of recalcitrant or easily
transformed pharmaceuticals in MBRs has been well elucidated, and further
research efforts on this topic should shift toward other aspects. In the case
of easily removed PhACs, the fate of their generated degradates during the
treatment should be assessed as well. For recalcitrant PhACs, the exploration
of new approaches based on integrated configurations is indeed the key to find
feasible mitigation options. However, the optimization of operating para-
meters and the elucidation of other aspects that might help to understand



TABLE 2 Characteristics and Operating Conditions Applied in the MBRs Assessed for PhAC Elimination

plate membranes
made of chlorinated
polyethylene

estradiol using a nitrifier
enrichment culture

SRT VSS
Configuration Topics Covered Scale Feeding HRT (h) (days) Redox (gL ") References
Two MBRs hollow- Fate study relating Pilot Real 9 - Aerobic 10 Kimura et al. [20]
fiber submerged MF  removal with the
membranes chemical structure
Submerged plate Identification of Lab Real 8.8-10 37 Aerobic 20-30 Quintana
module (MF) microbial metabolites et al. [21]
Four flat-sheet Fate and behavior of Lab Synthetic 15 25 Aerobic 8 Cirja et al. [33]
submerged modules  two differently
(MF) radiolabeled forms of
ethinyl estradiol
Hollow-fiber Assessment of Pilot Synthetic 12 44-72 Aerobic 8 Reif et al. [34]
submerged UF membrane module
module performance
Submerged hollow- Influence of adaptation,  Lab Synthetic 1-8 Extended Aerobic 2.3-4.6  Boetal. [27]
fiber (MF) pH, and HRT
Submerged Decentralized Full Real 3.4/6.3 150/100 An-Anox—  3.8/6.2  Abegglen
wastewater treatment Aerob et al. [29]
using a single-house
MBR
Three submerged Degradation of ethinyl Lab Synthetic 0.6-96 Extended Aerobic 0.1-0.7  De Gusseme

et al. [23]

o

/

Continued



TABLE 2 Characteristics and Operating Conditions Applied in the MBRs Assessed for PhAC Elimination—Cont'd

(UF)

and naproxen

SRT VSS

Configuration Topics Covered Scale Feeding HRT (h) (days) Redox (g L References
Submerged hollow- Use of a full-scale Full Real 12 20 An—-Anox— 11.5 Xue et al. [30]
fiber PVDF multiredox system. Aerob
membranes (UF) Adsorption/

biodegradation kinetics
Submerged hollow- Relevance of adsorption  Pilot Real 9 50 Aerobic 5-6.3 Dialynas
fiber (UF) and biodegradation et al. [24]

mechanisms
Six flat-sheet Use of isotopically Lab Synthetic 8 28 Aerobic 10 Bouju et al. [31]
submerged modules  labeled diclofenac and
(MF) metabolites
Three submerged Fate and distribution of ~ Lab Synthetic 7-12 35-95 Aerobic 5-8 Estrada-Arriaga
polysulfone estrogens between the et al. [35]
membranes (UF) solid and liquid phases
Two hollow-fiber Enantiospecific fate of Lab Synthetic 24 70 Aerobic 8.6-10  Hashim
submerged modules  ibuprofen, ketoprofen et al. [22]

N




Submerged hollow- Study of CBZ Lab Synthetic 24 Extended Anox/ 10.5 Hai et al. [28]
fiber (MF) degradation in anoxic Aerob
conditions
Hollow-fiber Efficiency of two MBRs  Pilot Real 9-13 15and 30 - 12 Schroeder
modules (UF) operated at different et al. [25]
SRTs
Submerged hollow- Decentralized MBR to Full Real 24 10-15 Anox/ 7.5-8.5  Trinh et al. [32]
fiber (UF) characterize the Aerob
removal of 48 trace
organics
Submerged hollow- Estimation of Kio, Ky Pilot Real 24 125 Aerobic 4.3 Fernandez-
fiber (UF) and liquid-solid Fontaina
partition coefficients for et al. [19]

10 PhACs in an SBR and
an MBR
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how MBRs can help to attenuate the release of PhACs in the aquatic environ-
ment should still be assessed for those compounds of moderate biodegradabil-
ity and/or sorption potential.

Table 2 provides relevant information from the selected studies regarding
different parameters applied, type of MBR used, and main topics covered. It
can be observed that many papers studied the performance MBRs operated
at lab scale and using synthetic feeding. Although the information that can
be obtained from those experiments is indeed valuable to provide a better
understanding of some specific characteristics of this technology, they do
not necessarily reflect the real situation at full scale. Considering that nowa-
days it is easier to find full-scale facilities implementing MBR technology,
further research should fill this gap. A careful revision of Table 2 illustrates
one of the main drawbacks that researchers face trying to find conclusive
information: a considerably high uncertainty, since available data are sub-
jected to the influence of a large set of variables (scale factor, applied condi-
tions, experimental designs, configurations, sewage characteristics, sampling
strategies, analytical uncertainty, etc.). Accordingly, this leads to a high varia-
bility on the removal data found for specific PhACs.

3.1 Relevance of Operational Parameters and Other Factors

3.1.1 Hydraulic Retention Time

HRT indicates the mean residence time of the wastewater within a biological
reactor, thus determining the contact time between the pollutant and the
microorganisms. The HRT usually applied for conventional processes ranges
from 5 to 24 h. According to Table 2, MBRs usually apply a similar range,
and theoretically, conclusions from studies testing different HRTs should
not vary when compared to those obtained from conventional systems. Never-
theless, the relevance of this parameter on the elimination of pharmaceuticals
is not completely elucidated yet, although it is suspected that a minimum HRT
is needed to accomplish the complete removal of a specific pollutant. This
minimum value might vary depending on the biodegradability of each pollut-
ant and other operating conditions, which also influence the reaction kinetics
(e.g., temperature). For example, Bo et al. [27] showed low or no influence of
different HRTs (1 day, 3 days, and 8 h) tested in an MBR for removal of ibu-
profen, carbamazepine, and diclofenac, whereas Tauxe-Wuersch et al. [26]
determined the influence of HRT on the removal of acidic drugs in full-scale
conventional plants, showing a different behavior of ibuprofen, with efficien-
cies varying from 0% to 79% depending on the HRT. Apparently, a correla-
tion was obtained indicating that an increased HRT resulted in higher
ibuprofen degradation. Abegglen et al. [29] indicated that this parameter
might influence the efficiencies to a certain extent in MBRs, but only for
compounds of moderate biodegradability with the premise of operating at
long SRT.
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3.1.2 Sludge Retention Time

SRT determines the mean residence time that bacteria remain inside a
biological reactor and greatly affects the development of microbial diversity.
Different studies have shown that the SRT of biological reactors may influ-
ence the removal efficiency of degradable pharmaceuticals such as ibuprofen,
naproxen, or ethinyl estradiol [10,36]. In general, a critical value of 10 days
has been observed to exert a positive effect on their removal, which is in good
correlation with the minimum SRT of 10-15 days proposed as necessary to
ensure the development of a diverse biocenosis able to achieve nitrification,
denitrification, and phosphorus removal. The development of an enriched
nitrifier population, typically associated with longer SRTs, can enhance the
elimination of some specific PhACs. For example, De Geusseme et al. [23]
found high elimination of ethinyl estradiol in an MBR using a nitrifier
enrichment culture. Moreover, a linear relationship between specific micro-
pollutant biodegradation rate and the nitrification rate was found in an
enriched nitrifying bioreactor [19]. Often, MBRs are operated with extended
values of SRT, which implies no sludge withdrawal from the bioreactor. Les-
jean et al. [37] observed a substantial higher elimination of PhACs operating
at SRT =26 days than at 8 days. Apparently, once the growth of bacteria
involved in the treatment process is ensured, SRTs longer than 20 days might
not further enhance micropollutant removal [10]. Again, the literature shows
some contradictions, since other studies have shown that SRTs longer than
2 months can improve the removal efficiencies for compounds such as
mefenamic acid, indomethacin, and diclofenac [38]. Therefore, it is not
easy to extract further conclusions comparing different works due to the
aforementioned variability of conditions (from 10 days to extended). Since
SRT has been pointed out as the most influential parameter on PhAC removal
and is easy to modify in an MBR, its influence will be explained in detail in a
subsequent section of this chapter, showing the operation of a parallel-
operated MBR—CAS system, under strictly similar conditions.

3.1.3 Redox Conditions

Table 2 shows that most of the MBR studies were carried out in aerobic con-
ditions, which are supposed to be adequate to maximize pharmaceuticals
removal. However, specific compounds might be better removed by incorpor-
ating varying redox conditions such as anoxic or anaerobic stages within
the same process, as shown in Joss et al. [39]. A study carried out in lab-
scale CAS by Suarez et al. [40] showed that fluoxetine and estradiol were
transformed to a large extent (>65%) under anoxic conditions, whereas
carbamazepine, diazepam, sulfamethoxazole, and trimethoprim were not
biodegraded. The number of studies testing anoxic/anaerobic conditions in
MBRs is particularly scarce, although it is possible to find some examples.
In Abargues et al. [41], the elimination of hormones and nonionic surfactants
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was tested in an anaerobic MBR and compared versus an aerobic conven-
tional plant and an MBR. The three systems were similarly effective in
removing hormones, and the main differences were found for surfactants. In
this case, anaerobic conditions proved to be less favorable for surfactant deg-
radation. Hai et al. [28] found that near-anoxic conditions (dissolved oxygen
of about 0.5 mg L") were a favorable operating regime for removal of carba-
mazepine by MBR treatment, which is in contradiction with the aforemen-
tioned data from Suarez et al. [40]. Considering this, it is obvious that the
influence of different redox conditions has not been sufficiently studied in
MBRs and should deserve further attention.

3.1.4 Biomass Characteristics

The MBR biological sludge characteristics experience changes during the
operation due to factors such as the complete retention of solids inside the
bioreactor, extended SRT operation, or the effect of the membrane filtration
process [42]. Early studies on MBR biomass properties were carried out to
extend the understanding of membrane-fouling mechanisms, considered a sig-
nificant drawback for MBR implementation. For example, Massé et al. [18]
found different structural conformations of biomass in MBRs, which influ-
ence its settling properties. Other differences were found for properties such
as the specific cake resistance, floc size, viscosity, hydrophobicity, and sur-
face charge [43-45].

As an example, Figure 2 shows the morphology of MBR and CAS sludge
using a scanning electron microscope. The sludge structure observed con-
sisted of compact and well-defined macroflocs, but it illustrates important dif-
ferences between both morphologies. Focusing on the influence of these
aspects on PhACs, Kimura et al. [46] found larger specific sorption capacities
for diclofenac during batch experiments with MBR sludge. It was hypothe-
sized that MBR sludge also had a larger specific surface area. However, in
Cirja et al. [47], it is mentioned that some enzymatic activities increase

“ -. we 1

FIGURE 2 SEM scans obtained with biomass from (A) MBR and (B) CAS.
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proportionally to the higher specific surface area of the floc structure. Accord-
ing to this, the smaller particle sizes usually found in MBR sludge might favor
reactive processes as well. However, all these explanations are highly specu-
lative, and there is little conclusive research to support a link between sludge
surface area and sorption potential. To date, only a few works have estimated
sorption coefficients for both CAS and MBR systems. Radjenovic et al. [38]
compared the sorption of various pharmaceuticals using sludge from two
MBRs (operated at extended SRT) and one CAS. Apparently, PhACs tended
to sorb less onto the aged MBR sludge compared with primary and CAS
sludge, and it was pointed out that such results were likely due to a higher bio-
degradation potential in MBR biomass rather than to a diminished sorption
potential. However, most of the studied PhACs in that work had low tendency
to be associated with the particulate phase based on their estimated distribution
coefficients (K4). As a consequence, sorption was found to be a minor removal
pathway. Yi et al. [48] determined Ky values of 0.33-0.57 L g™, equal to or
larger than those of a CAS (0.25-0.33 L g~ ') for ethinyl estradiol. In this case,
a clear correlation between biomass characteristics and sorption potential was
found. Interestingly, the modification of the SRT was not considered an
effective strategy to modify the particle size. Li et al. [49] carried out experi-
ments with MBR and CAS lab-scale bioreactors fed with synthetic feeding
spiked with ethinyl estradiol to investigate its removal, mineralization, and
bioincorporation. Similar parameters were simultaneously applied in both
systems (HRT of 12h and SRT of 20 days). The K, of ethinyl estradiol
determined for an MBR sludge was 0.64 L g~ ', which was higher than the
value of 0.52 L g~' found in the CAS. Although a different sorption potential
was observed, it was only relevant at EE2 concentrations >50 ug L~". It
appears that further research in more realistic conditions is still required to
understand how MBRs might enhance the removal of PhACs undergoing a
sorption mechanism.

3.1.5 Membrane Filtration Step: Role of pH and Natural
Organic Matter

Only few studies were focused on the influence of the membrane filtration
step on PhAC removal (Table 2). Often, researchers point out that the rejec-
tion mechanism due to size exclusion is not expected. This hypothesis is
based on the pore size of the UF or MF membranes (ranging between
50 and 10,000 nm for MF and 1 and 100 nm for UF), substantially larger than
the average pharmaceuticals MWCO. For example, Yoon et al. [50] men-
tioned that pollutants of molecular weight lower than 400 g mol " cannot be
retained even by the lowest MWCO membranes. In Table 2, we observe that
both types of membranes (MF and UF) are indistinctly used for this type of
research studies. However, the trend for wastewater treatment applications
is to focus onto UF modules, due to a key advantage: they are able to remove
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bacteria and most viruses, providing the treatment with an additional disinfec-
tion step. Since the hypothesis based on molecular sizes is commonly
accepted, few studies have compared levels of pharmaceuticals present on
the mixed liquor compared with levels found in permeate, discarding other
feasible interactions that might exert influence on the removal of pharmaceu-
ticals. For example, in Semido et al. [1], it is highlighted that membrane
adsorption might be relevant to compounds such as hormones, although sorp-
tion capacity of the membrane might be easily exhausted once adsorption sites
saturate. Indeed, this situation might occur easily during the sewage treatment
process, due to the large number of compounds present in the mixed liquor
(extracellular polymeric substances, proteins, colloids, etc.). It is also men-
tioned that the development of a fouling layer onto the membrane surface
might alter its MWCO, making this layer able to provide partial rejection of
macromolecular organic carbon to which some pharmaceuticals are adsorbed
to. Other factors such as pH [51] and the presence of natural organic mat-
ter [52] might also exert a high influence on observed retentions. More specif-
ically, pH can promote or decrease sorption through the formation of
H-bonds, whereas natural organic matter can acts as a competitor decreasing
available sorption sites. Bouju et al. [31] provide a deeper insight on this mat-
ter thanks to the use of isotopically labeled compounds. This novel methodol-
ogy can help to identify PhACs sorbed onto the membrane surface and/or
sludge. In the aforementioned paper, the fate of diclofenac and its most rele-
vant human metabolite, 4’-hydroxydiclofenac, was assessed in an MBR. Spik-
ing with a single pulse of '*C-radiolabeled diclofenac, they could demonstrate
that the presence of this compound onto the membrane surface was negligible.
However, diclofenac is not characterized by a high sorption potential. In this
sense, a wider number of PhACs, particularly those with more hydrophobic
characteristics (e.g., azithromycin, with a K, =4), should be assessed in fur-
ther works. Of course, the use of other types of membranes (NF or RO) has
provided quite better results in terms of pharmaceuticals rejection and water
quality in general, but their use is usually restricted to polishing applications
or drinking water production.

3.2 Innovative Hybrid Configurations Using Activated Carbon

From the analysis of the available data, it is obvious that MBRs cannot
provide a complete elimination of the load of pharmaceuticals present in
wastewater. As a consequence, new studies appeared during the last few years
attempting to overcome this limitation with other approaches, many of them
based on a further posttreatment of the MBR permeate with integrated
systems (Figure 1). Since the wuse of such alternatives (ozonation,
advanced oxidation processes, and the use of NF and RO membranes) has
shown great effectiveness improving the removal efficiency of different
PhACs, they will be particularly addressed in Chapters 10 and 11 of this book.
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Therefore, the emphasis of this section will be put on systems integrating
MBR treatment and sorption onto activated carbon, which have shown
promising results.

The use of activated carbon for removing specific pharmaceuticals
has been widely studied, showing its usefulness to mitigate their release.
Baumgarten et al. [53] studied the elimination of antibiotics from MBR
permeate dosing different amounts of powdered activated carbon (PAC),
showing an increased elimination with a parallel increase of PAC dosage.
Nguyen et al. [54] used an integrated system consisting of a lab-scale MBR
treating synthetic sewage followed by a column filled with granular activated
carbon (GAC), where the MBR permeate was pumped in an upflow mode.
The GAC posttreatment led to a substantial increase in the removal of carba-
mazepine and diclofenac among other compounds, in spite of their moderate
hydrophobicity. Mechanisms highlighted to explain the high removal
achieved were ion exchange, surface complexation, and hydrogen bonding.
In parallel, new research studies are starting to show the advantage of seeding
the mixed liquor with adsorbents, in a similar manner to the use of charcoal
amendments for sediment and soil bioremediation, and it has been demon-
strated that direct PAC addition into the MBR mixed liquor can also lead to
increased retention of pharmaceuticals. In this sense, the MBRs are particu-
larly useful since the sorbent can be successfully separated from the treated
permeate thanks to the filtration step. A first approach of this strategy was
described by Guo et al. [55], although in this case the use of this type of
amendments was studied in relation to membrane-fouling mitigation, since
the activated carbon might have additional benefits for the membrane perfor-
mance and integrity, facilitating the operation with a sustainable transmem-
brane pressure. Li et al. [56] found improved removal of sulfamethoxazole
and carbamazepine by a PAC-amended MBR system. The removal of these
compounds was dependent on their hydrophobicity and loading as well as
the PAC dosage, achieving maximum removal efficiencies for sulfamethoxa-
zole and carbamazepine of 82% and 92%, respectively. However, to maintain
such eliminations, the application of a high PAC dosage (1 g L") was imper-
ative to sustain the high micropollutant loading, which suggests a quick deple-
tion of available sorption sites due to the high pharmaceutical concentration in
the synthetic sewage (750 ug L™"). A similar PAC dose was applied by Ser-
rano et al. [57] in a sequential MBR treating synthetic sewage spiked with
nine PhACs. After a single addition of PAC directly into the aeration tank,
the more recalcitrant PPCPs carbamazepine, diazepam, diclofenac, and tri-
methoprim reached removal efficiencies in the range of 93-99%. A very
recent study [58] compares the performance of both approaches (GAC post-
treatment vs. PAC addition). Both strategies were successful for complement-
ing MBR treatment to obtain high overall elimination of biologically resistant
PhACs, although PAC addition was more efficient since it showed improved
efficiency in terms of activated carbon consumption. Therefore, the next steps
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should involve the optimization of the PAC dose considering the use of real
wastewater and a more complete assessment of the effects of PAC addition
on membrane module performance.

3.3 Comparison with Conventional Processes

3.3.1 Compilation of Removal Efficiencies from the Literature

Figure 1 shows that the number of papers devoted to a direct comparison
between CAS and MBR systems in terms of PhAC removal is prominent com-
pared with other type of approaches. The main conclusion tends to be com-
mon in most of them: MBRs show improved performance eliminating
PhACs. This can be easily confirmed by analyzing review papers, which han-
dled a large quantity of data. For example, in Omil et al. [1], it is mentioned
that reported eliminations in comparison studies tend to be higher for MBRs
(>25%), although this increase might be attributed mainly to the optimum
conditions set in those systems, more specifically the SRT. The recent review
of Verlicchi et al. [59] presented data pertaining to 244 CAS systems and
20 pilot-scale MBRs. Although this vast compilation confirmed that there is
a high variability range, the observed trend also confirms that MBRs guaran-
tee higher removal efficiencies for some PhACs, apart from a better permeate
quality. Similar conclusions are found in the review of Sipma et al. [60],
which used a similar approach to compare data from both technologies and
concluded that MBRs seem to be superior for most pharmaceuticals of mod-
erate biodegradability, but not for those that are well degradable or resistant
to biological treatment. However, it is obvious that the data available need
more precise and critical assessment. In this sense, the high variability of
the removal efficiencies observed for many PhACs constitutes a major draw-
back in understanding how MBRs outperform conventional systems. It is also
difficult to gather reliable conclusions when data reviewed do not belong to
research specifically carried out to compare both technologies. Although the
premise of analyzing a large set of data from MBRs and CAS using statistical
tools might be valid, the number of papers dealing with MBRs is compara-
tively low, and there are even less papers devoted to carrying out direct
MBR-CAS comparisons. Therefore, this section analyzes removal data gath-
ered from a more limited number of research papers (16), which carried out a
direct comparison between simultaneously operated bioreactors. The average
removal efficiencies from those studies are summarized in Figure 3, which
complements Tables 3 and 4, where more detailed information is provided.
The availability of data for FLX and DZP was fairly limited, which explain
their low variability shown in the figure. In fact, the few data available for
DZP in other types of studies reveal that it is a recalcitrant compound,
although in Martin Ruel et al. [68], an efficiency of 80% was achieved. In this
comparison, it can be clearly observed that with no exception, MBR
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FIGURE 3 Average CAS and MBR removal efficiencies estimated from 16 selected publications.

performance is slightly or substantially better than that of CAS. Analyzing the
different conclusions found in the assessed papers, the high SRT used in
MBRs is pointed out as the main reason explaining the observed differences.
However, other feasible explanations are frequently mentioned throughout the
literature, most of them related to sludge characteristics.

As shown in Tables 3 and 4, in most cases, the works consisted in a simul-
taneous operation of two reactors using the same feeding. Although this
approach is indeed correct, we consider that a more adequate comparison in
terms of overall performance should be carried out operating both systems
at their maximum capacity, which might not be true in many tested CAS sys-
tems. Moreover, many studies were carried out comparing pilot- or lab-scale
MBRs with full-scale sewage treatment works already in operation. Those
full-scale facilities are not easily controllable for developing accurate sam-
pling strategies and long-term experiments, and their operation is not fully
devoted to the purposes of this type of research. These points should be con-
sidered for further experimentation, not only aiming at identifying more
unequivocally the potential strengths of the MBR technology those associated
with the high SRT or MLSS concentrations achieved but also showing how
the appropriate operation of CAS systems might enhance the elimination of
many PhACs. In Tables 3 and 4, it can be observed that only three papers
assessed systems operated in similar conditions. In order to gain a deeper
knowledge on this topic, the direct operation of parallel systems under strictly
similar operating conditions trying to attain the maximum capacity of each is
strongly advised.



TABLE 3 Comparative Performance of MBR-CAS Systems for PhAC Removal (Eliminations Observed)

Removal (%)

Removal (%)

Removal (%)

PhAC MBR CAS References PhAC MBR CAS References PhAC MBR CAS References
ROX 0/34/73 0/44/41 [10] CBz 12/44/0 14/0/0 [10] IBP 98/99/97 100/100/99 [10]
68 80 [61] 13 7 [62] 99 97 [62]
SMX 61 65 [10] 0 0 [63] 95/98 98 [46]
60 56 [63] 3 10 [64] 100 82 [63]
75 0-66 [65] 0 0 [66] 83/98 50/70/90 [67]
88 52 [68] 51/32 67 [69] 84/82 88 [69]
70 52 [61] DCF 0/51/33 53/63/47 [10] NPX 96 64 [46]
100 - [69] 58 24 [62] 99 85 [63]
52/55 46 [70] 51/82 42 [46] 57/83/69 5/38/69 [67]
TMP 97 29 [64] 87 50 [63] 97/95/99 97 [69]
95 0-49 [65] 8 0 [71] E2 >41 >41 [65]
99 45 [61] 78 8 [64] 98 98 [72]
53-98 0-77 [66] 58 9 [68] 88 92 [69]
EE2 >92 >92 [65] 0/58/77 0/87/71 [67] 99 99 [73]
52-76 30-68 [49] 61 37 [66] ERY 67 24 [63]
67 42 [72] 88/76/91 92 [69] 61 71 [61]
80/83 49 [69] FLX 80 50 [68] DzpP 82 0 [68]
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TABLE 4 Comparative Performance of MBR-CAS Systems for PhAC
Removal (References Used and Additional Comments)

Parallel

References Operation Comments

Claraetal. [10]  No SRT was pointed out as the main influencing
parameter

Bernhard No Improved adaptation rates resulting from SRT

et al. [62] above 14 days

Kimura No Two MBRs operated at different SRTs

et al. [46]
Larger adsorption capacity of MBR sludge for DCF

Radjenovic No Greater fluctuations observed in CAS

et al. [63]
CAS removal more sensitive to changes in
operating conditions

De Wever Yes High SRT achieved also in CAS (>100 days)

et al. [71]
Reduced lag phases and stronger memory effect for
the MBR

Celiz et al. [64]  No Development of an analytical method

Le-Minh No Full-scale conventional system with MBR added as

et al. [65] sidestream

Martin Ruel No Wide study comparing six CAS, one MBR and six

et al. [68] tertiary treatment technologies
MBR showed increased efficiency (average 20%
for 22 compounds)

Reif et al. [67] Yes Smaller particle size was found in the MBR
MBR showed better performance than CAS at low
SRT (6 days)

Sahar et al. [61]  No Comparison of CAS+UF (full-scale) and a pilot-
scale MBR
The incorporation of UF after CAS improved the
antibiotics removal
Biofilm formed on membrane might explain the
enhanced removal

Sui et al. [66] No Study of seasonal variations in full-scale facilities
MBR was less susceptible to ambient temperatures
and operational perturbations

-

Continued
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TABLE 4 Comparative Performance of MBR-CAS Systems for PhAC
Removal (References Used and Additional Comments)—Cont'd
Parallel
References Operation Comments
Yi et al. [49] Yes Enhanced EE2 removal in the MBR at high
concentrations (300-500 pg L™")
Similar removal when the influent EE2
concentration was 24.5 pg L™
Zhou et al. [72]  No Lab-scale MBR compared with a sequencing batch
reactor (SBR)
Critical SRT of 10 days (minimum) for an efficient
EDC removal
Camacho- No Comparison of different MBR configurations/
Mufioz modules with CAS
et al. [69]
Unusually high removal of DCF and even for CBZ
after RO treatment
Low differences between the three systems
Garcia Galan No Two pilot-scale MBRs with different submerged
et al. [70] modules compared with a CAS
Low amount of sulfonamide antibiotics (<3%) on
digested sludge
Lopez- Yes SRT >10 days is enough for efficient E2 removal in
Fernandez both MBR and CAS systems
et al. [73]
-

3.3.2 Demonstration of a Case Study: Parallel Operation
of CAS and MBR Systems

In this section, the performance of two parallel-operated systems, a pilot-scale
MBR and a lab-scale activated sludge unit, was compared in terms of PhAC
removal (Figure 4). This study was intended to truly simulate the operation
of both technologies in the conditions applied in full-scale facilities, strictly
monitoring their main operational parameters (sludge concentration, HRT,
SRT, pH, and temperature) in order to ensure that they were maintained at
similar values in both bioreactors. Feeding consisted of municipal wastewater
spiked with PhACs in concentrations within their environmental range
(1-10 pg L™"). The impact of a substantial SRT decrease was assessed, and
the particle size of the biomass present in both systems was also monitored.
The setup for the development of this study was located at the premises of
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FIGURE 4 Flow diagram of the setup to compare the performance of CAS and MBRs for PhAC
removal.

a municipal WWTP. It consisted of a primary settling step followed by a mix-
ing tank where PPCPs were continuously spiked. The biomass was completely
adapted to a continuous input of PhACs, since the MBR was previously oper-
ated and fed with the same spiked sewage during an extended period
(>1 year) and was used as inoculum to start up the parallel CAS bioreactor.
An additional PhAC, the antidepressant citalopram (CTL), was also consid-
ered in this study. Initially, SRT was set at a long value, above 20 days, high
enough to guarantee a successful nitrification in both systems. After 5 months
of operation, sludge was steadily removed from both systems in a daily basis,
until SRT <8 days (low) was achieved. Figure 5 shows the comparison of
removal data under these conditions. No strong differences were found
between both systems for any of the studied PhACs during the operation at
high SRT. Interestingly, slightly higher removals were observed in the CAS,
especially for DCF, for which eliminations were 20% in the MBR versus
45% in the CAS, SMX (42% vs. 66%), and TMP (65% vs. 82%). After
decreasing the SRT, the removal efficiency of many substances was severely
reduced, more intensely in the case of the CAS. The elimination of IBP and
E2 was always higher than 85% in both systems and the variation of SRT
did not affect its removal from sewage to any significant extent. The biode-
gradability of NPX is moderate and consequently its removal can be particu-
larly affected by operating conditions and factors such as microorganism’s
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FIGURE 5 PhAC elimination in a CAS and an MBR system at high and low SRTs.
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adaptation [1]. In this study, its removal slightly decreased in the MBR after
changing the SRT, whereas in the CAS, the reduction was much more signifi-
cant (—78%). In the case of DCEF, its recalcitrant characteristics have been
well documented in the literature [10,62,74], although some works have also
reported high removals during conventional treatment [63,75]. In fact, data
previously presented on Figure 3 show an average efficiency of 60% in
MBRs. Nevertheless, at low SRT, its elimination decreased to 20% in the
MBR and completely stopped in the CAS. The fate of DZP was fairly similar
in both systems. Its efficiency was the lowest among the PhACs considered in
this study and only slightly decreased at low SRT. This might be expected for
recalcitrant compounds, since this type of behavior entails that the biological
performance of the system will exert neither positive nor negative impact on
its removal. Figure 3 shows that CBZ is similarly persistent. In our experi-
ments, its removal was similarly poor, although experiencing a minor increase
in the MBR at low SRT (4+9%), whereas the CAS showed a reduction
of —14%. Antibiotics (SMX, ERY, ROX, and TMP) elimination ranged from
moderate to high, in good agreement with the reviewed literature. At low
SRT, eliminations abruptly stopped in the CAS and decreased moderately
(—=20% to —30%) in the MBR, with the exception of TMP, whose removal
slightly increased in the MBR, in a similar manner to CBZ. Previous research
linked the presence of nitrifying bacteria with the removal of TMP [76,77],
being this information fairly consistent with the results from the CAS, but not
from the MBR. This finding is interesting, since it has been already mentioned
that MBRs can be less susceptible to operational perturbations [66], which can
explain the trend followed by most of the considered PhACs. The hormone EE2
showed a moderate impact after reducing the SRT (—21% and —26% for the
MBR and CAS, respectively), with slightly improved efficiencies in the
CAS. In a similar manner to TMP, nitrification during an aerobic process
appears to be positive for EE2 removal, although observed efficiencies did
not experience a dramatic decrease. Estrogens have also shown a moderate
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tendency to partition onto the sludge. As estimated by Suarez et al. [16],
33-64% of these compounds are sorbed onto sludge in a CAS process, and
this additional removal might attenuate the lower biodegradation due to
decreased SRT. Antidepressants FLX and CTL were the only substances whose
elimination was strongly affected at low SRT also in the MBR. In the CAS, the
elimination of FLX remained almost unchanged at low SRT and completely
stopped in the case of CTL. To our knowledge, there are few studies regarding
the behavior of both compounds during conventional or modern sewage treat-
ment, although there is increasing evidence regarding FLX tendency to parti-
tion onto sludge [78]. Fernandez-Fontaina et al. [19] also found moderate
Kyio1 values for this compound, which might explain the influence of SRT on
its elimination, although it is unclear why the CAS removal was unaffected.
Since the behavior of some PhACs (more specifically CBZ, DCF, IBP, and
NPX) during MBR and CAS treatment has been widely studied, further
research in this topic should consider other pharmaceuticals of concern, such
as the aforementioned antidepressants.

Considering the possible influence of sorption on the removal of specific
compounds, it was also interesting to corroborate that biomass properties were
modified during the operation of both bioreactors. Therefore, the particle size
distribution was determined and compared along the operational period
(Figure 6). This was particularly interesting in this study, since normally MBRs
are inoculated with CAS biomass and, afterward, some of its characteristics
evolve during operation. In this work, the opposite strategy was followed
(CAS inoculated with MBR biomass). The first measurements of the particle
size were performed after the starting up of the CAS, when biomass properties
were similar to the ones of the MBR sludge. Median values were 34.8 and
47.1 pm for the MBR and CAS, respectively. Interestingly, the CAS median
particle size increased with operation time, until typical value for conven-
tional [18] was achieved. In this sense, after more than 6 months of operation,
median values of CAS biomass particle size almost doubled those measured in
the MBR (74.2 and 134.2 pm, respectively). According to Masse et al. [18], the
decreased floc size may also be associated with a more compact floc structure,
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FIGURE 6 Particle size distribution for (A) MBR and (B) CAS biomass after 6 months of
operation.
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due to fact that small particles (dispersed bacteria and small colonies) have a
higher density than the large flocs, with more bridging between biopolymers.
Wisniewski et al. [79] found that the tangential flow along the membrane is a
relevant factor that contributes to increase the shear stress, inducing changes
in the settleability of the sludge. Since the operational parameters were similar
in the studied bioreactors, these characteristics might explain at a certain extent
the different performance in terms of PhAC elimination, although further
research is essential to provide conclusive information.

4 CONCLUSIONS

Concerning PhAC removal, the main characteristics of the operation of MBRs
are their ability to operate with higher biomass concentrations, longer SRTs,
and the generation of a final permeate with very low concentration of solids.
Operation at long SRT may favor a higher and less specific enzymatic activity
due to the increased cell lysis and the development of a broader biocenosis,
leading to an improved adaptation and less susceptibility to operational per-
turbations. However, the extent to which these factors might enhance PhAC
removal is still unclear.

Taking into account the different behavior of a selected group of pharma-
ceuticals (expressed by their K4 and Ky, values), the following statements
can be expected:

e Compounds with high Ky, and Ky values, such as ibuprofen, achieve a
high degree of elimination, independently of operating conditions or the
technology used.

e Compounds with intermediate Ky;, and K4 values, such as ethinyl estra-
diol, are moderately transformed during biological treatment, being the
removal efficiency positively particularly affected by higher SRT.

e Compounds with low Ky, and Ky values, such as carbamazepine, are not
removed and not biotransformed regardless of operational conditions.
However, the use of integrated MBR processes with activated carbon
has resulted in their high removal.

According to the available knowledge, the benefits of the use of MBRs to
eliminate PhACs are not pronounced enough to serve as a sole argument for
upgrading conventional wastewater treatment facilities with membrane tech-
nology, and CAS systems correctly operated with nitrogen removal might
be able to remove these micropollutants at a similar degree. However, the
degree of quality achieved in permeate is outstanding in terms of solid and
pathogen removal, as well as for a further posttreatment in order to obtain a
final effluent suitable for discharge in sensitive receiving waters or for reuse
purposes. Moreover, very promising results are currently being obtained
with hybrid processes that combine sorption onto activated carbon within a
single MBR unit, achieving also the removal of recalcitrant compounds by
adsorption (and perhaps by a further degradation). In this sense, future
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research should be focused on understanding how MBRs can help to attenuate
the release of PhACs of moderate biodegradability and/or sorption potential in
the aquatic environment. For recalcitrant PhACs, the exploration of new
approaches based on integrated configurations might be the key to find feasi-
ble mitigation options. Additionally, the lack of studies carried out in more
realistic conditions (including the use of full-scale facilities) for the optimiza-
tion of operating parameters and the elucidation of other influencing aspects,
particularly those related with MBR biomass properties, have been also iden-
tified as relevant knowledge gaps.

Considering these aspects, the conclusions of this chapter should not consti-
tute an obstacle for the widespread of the MBR technology. On the contrary,
this chapter has been intended to show the future trends in MBR research and
identify knowledge gaps that should be filled in order to optimize their ability
to remove not only PhACs but also a wider range of micropollutants.
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1

INTRODUCTION TO THE MEMBRANE PRESSURE
PROCESSES

The membrane processes are characterized by the fact that the feed is divided
into two streams, that is, into the retentate and the permeate, where both
streams may be of interest. However, in practice of water treatment, permeate
is considered as the main product. The heart of any membrane process is a
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membrane that has the ability to transport one component from the feed more
readily than the other, due to differences in physical and/or chemical proper-
ties between the membrane and the permeating components [1].

In pressure-driven membrane processes, feed water is forced through a
membrane by pressure exerted on the feed membrane side. Depending of
the value of the applied pressure, we distinguish microfiltration (MF), ultrafil-
tration (UF), nanofiltration (NF), and reverse osmosis (RO). As we go from
MF through UF to NF/RO, the size (or molecular weight (MW)) of the
separated solutes diminishes, and consequently, the membrane pore size is
smaller. This implies that the membrane resistance to mass transfer increases,
and hence, the applied pressure (driving force) has to be increased (from 1 bar
for UF up to 60—80 bar for RO) to obtain the same flux of the same order of
magnitude [1]. Figure 1 represents cross-sectional illustration of RO/NF thin-
film composite (TFC) membranes.

The pore sizes of UF membranes range from 0.05 pm to 2 nm and are typ-
ically used to retain macromolecules and colloids from a solution, the lower
limit being solutes with MW of a few thousand Daltons (Da). UF is used over
a wide field of application involving situations where high molecular compo-
nents have to be separated from low molecular components (pharmaceutical,
food and dairy industry, etc.) [1,2].

NF (pore size range ~0.5-2 nm) and RO (~0.2-1 nm) are used when low-
molecular-weight solutes such as inorganic salts and small organic molecules

Ap (5-40 bar)

—3 Polyamide active layer—selectivity
(20-200 nm)

—3> Polysulfone supporting sublayer—mechanical
strength (40 pm)

Membrane | 7 i | =3 Polyester fabric support—mechanical strength

FIGURE 1 Cross-sectional illustration of RO/NF thin-film composite membranes.
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have to be separated from a solvent. RO is primarily used for desalination of
sea and brackish water in order to obtain drinking water including purification
of the water and production of ultrapure water, while NF was initially used for
water softening and recently in wastewater treatment and in the removal of
different class of organic micropollutants, etc. [1,3,4].

2 REMOVAL OF PHARMACEUTICALS BY UF

UF is rarely used in the removal of pharmaceuticals research as a single step
due to the fact that the molecular weight cutoff (MWCO) of UF membranes
(10-100 kDa) is at least one order of magnitude above the MW of most
micropollutants (<1 kDa) [5] but is very often applied in hybrid systems
(UF/RO treatments [6-9], conventional activated sludge system (CAS)/UF
[9,10], coagulation—UF [11,12], etc.). Nevertheless, some papers about the
removal of pharmaceuticals with UF membranes were found.

Jermann et al. [5] investigated influence of natural organic matter (NOM)
on the removal of estradiol and ibuprofen with polyethersulfone (PES,
Biomax) and regenerated cellulose (RC) UF membranes. Firstly, the reten-
tions, without NOM, was relatively low (8%) for estradiol and insignificant
for ibuprofen with hydrophilic RC membrane, while retention of both micro-
pollutants was significantly greater with hydrophobic (Biomax) membrane
(for ibuprofen and estradiol, 25% and 80%, respectively).

Acero et al. [13] investigated the removal of 11 emerging contaminants
(acetaminophen, metoprolol, caffeine, antipyrine, sulfamethoxazole, flume-
quine, ketorolac, atrazine, isoproturon, 2-hydroxybiphenyl, and diclofenac)
dissolved in ultrapure water and in municipal secondary effluent by UF
(GK, PT, and PW membranes by GE Osmonics, United States). Retention
coefficients in ultrapure water were up to 50%, except for hydroxybiphenyl
(>84%). As expected, retention coefficients in municipal secondary effluent
were higher than those obtained with ultrapure water, due to adsorption of
hydrophobic compounds on the NOM of the secondary effluent or by the for-
mation of the cake layer.

UF was also used for the removal of 52 compounds (endocrine-disrupting
compounds (EDCs)/pharmaceuticals and personal care products (PPCPs))
from one model water and three natural rivers in paper published by Yoon
et al. [14]. They used GM (Desal-Osmonics, United States) UF membrane
at dead-end stirred-cell filtration system. The used UF membrane had reten-
tion less than 40%, except a few compounds (triclosan 87%, oxybenzone
77%, and progesterone 56%).

In their next paper, Yoon et al. [15] used same conditions for the removal
of 27 EDC/PPCPs, different in properties (solute size/structure/polarity/hydro-
phobicity), with GM UF (MWCO 8000+ 1000 Da) membrane. Retention of
investigated membranes were <30%, except a few compounds (triclosan
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85%, oxybenzone 70%, estrone 45%, progesterone 55%, and erythromycin
60%) having log Ko,w (octanol-water partitioning coefficient) higher than 3.

Heo et al. [16] investigated the removal of bisphenol A (BPA) and
17B-estradiol (E2) in single-walled carbon nanotubes—ultrafiltration
(SWNTs-UF) membrane systems. All of the membranes showed significant
retention of E2 (>80%) and BPA (>40%), while a significant decrease in
retention (30-70%) was observed for BPA and E2 in the presence of NOM
only (no SWNTs).

The removal of hormones (estradiol, estrone, progesterone, and testoster-
one) was investigated by Neale et al. [17]. The used RC UF membranes
(MWCO ranged from 1 to 100 kDa) showed removal up to 28% with increas-
ing removal with decreasing membrane MWCO.

Sui et al. [18] used UF (ZeeWeed 1000 membrane, Zenon GE) for the
removal of 13 pharmaceuticals and 2 consumers from secondary effluent
(wastewater treatment plant (WWTP) of Beijing, China). The elimination by
UF was low (<50%) for all the investigated compounds. Due to MWCO
much higher than 1000 Da, UF membranes showed poor retention of the com-
pounds that had MW <400 Da.

Real et al. [19] used PT UF membrane with MWCO of 5000 Da, as a pre-
treatment to chemical oxidation stages (O; and Cl,), in different water sys-
tems (groundwater, surface water, and secondary effluent from municipal
WWTP), for the elimination of five pharmaceuticals (amoxicillin, hydrochlo-
rothiazide, metoprolol, naproxen, and phenacetin). Rejections were between
4.1% and 35.1%, whereas the lowest was for amoxicillin, and highest for met-
oprolol, both in surface water.

Ionic UF containing two Norit membrane cassettes was used for the
removal of a broad range of representative EDCs and PPCPs from secondary
effluent from a municipal WWTP. The results presented by Snyder et al. [20]
showed that the vast majority of compounds were not rejected by used mem-
branes. The authors did not explain why some compounds were significantly
removed, but they showed that steroids were well removed probably due to
their relatively lower water solubility.

2.1 Removal Mechanisms for UF Membranes

As stated before, MWCO of UF membranes is much higher than MW of most
pharmaceuticals; therefore, size exclusion as a retention mechanism cannot be
consider as a main removal mechanism [5,13,16,17]. Therefore, removal
might be due to the adsorption onto the membrane [5,13—18,21,22] while
retention increases with increasing log Ko, due to a greater affinity of the
membrane [15,16]. Jermann et al. [5] stated that although adsorption onto
some UF membranes can lead to their retention in the initial filtration period,
it cannot be considered as a long-term removal mechanism. Yoon et al. [14]
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confirmed this statement and claimed that once steady-state operation is
achieved, size exclusion can be dominant for EDC/PPCPs retention by UF.

3 REMOVAL OF PHARMACEUTICALS BY NF AND RO
3.1 Removal from Ultrapure and Model Waters

Acero et al. [13] investigated the removal of 11 emerging contaminants from
ultrapure water with HL and DK poly(piperazine-amide) NF membranes and
cellulose acetate CK membrane. The removal of most compounds was above
70%, except for acetaminophen between 11% and 34%.

Dolar et al. [23] investigated the application of RO (LFC-1 and XLE) and
NF (NF90, NF270, NF, and HL) membranes for the removal of veterinary
antibiotics (sulfamethoxazole, trimethoprim, ciprofloxacin, dexamethasone,
and febantel) and their mixture from Milli-Q water. This work achieved a
high level of retention (>95%) of all selected antibiotics with the RO and
tight NFO0 membranes. Other NF membranes showed lower rejection
(15-100%) of the individual compounds depending on MW.

The removal of 22 EDCs and pharmaceutically active compounds
(PhACs) from Milli-Q water with RO (X20), tight NF (TS80), and loose NF
(NF270) membranes was investigated by Comerton et al. [24]. Results
showed that the RO membrane provided high (>91%) rejection of all the
investigated compounds. Conversely, the loose NF membrane generally offers
poor and variable (1-69%) rejection. Finally, the tight NF membrane showed
rejections between 0 and 95% and for most compounds was higher than for
loose NF membrane.

The removal of estrone, estradiol, and salicin was treated with NF
membranes by Braeken and Van der Bruggen [25]. Estradiol retentions of,
respectively, 75% (UTC-20) and 85% (NF270), and estrone retention of
83% (UTC-20) and 65% (NF270) were obtained. These retentions were lower
than expected based on the MWCO and size exclusion mechanism and also
lower than the retention of salicin (>90%), with comparable MW but more
hydrophilic.

Koyuncu et al. [26] obtained retention of several hormones (estradiol,
estrone and testosterone amounted 64%, 80% and 62%, respectively) and anti-
biotics (sulfamethoxazole, sulfathiazole, tetracycline, and oxytetracycline
amounted 60%, 88%, 100%, and 100%, respectively) from deionized (DI)
water. Results showed increase in removal efficiencies with MW increase
and were higher than 95% after MW of 300 Da, due to membranes’ MWCO
of 200-300 Da. Changes in the solution chemistry, organic matter, and salin-
ity increased rejections of hormones, while for sulfonamides varied greatly.

The removal of cyclophosphamide (CP) by NF (Desal 5 DK) and RO
(YMAKSP3001) membranes from ultrapure water was investigated by Wang
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et al. [27]. In this study, RO membrane provided excellent rejection (>90%),
while with NF membrane rejection was poor, that is, in the range of 20-40%.

Nanofiltration NF200 and NF90 membranes were used by Yangali-
Quintanilla et al. [28] for the removal of organic contaminants. The rejection
of neutral compounds by NF200 was low to moderate (22-42%) when equiv-
alent width was smaller (<0.6 nm) than other equivalent widths of com-
pounds with comparable or larger lengths. NF90 membrane showed greater
rejection (>71%) of neutral compounds.

3.2 Removal from Various Water Matrices

Dolar et al. [29] explored the removal of five veterinary pharmaceuticals from
different water matrices using NF (NF90, NF270 NF, and HL) and RO (LFC-1
and XLE) membranes (presented in Figure 2). Milli-Q, model and tap water,
and real pharmaceutical wastewater were used as water matrices. Rejections
in Milli-Q water with RO and tight NFOO membranes were >97%, confirming
size exclusion as a main rejection mechanism, while for NF270, NF, and HL
membrane were in the range from 15% to >99.9%, with an impact of two other
mechanism (charge exclusion and physicochemical interactions). In general, the
rejection of investigated compounds was higher in model and tap water than in
Milli-Q water, but the water flux was lower, probably due to ion adsorption
inside the membrane pores.

Yoon et al. [15] presented average retentions of 27 compounds by NF
membrane ~30-90%. The retention varied depending on source water, model,
and three surface waters. General conclusion was increase of the retention
with increase log Ko value, indicating that retention for hydrophobic mem-
branes is influenced by hydrophobic interaction (adsorption).

Comerton et al. [24] investigated the removal of 22 EDCs and PhAC from
raw and filtered (5 pm) Lake Ontario water and membrane bioreactor effluent
and compared this to the removal from Milli-Q water with X20, TS80, and
NF270 membranes as RO, tight, and loose NF membranes, respectively.
Rejections with RO, tight, and loose NF membranes were >82%,
46-100%, and 0-93%, respectively, and were higher than from the Milli-Q
water, indicating that water matrix may influence rejection. Also, membrane
fouling and compound interactions with the water matrix resulted on increase
of rejections, while the presence of divalent cations, calcium in particular,
caused decrease in the rejection from natural waters.

Wang et al. [27] investigated the removal of CP from membrane bioreac-
tor (MBR) effluent and also influence of water matrix on rejection. The
rejection of CP with RO and NF membranes was >90% and around 60%,
respectively, and was much higher than in ultrapure water. The authors
concluded that membrane fouling and compound interactions with the water
matrix likely contributed to the higher rejection.
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Fourteen pharmaceuticals, 6 hormones, 2 antibiotics, 3 PPCPs, and 1 flame
retardant were monitored, while 17 were found in WWTP effluents in South
Korea by Kim et al. [30]. RO (RE4040-FL) and NF (NE4040-90-RF) mem-
branes were used for the removal of detected compounds in effluent. These
membranes showed high removal rates (>95%) for all detectable analytes.

The removal of 12 pharmaceuticals during NF and RO applied in a full-
scale drinking water treatment plant (DWTP) using ground water was inves-
tigated by Radjenovic et al. [31]. Both NF (NF90) and RO (BW30LE) showed
high rejection percentages (>85%) for almost all investigated pharmaceuti-
cals. Deteriorations in retention on used membrane were observed for
acetaminophen (44.8-73%), gemfibrozil (50-70%), and mefenamic acid
(30-50%). In the case of acetaminophen, retention was lower probably due
to its small molecular size (i.e., MW <MWCO), while for gemfibrozil and
mefenamic acid, authors found no plausible explanation.

Nanofiltration (NF270, DK, and DL) and low-pressure RO (CG) mem-
branes were used for the rejection of four polar trace organic substances (ter-
butaline, atrazine, clofibric acid, and metamitron) in DI and surface
water [32]. Clofibric acid showed the highest rejection (>90%) in DI and sur-
face (river) water for all investigated membranes, while the lowest was for
metamitron, ranging between 5% and 60%. In the case of clofibric acid,
highest rejection was probably due to electrostatic repulsion between the neg-
atively charged membrane surface and the negatively charged dissociated
organic acid molecule. In addition, steric and electrostatic effects were found
to be the most important factors influencing retention of the organic
substances. Atrazine and metamitron were rejected at an equal amount in both
water matrices, whereas terbutaline was significantly less rejected in DI water
in case of the DL and CG membranes. Attractive forces between the posi-
tively charged molecule and the negatively charged membrane surface may
lead to a higher passage of terbutaline in DI water, whereas those interactions
could be shielded by negatively charged water constituents (NOM, anions)
during filtration of surface water.

The removal of target contaminants from saline groundwater feed with RO
pilot system was investigated by Snyder et al. [20]. Only one or two
compounds were detected in the saline groundwater; therefore, they were
spiked. Feed concentrations were in the range of 118458 ng L™', and used
RO membranes well-rejected target analytes, that is, concentrations in final
permeate, were <25 ng L~' for all compounds, except for caffeine and pen-
toxifylline 52 and 45 ng L™ ", respectively.

Rohricht et al. [33] used relatively low pressure (0.7 bar) for the removal
of carbamazepine, diclofenac, and naproxen from municipal WWTP effluent
with submerged NF flat sheet module. Low pressure was used because at such
low-pressure membrane does not retain salts to a great extent, and they
noticed that this is advantageous in wastewater treatment because no salt con-
centrate is produced. At 0.7 bar, the removal of carbamazepine and diclofenac
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was around 12% and 65%, respectively, while for naproxen was hard to
define due to low influent concentration.

The study by Sanches et al. [34] showed the efficiency of NF (Desal
5-DK) in laboratory scale to remove different pesticides and hormones from
surface water and groundwater. Used compounds were spiked, and prior NF
treatment natural water matrices were ultrafiltrated. High rejections
(67.4-99.9%) were obtained often independently of the water composition,
except pentachlorophenol (57.5-83.5%). The lower rejection for pentachloro-
phenol could be explained by its increased solubility at the waters’ pH.

3.3 Removal Mechanism for NF and RO Membranes

Molecular weight, molecular size (length and width), acid disassociation con-
stant (pK,), hydrophobicity/hydrophilicity (log Ko/w), and diffusion coeffi-
cient (D) were indentified to primarily affect solute rejection [35].

Solute can be rejected on NF and RO membranes by one or combination of
three basic mechanisms: size exclusion (sieving, steric effect), charge exclusion
(electrical, Donnan), and physicochemical interactions between solute, solvent,
and membrane. The rejection of uncharged trace organics by NF and RO mem-
branes is considered to be predominantly influenced by steric hindrance (size
exclusion), while the rejection of polar trace organics is mainly governed by
electrostatic interactions with charged membranes [35,36].

In most cases stated in Section 3.1, size exclusion, that is, steric hindrance,
was the main rejection mechanism, due to low MWCO of RO (100 Da) and
NF (100-300 Da) membranes and larger compounds with MW higher than
200 Da [9,13,23,24,27,28,34]; hence membrane pore size is larger relative
to compound MW, that is, size [24]. When indicating rejection and MWCO,
it has to be very careful, because, as stated by Comerton et al. [37], the stan-
dard measurement for MWCO has limitation for predicting the rejection of
compounds that have MW close to the membranes” MWCO value. Conse-
quently, Comerton et al. [24] found that rejection from Milli-Q water was
most influenced by compounds volume when compared to the other size
parameters, that is, width and length, and it is necessary to investigate
the removal of EDC/PhAC from natural waters, which will provide an accu-
rate estimation of how a membrane will perform at full scale [37].

Verliefde et al. [38] showed high removal efficiencies for all pharmaceu-
ticals (positive, negative, and neutral) with both TS80 and HL membranes.
The removal of the pharmaceuticals was partly determined by size
exclusion, but the charge of the solute also played important role. For neutral
solute, rejection was governed by size exclusion, while higher rejection for
negatively charged solute was explained by charge repulsion, and lower rejec-
tion for positively charged solute by charge interactions, more precisely elec-
trostatic attraction [38—40]. In details, for negatively charged solutes, charge
repulsion exists between the solutes and the negatively charged membrane
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surface. For neutral solutes, no charge interactions with the membrane surface
exist, but for positively charged solutes, the charges promote charge attrac-
tion. The authors explained this with an increased concentration of positively
charged solutes at the membrane surface compared to the bulk solution
(solutes are attracted toward the oppositely charged membrane), which results
in lower observed rejection values. In the case of negatively charged solutes,
the opposite holds the charge repulsion results in a lower concentration of
negatively charged solutes at the membrane surface and thus a higher rejec-
tion. This concept was called “charge concentration polarization.” The same
work [38] obtained rejection decrease with increasing solute hydrophobicity
for neutral and positively charged pharmaceuticals. For negatively charged
compounds, relationship could not be concluded. This was due to hydropho-
bic interactions and adsorption of solutes on the membrane surface because
negatively charged solutes cannot approach the membrane surface due to
charge repulsion, whereas neutral and positively charged compounds can
approach membrane surface and adsorb onto polymer matrix [38,39].

Sahar et al. [9] stated that relatively high polarities of sulfonamides and
trimethoprim may even increase the removal rate to high levels >93%, prob-
ably due to electrostatic repulsion mechanism. Also, Acero et al. [13] and
Yangali-Quintanilla et al. [28] showed that electrostatic interactions had con-
tribution to size exclusion of ionic/negative compounds due to the effect of
electrostatic interactions between the negative charge of the membrane sur-
face and the negative charge of the ionic species. Therefore, rejections of
ionic compounds were higher than neutral.

Dolar et al. [23] investigated the rejection of febantel and sulfamethoxa-
zole in their mixture and the mixture of five veterinary antibiotics compared
to single antibiotic. For RO membranes, rejections showed negligible
increase, while for loose NF membranes, the rejection of febantel and sulfa-
methoxazole increased for 15-70%. Therefore, results presented in this work
showed a higher level of rejection than that of the single solute. This proved
the synergistic effect, that is, physicochemical interactions.

Braeken and Van der Bruggen [25] concluded that both molecular size and
hydrophobicity influenced the retention of a dissolved organic compound. It
can be expected that retention of organic compounds is governed by several
mechanisms and not only one. Along with the aforementioned mechanisms,
adsorption is also important for the removal of organic compounds
[9,13,24,27,34]. Sahar et al. [9] found that some hydrophobic interactions
between macrolides and the membrane surface may also occur and contribute
to the high total removal rate. Acero et al. [13] showed that 2-hydroxybiphenyl
was efficiently adsorbed on the membrane. Comerton et al. [22] investigated
adsorption of 22 EDCs and PhACs by UF, NF, and RO membranes. Adsorp-
tion was strongly correlated with log Ko/w of compounds and membrane pure
water permeability and moderately correlated with compound water solubility.
It was highest for UF membrane followed by the NF and RO membranes,
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because membranes with larger pores allow compound to access the mem-
brane’s internal adsorption sites, whereas access to these internal sites may
be limited with tighter membranes. Therefore, the more porous, in their case
of UF membrane, may allow more compound adsorption within its structure
in addition to its surface, when compared to RO membrane. Furthermore, an
increase in pore size results in an increase in compound adsorption. In the case
of gemfibrozil and carbamazepine in particular, adsorption was lower than
expected based on their log Ko, as a result of charge repulsion caused by
deprotonation, due a higher water pH than compound pK, value. In their next
work, Comerton et al. [24] observed differences in the adsorption of several
organic compounds (including alachlor, estriol, 17B-estradiol, 17a-ethinyl
estradiol, and estrone) in different water matrices and found that adsorption
was generally higher in a surface water matrix, comparatively to Milli-Q
water. Wang et al. [27] analyzed CP concentration in the first 100 mL and
the second 100 mL of permeate and found that the concentration was always
lower in the first 100 mL than in the second 100 mL. This behavior was attrib-
uted to weak adsorption of CP onto membrane, in spite of hydrophilic charac-
ter of the compounds. In addition, rejection was higher for more hydrophobic
compounds due to higher adsorption [24].

Size exclusion and hydrophobic interactions were found to highly influ-
ence the rejections obtained by Sanches et al. [34]. The overall NF efficiency
to remove the selected compounds was not found to be considerably affected
by the preadsorption of the compounds on the membrane under static and
dynamic conditions, except for 17a-ethinyl estradiol, estrone, and estriol in
surface water. Adsorption effects and size exclusion are therefore expected
to govern the rejection of investigated compounds, since the selected hor-
mones present similar and high molecular weights. Adsorption interactions
took place since these are hydrophobic compounds (high log Kow), and the
structure of the hormones comprises hydroxyl and carbonyl groups that may
form hydrogen bonding between the oxygen atoms of the molecule and the
membrane polymer. In general, the adsorbed mass increased with the time
needed to achieve equilibrium, and the time needed to achieve equilibrium
increased with the solubility of the target compounds. As expected, the most
hydrophobic compounds (with higher log Ko values and lower solubility)
showed higher affinity to the membrane and achieved the equilibrium concen-
trations sooner. As a general trend, the mass adsorbed decreased with the
decrease of log Kow, for all the target compounds except pentachlorophenol
and atrazine. Generally, the time needed to achieve equilibrium, as well as the
level of adsorption of the compounds on the membrane, was higher in the sur-
face water matrix than in ground water. The fact that the adsorption equilib-
rium took longer in the surface water may be related to the competition
between the selected compounds and the NOM present in this matrix for the
membrane adsorption sites or due to possible interactions between the NOM
and the target analytes.
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Uncharged molecules of glibenclamide (log Ko =4.79, pK,=6.3), used
by Radjenovic et al. [31], could potentially adsorb onto the membrane surface
and inside the pores. Therefore, molecules accumulated on the membrane sur-
face due to size exclusion could eventually diffuse through the membrane
polymer matrix toward the permeate side. For example, experiments with
membrane cells showed that pharmaceuticals can adsorb and subsequently
diffuse through the NF/RO membrane polymer [41-43]. Therefore, adsorption
and diffusion may be a possible explanation for slightly lower rejections of
glibenclamide in NF and RO treatments (R~ 85%), compared to rejections
of other uncharged pharmaceuticals (carbamazepine, acetaminophen, hydro-
chlorothiazide, and propyphenazone) with MW larger than the MWCO of
the membranes.

It can be expected theoretically that the more the compound adsorbs on the
membrane, the easier it will dissolve into the membrane and thus be trans-
ported to the permeate side. Higher log Kow value (i.e., a higher hydrophobi-
city) should thus lead to a higher transport of solute and a lower rejection
[36,38]. Hence, Dolar et al. [41] confirmed that adsorption has to be taken
into account together with size exclusion and charge attraction or repulsion
when considering the removal of pharmaceuticals with RO and NF mem-
branes. They used four compounds with relatively weak hydrophobicities
(1 <log Ko/w < 3). For hydrocortisone and dexamethasone (log Kow <2), a
decrease in feed concentrations was observed and was associated with the
irreversible adsorption on NF270 and CPA3 membranes. Additional indica-
tors of adsorption were decrease in flux and permeate concentrations and
therefore an increase in rejection. For procaine and lidocaine (smaller and
slightly hydrophobic pharmaceuticals, i.e., log Komw >2), feed concentration
increased probably due to instantaneous adsorption to the membrane polymer
matrix and then diffusion through investigated RO and NF membranes. This
confirms that for compounds with higher hydrophobicity, initial adsorption
will be high, causing a high initial rejection, which eventually will drop to
an equilibrium concentration when breakthrough was observed [36].

4 INFLUENCES ON PHARMACEUTICALS REJECTION BY NF
AND RO

As systematized by Bellona et al. [35], the rejection of solute on RO and NF
membranes will be affected by solute and membrane properties, feed water
composition, and operating conditions.

4.1 Operating Conditions

The influence of transmembrane pressure (TMP), as a driving force in
pressure-driven processes, was investigated by Acero et al. [13], Zazouli
et al. [44], and Wang et al. [27]. Work by Acero et al. [13] showed that
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rejection increased slightly with increase of the TMP, with the explanation
that increase of TMP increases the permeate flux, being this permeate more
diluted. In next work [44], the authors used two NF (SR2 and SR3) mem-
branes for the removal of tetracycline. Results showed that increasing TMP
increased the rejection of tetracycline with SR2 membrane, while for SR3
membrane, rejection showed a plateau value in the range of 95-98%. That
suggests that the separation mechanism of both membranes is different. For
membrane SR2, the separation is not mainly determined by size exclusion
mechanism, while in the case of SR3 membrane size exclusion, mechanism
can be more obviously observed. Also Wang et al. [27] obtained no obvious
difference in the rejection of CP for NF and RO membranes when TMP
was changed.

The increase of temperature led to decrease of rejection [13,45]. Accord-
ing to Acero et al. [13], the increase of temperature provided a slight decrease
in the rejection of emerging contaminant probably due to decrease in
the water viscosity, which increases the permeation flux through the mem-
brane and decreases the rejection. On the other hand, Fujioka et al. [45]
obtained that an increase in the feed temperature (from 20 to 30 °C) led to a
significant decrease in the rejection of all N-nitrosamines, and the impact
was more pronounced for the small molecular weight N-nitrosamines. For
example, an increase in the feed temperature in the range from 20 to 30 °C
caused a significant drop in the rejection of N-nitrosodimethylamine
(NDMA), N-nitrosomethylethylamine (NMEA), and N-nitrosopyrrolidine
(NPYR) from 49% to 24%, 81% to 62%, and 90% to 74%, respectively.

Acero et al. [13] also investigated the influence of turbulence on the rejec-
tion of emerging contaminants. Rejection increased slightly with tangential
velocity because turbulence increases with increase of velocity due to remov-
ing part of the accumulated solutes in the cake layer by hydrodynamic forces,
leading to a lower concentration of compounds on the membrane surface and,
thus, higher retention.

4.2 Feed Water Composition

Solution pH, ionic strength, hardness, and the presence of organic matter
belong to feed water composition and may affect the solute rejection.

Influence of solution pH was shown by several papers [13,39,44-46].
Acero et al. [13] obtained higher rejection at pH 9 than at pH 3, 5, and 7 in
both ultrapure water and WWTP effluent. This positive effect was more pro-
nounced for the negatively charged compounds at pH 9 (sulfamethoxazole,
flumequine, ketorolac, and diclofenac) because of electrostatic repulsion at
high pH.

TriSep TS90 membrane was used for the removal of pharmaceuticals
under various pH by Verliefde et al. [39]. In general, the rejection of all acids
in Milli-Q water at pH 8 was above 93% due to electrostatic repulsion
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between negatively charged membrane and the completely dissociated
organic acids. The rejection at the same pH also increases with increasing
MW. Conversely, at pH 5, dissociation is incomplete (except for malonic
acid), and the rejection of all organic acids was lower than at pH 8.

Zazouli et al. [44] used acetaminophen for investigating influence of solu-
tion pH on rejection. As the pH increased, solute rejection increased with the
explanation that the membrane charge would be more negative due to depro-
tonation of carboxylic acid group under alkaline conditions. At the same time
(when moving to higher pH), the phenolic group of acetaminophen would be
deprotonated, leading to more negatively charged character of the solute.
Under these conditions, the electrostatic repulsions between acetaminophen
and membrane will be larger, leading to larger rejection.

For two smallest compounds (NDMA and NMEA), Fujioka et al. [45]
showed the same behavior, that is, rejection decreased with the decreasing
pH probably due to changes in the membrane pore size. For other
N-nitrosamines with MW larger than that of NMEA, 88 g mol ' was expected
to be negligible.

Last paper by Ahmad et al. [46] examined the retention of atrazine and
dimethoate with NF membranes (NF90, NF200, NF270, and DK) under
pH 4, 7, and 9. Other parameters, operating pressure, feed pesticide, and stir-
ring rate, were constant. It was found that the rejection for these two
compounds by NF200, NF270, and DK increased as the pH was increased,
while the rejection for NFO0O was almost constant regardless of pH. For exam-
ple, the rejection of dimethoate increased from 20% to 45% and from 40% to
65% for NF270 and NF200 membranes, respectively. The authors deduced
that the trend of atrazine and dimethoate rejection obtained for NF200,
NF270, and DK in this experiment was due to the changes of the membrane
structures caused by the solution’s pH.

Results by Wang et al. [27] showed that presence of salt (NaCl), that is,
changes in ionic strength, did not affect CP retention by NF membrane prob-
able because CP mainly existed in neutral form therefore salting-out and elec-
trostatic repulsive interactions had a negligible effect on uncharged CP.

The influence of ionic strength, adjusting with NaCl (10 and 20 mM) on
cephalexin rejection, was investigated by Zazouli et al. [44]. For the first
NF membrane SR2, increasing the ionic strength of the feed solution
decreased the rejection of cephalexin. By contrast, for membrane SR3, the
rejection increased as the ionic strength was increased. For SR2 membrane,
both the charge of the solute and the membrane are reduced due to double
layer compression, leading to a decrease in electrostatic repulsion between
the cephalexin and active layer of the membrane, while for SR3 membrane,
this explanation is not good. The authors stated that the drug separation mech-
anism is different for both membranes, that is, much stronger influence of
Donnan exclusion on rejection has been evoked for SR2 membrane than for
SR3 membrane. Fujioka et al. [45] changed ionic strength from 26 to
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260 mM and showed that it affected the rejection of NDMA (for TFC-HR
decreased from 52% to 34%), while for other organic compounds, rejection
decrease was small (e.g., from 90% to 83% for NPYR). Explanation was that
increase in ionic strength can increase the membrane pore size (or porosity)
and reduce the size of neutral solutes [47,48].

Wang et al. [27] obtained no changes in the rejection of CP when feed
concentration was changed. The same behavior was observed by Fujioka
et al. [45] when investigating the removal of N-nitrosamines (trace organic
chemicals formed during chlorination in drinking water and indirect potable
water reuse) with one NF (NF90) and two RO (TFC-HR and SWC5)
membranes.

GE NF/RO membranes (DL, CK, AK and CG) were used for the rejection
of steroid hormone from treated sewage effluent by Jin et al. [49]. Also, effect
of effluent organic matter (EfOM) on rejection was investigated. Firstly, the
rejection of estrone from electrolyte background solution (1 mM NaHCOj;
and 8 mM NaCl, pH 7) showed that rejection was initially higher than 90%
and decreased dramatically and then stabilized at later filtration stage. The
excellent removal performances at the initial filtration stage were attributed
to estrones adsorption capabilities and steric hindrance. However, the adsorp-
tion effect can only contribute to the short-term removal of estrone. As the
feed solution is continuously filtered through the membrane, more and more
available sites on the membrane are occupied by adsorbed estrone. When
the partition of estrone between feed solution and membrane reaches equilib-
rium, there is no further net adsorption effect taking place, and thus, the con-
tribution from adsorption would be negligible. Under this condition, size
exclusion would become the overriding removal mechanism at the later filtra-
tion stage. Therefore, all experiments were conducted for 24 h. The removal
of estrone was higher (6.5-32.5%) in MF-treated secondary effluent than in
electrolyte background solution. First reason for increase rejection was in flux
decline, that is, the authors suggest that the membranes were fouled by EfOM,
and the second reason was that estrone may bind to some fractions of EfOM
in bulk solution and retained together by the membranes. Experiments with
EfOM showed that hydrophobic acid made a crucial contribution to rejection,
that is, “enhancement effect,” hydrophobic base could also improve rejection,
while hydrophobic neutral and hydrophilic acid with low aromaticity had
little effects.

Comerton et al. [37] investigated the impact of NOM and cations on the
rejection of five EDCs and PhACs (acetaminophen, carbamazepine, estrone,
gemfibrozil, and oxybenzone) by NF (TS80) membrane. They used various
water matrices (MBR effluent, Lake Ontario water, and laboratory prepared
waters modeled to represent the characteristics of the Lake Ontario water).
First of all, rejection of mentioned compounds in Milli-Q water ranged from
28.94+2.5% for acetaminophen to 95.2+3.0% for gemfibrozil. Final conclu-
sions of NOM and cations influence on rejection were as follows: (1) the
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presence of Suwannee River NOM spiked into laboratory-grade water resulted
in an increase in compound rejection; (2) rejection was higher from the Lake
Ontario water and MBR effluent when compared to Milli-Q water; (3) the
presence of cations alone did not have a significant impact on compound
rejection, with the exception of gemfibrozil (the most polar compound); and
(4) the presence of cations results in a rejection decrease in the association
of EDCs and PhACs with NOM.

The influence of feed water composition (presence of surfactant sodium
dodecyl sulfate (SDS), NOM, and cellulose) to the removal of estrone with
loose NF TFC-SR2 membrane was also investigated by Schifer et al. [50].
Results showed that in the presence of cellulose, retention of estrone increased
due to estrone—cellulose partitioning. In the case of SDS and NOM, retention
reduced at low and neutral pH, while no significant effect was visible at
alkaline pH when solute—solute interaction were minimal.

4.3 Influence of Membrane Fouling

Membrane fouling is inevitable in membrane filtration during long-term oper-
ation [51]. Fouling can be divided into biofouling (microbial), organic (accu-
mulation of NOM on the membrane surface), colloidal, or particulate fouling
(accumulation of small colloidal particles in the feed water on the membrane
surface), and scaling (inorganic deposition on the membrane surface when the
solubility product of sparingly soluble salts is exceeded). According to
Vincent Vela et al. [52] and Hermia model, there are four main types of mem-
brane blocking: complete blocking, intermediate blocking, standard blocking,
and cake formation. Complete blocking occurs when the size of foulants is
similar to the membrane pore size, which results in reducing the number of
open pores without particles depositing on the membrane surface in the first
place. Intermediate blocking is somewhat similar to complete blocking, that
is, a single particle can precipitate on other particles to form multilayers,
and it can directly block some membrane surfaces, resulting in an increase
in cake thickness. Standard blocking is similar to adsorption, by which
the particles approaching the membrane are adsorbed and deposited on the
internal pore wall, thereby reducing the pore volume. In cake formation, fou-
lants deposit on the particles that already block the pores and result in cake
formation.

Recently, many reports have indicated that fouling, that is, deposition of
fouling layer on the membrane surface, may change membrane surface prop-
erties, that is, contact angle [40,53-56], zeta potential [40,54,57,58], and sur-
face morphology [40,57], which could affect the rejection mechanisms of the
NF/RO membranes [44,58,59].

Chang et al. [53] showed that fouling (with humic acid and humic acid
together with Ca”>"-ions) of NF270 and NTR7450 membranes changed hydro-
phobicity of these membranes. More precisely, NF270 membrane became
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more hydrophobic, while on the other hand, NTR7450 became more hydro-
philic. Also Bellona et al. [54] indicated that the NF90 membrane became
more hydrophilic and more negatively charged, whereas the NF270 became
more hydrophobic and less negatively charged. Plakas et al. [55] suggested
that the fouling on membrane hydrophobicity was not the same for three
investigated (NF270, NF90, and XLE) membranes. Membrane separation of
humic substances with the denser NFOO and XLE membranes resulted in
small changes of the membrane surface contact angle. However, the NF270
membrane became less hydrophilic due to fouling. Experiments with humic
substances—calcium complexes showed significant increase in hydrophobicity
of the NF270 membrane but altered slightly the hydrophobic character of the
XLE and NF90 membranes.

Comerton et al. [57] investigated changes in zeta potential of the NF270
membrane depending on feed water, that is, various water matrices. Experi-
ment with Milli-Q water did not show changes in zeta potential and was
—87 mV for both virgin membrane and after filtration with Milli-Q water.
Experiments with other prepared waters suppressed the membrane’s negative
charge. After filtration, zeta potentials were —67, —70, —67, —62, and
—49 mV for Milli-Q with cations, Milli-Q with NOM, Milli-Q with cations
and NOM, Lake Ontario water, and MBR effluent, respectively. In the same
paper, the authors measured surface roughness and showed changes after fil-
tration. Root mean square (RMS) and mean (R,) roughness for virgin NF270
membrane were RMS=6.84+1.6 nm and R,=5.3+1.3 nm, while filtration
with Milli-Q water resulted in the smoothest layer (RMS=44.3+12.9 nm
and R,=32.24+11.8 nm) compared to other feed waters. In addition, the
MBR effluent and Milli-Q with cations and NOM resulted in a rough foulant
layer and amounted RMS=142.14+29.7 nm, R,=105.54+25.8 nm and
RMS=1404£9.0nm, R,=105.8+£3.9 nm, respectively. It is very well
known and shown in previous sections that retention of trace organics by
NF membranes can be governed by steric hindrance together with electrostatic
and hydrophobic interactions [60]. However, Nghiem and Hawkes [60]
showed that steric hindrance (or size exclusion) appears to be the most preva-
lent mechanism, controlling not only trace organic retention but also the
membrane fouling retention.

As a result, the solute—-membrane interactions that determine organic
micropollutant rejection will also be affected, and thus, the rejection of the
organic micropollutants will change. It is clear that NF membrane fouling
may change the surface properties and therefore may affect the rejection
mechanisms, that is, size exclusion, electrostatic exclusion, and adsorption.
Although many studies found that pharmaceuticals may be removed by NF
membranes, the effect of fouling on the performance of the process must be
considered [40,44,57-59]. For example, Comerton et al. [57] showed changes
in MWCO. Results showed that NOM caused a statistically significant reduc-
tion in effective MWCO, whereas neither the influence of cations nor the
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interaction of NOM and cations was significant. In addition, the MWCO of
the NF270 membrane was reduced from 385+13 Da to 222446 Da and
348 +28 Da following filtration with the MBR effluent and Lake Ontario
water, respectively.

Investigations in the last few years have reported that membrane fouling
can both increase and decrease solute rejection, depending on the solute,
membrane, and foulant.

Both tertiary treated effluent and several model fouling solutions (contain-
ing sodium alginate, bovine serum albumin, humic acid, or colloidal silica)
were used for investigation of membrane fouling [56]. In this chapter, changes
in the rejection of N-nitrosamines were studied. Fujioka et al. [56] showed
that in general the rejection of N-nitrosamines increased when membranes
were fouled with tertiary effluent, while fouling with model foulants had
noticeably less effect on rejection. The highest increase was for compounds
with small MW, in particular NDMA, where rejection increased from 34%
to 73% by the ESPA2 membrane. ESPAB membrane, that is, membrane
with the lowest permeability, showed smallest impact, and rejection of
N-nitrosamines was over 82% regardless of membrane fouling.

In a work by Yangali-Quintanilla et al. [58], rejections of nine pharmaceu-
ticals and five endocrine disruptors with clean and fouled NF (NF90 and
NF200) membranes were compared. Membranes were fouled with sodium
alginate. For clean membranes, rejection varied from 35% to 75% and 62%
to 96% for NF200 and NF90 membranes, respectively. Fouling of NF200
membrane decreased the rejection of hydrophilic neutral, as well as hydro-
philic and hydrophobic ionic compounds, due to restricted back diffusion to
the bulk solution and subsequent transport across the membrane. The rejection
of hydrophobic neutral compounds with the same fouled membrane increased
(5-38%) due to the incipient interaction of the solutes with the membranes
and increased interaction with the alginate fouling cake layer, thus resulting
in less partitioning and diffusion across the membrane. On the other hand,
the rejection of hydrophobic compounds by NF90 membrane was not
changed, while for hydrophilic neutral compounds increased by 7-30% due
to the domination of an enhanced sieving effect.

In addition, Chang et al. [53] obtained changes in pharmaceuticals rejec-
tion with fouled membranes. For small and neutral-charged target compound,
acetaminophen, the presence of humic acid and calcium ions increased
rejection due to an extra hindrance layer provided by the foulant. Conversely,
the rejection of larger compounds (sulfamethoxazole and triclosan) decreased
with membrane fouling because concentration polarization was enhanced by
presence of foulants (in this case humic acid and calcium ions). The same
conclusion, that is, that the rejection of larger compounds decreased and of
the partially rejected compounds increased by activated sludge fouled mem-
brane, was found by Agenson and Urase [61]. They stated that the adsorption
and diffusion across the fouled membrane played a prominent role in lowering
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rejection for larger compounds, while the narrower pores of the fouled mem-
branes resulted in the more dominant size exclusion.

The rejection of the nonionic organic contaminants investigated by the
NF90 membrane was greater than 80% and was relatively unaffected by
organic fouling. Furthermore, Bellona et al. [54] provided variable rejections
of the same contaminants with the NF270 membrane and had markedly lower
rejection for acetaminophen, bisphenol A, and phenacetin after membrane
fouling with effluent organic matter.

Nghiem et al. [59] showed significant enhancement in the rejection of tri-
closan, compound with very high hydrophobicity (log Kow=5.17), when
membranes (NF270, NF90, and BW30) were prefouled with bovine serum
albumin, alginate, and humic acid, while no discernible variation in rejection
was observed when the membranes were prefouled with hydrophilic silica
colloids compared to the clean membranes.

Nghiem and Hawkes [62] investigated the role of membrane pore size on
the rejection of PhACs with fouled NF (NF270, NF90, and TFC-SR2) mem-
branes. Membranes were fouled with a foulant cocktail containing model
organic foulant in a background electrolyte solution. NF NF90 membrane
had the smallest pore sizes, while TFC-SR2 had the largest. Fouling was more
pronounced for the membranes with larger pore size, that is, for TFC-SR2
(1.28 nm) and NF270 (0.84 nm), compared to the membrane with smaller
pore size NF90 (0.68 nm). For NFO0 membrane, there were no changes in
rejection except for very small decrease of sulfamethoxazole and carbamaze-
pine at pH 6 in amount of 5% and 1%, respectively. The highest changes were
for TFC-SR2 for all compounds and both pHs (6 and 8) prevailed by pore
restriction, except for ibuprofen at pH 8 no changes was observed. The smal-
lest increase (19%) was for carbamazepine, and highest for sulfamethoxazole
(37%), both at pH 6. For NF270 membrane, changes in rejection were vari-
able, that is, positive and negative. In the case of sulfamethoxazole, rejection
increased for 16% and 3% at pH 6 and 8, respectively, while for ibuprofen
and carbamazepine decreased for 3—7%. The authors found that the influence
of membrane fouling on the retention of PhACs was largely dependent upon
membrane pore size. They assumed that this was governed by modification
of the membrane charge surface, pore restriction, and cake-enhanced concen-
tration polarization.

As mentioned before, fouling of RO/NF membranes is unavoidable in full-
scale plant; therefore, extensive feed water pretreatment is normally used to
remove foulant material in order to prevent fouling of membranes. Hence,
Verliefde et al. [40] investigated the influence of feed water pretreatment on
membrane fouling and the effect on the rejection of organic micropollutant.
In their work, untreated surface water was compared with surface water
pretreated with an anionic fluidized ion exchange (FIX) and surface water
pretreated with UF. Ion exchange resin was used to remove negatively
charged NOM components, and in the second case, UF was used to remove
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colloidal particles. Consequently, fouling of used NF (TriSep TS80 TSF and
Desal HL) membranes was different. The fouling layer on the used mem-
branes, caused by the filtration of untreated surface water, was a combination
of both colloids and NOM, while the treatment of anionic ion exchange resin
effluent resulted in the deposition of a mainly colloidal fouling layer, with a
rough morphology. Treatment of UF effluent resulted in the deposition of a
smooth fouling layer, containing mainly NOM. Second part of their study
was the influence of different membrane fouling on the rejection of positive,
neutral, and negative pharmaceuticals. Both clean membranes showed
relatively high rejection (>70%) and was slightly higher for TS80 due to
larger pore size of Desal HL membrane reflected by larger MWCO. Results
with fouled membranes showed that rejection decreased significantly for pos-
itively charged pharmaceuticals. Rejection values decreased up to 43% with
the HL membrane, fouled with ion exchange effluent (compared to the clean
Desal HL. membrane). Conversely, rejections of almost all negatively charged
pharmaceuticals increased on all fouled membranes. For neutral pharmaceuti-
cals, rejections stayed approximately equal to the rejection values on the clean
membranes. Also, the authors compared the influence of the different types of
fouling and concluded that the largest difference compared to the clean mem-
brane was for membranes fouled with FIX effluent and was caused by a com-
bination of cake-enhanced concentration polarization and electrostatic
(charge) effect. For other two water types, changes were smaller and were
caused by a combination of steric and electrostatic effect.

Huang et al. [63] investigated influence of different pretreatment (UF,
magnetic ion exchange (MIEX)-UF, and MIEX-coagulation-UF) on the
removal of 16 EDC and PPCPs, because NOM fouling affects the adsorption
and diffusion of organic substances through RO membrane and thus their
rejection. Final results showed that RO was effective in removing organic
microconstituents when MW was higher than MWCO and that used pretreat-
ments were not effective for EDC and PPCPs removal.

Influence of biofouling on 23 pharmaceuticals (neutral, positively, and
negatively charged) rejection in NF membrane filtration was investigated by
Botton et al. [64]. They used Desal HL 2521 TFC module. As expected, bio-
film slightly changed membrane surface, that is, surface charge became more
negative, while hydrophobicity became higher. Biofilm layer was negatively
charged, and the presence of this layer induced accumulation of positively
charged pharmaceuticals within the biomass layer, which probably also hin-
dered back diffusion. Hence, the rejection efficiency of positively charged
solutes decreased (up to 17% absolute decrease in rejection), but did not have
impact on the rejection of neutral and negatively charged pharmaceuticals.
Probably, combination of different phenomena caused rejection decrease of
positively charged solutes. In the case of biofouling, concentration polariza-
tion was probably enhanced by the attractive forces occurring between nega-
tively charged biomass and positively charged pharmaceuticals.
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Real wastewaters usually contain a large amount of organic and inorganic
matter [65-67], resulting, as mentioned before, in formatting of organic and
colloidal fouling, biofouling, and inorganic scales on membranes. Therefore,
it is necessary to regularly clean membranes. In full-scale NF plant, cleaning
of the fouled elements is recommended by membrane manufacturers when
normalized pressure drop increase (PDi) reaches 10-15% over the entire
installation [68] or if permeability has reached ~10% of the original
value [69]. Membrane flux, usually expressed as normalized flux, can show
if membranes are fouled. Many studies [56,61,70—72] reported flux and nor-
malized flux decrease due to membrane fouling. Hence, some papers investi-
gated influence of membrane cleaning on the removal of pharmaceuticals.

Firstly, Simon et al. [69] presented changes of the NF270 membrane sur-
face after various cleaning. Exposure to acidic and SDS cleaning, negative
charge slightly decreased, while both caustic and acidic cleaning resulted in
increased hydrophobicity. In addition, permeability increased after caustic
cleaning, while acidic cleaning had opposite effect [69,73]. Caustic cleaning
led to a significant decrease (around 35%) in carbamazepine rejection because
at pH 11.5 and 12 enhanced interactions among the ionizable functional
groups of the membrane polymeric matrix resulted in an increase in
membrane pore size. Consequently, lower rejection of neutral carbamazepine
was observed. At acidic cleaning, opposite effect happened. Chemical clean-
ing did not affect the rejection of sulfamethoxazole (pH 8-10), but below
pH 8 considerable effect of caustic cleaning on sulfamethoxazole rejection
was observed. Both acidic and SDS cleaning resulted in a small increase in
the rejection of carbamazepine with no effect on sulfamethoxazole rejection.
Nanofiltration NF270 membrane was also used by Simon et al. [73] for inves-
tigating changes in the rejection of nine trace organic contaminants after
chemical cleaning with MC11 and PC-98 cleaning reagents. Results showed
dramatic decrease in the retention of all organics, which was correlated with
the dramatic increase in permeability. More precisely, the impact of chemical
cleaning on the retention of neutral/hydrophobic contaminants was more
severe than for negatively charged compounds. The authors hypothesized that
changes in membrane hydrophobicity had impact on adsorption—desorption
behavior of the trace organic contaminants.

Commercially available RO and NF membranes in most cases are polyam-
ide TFC membranes. They contain three separate layers. First is nonwoven
polyester inner web on which a polysulfone (PS) layer is casted. The last layer
is an ultrathin polyamide layer. Membranes can be in contact to chlorine (typ-
ically in the form of hypochlorite solution) or monochloramine because these
chemicals are used to suppress biological growth in the feed water. However,
according to manufacturers, free chlorine tolerance is <0.1 mg L', There-
fore, Simon et al. [74] investigated effect of membrane degradation on the
rejection of PhACs. They soaked one RO (BW30) and three NF (TFC-SR2,
NF90, and NF270) membranes to sodium hypochlorite solutions. One of the
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conclusions was that the effect of membrane degradation on PhAC rejection
was strongly membrane dependent. The RO, BW30 and tight NFOO mem-
branes were much more resistant to hypochlorite solution than the TFC-SR2
and NF270 membrane, which have larger pore size. The rejection of all three
compounds (sulfamethoxazole, carbamazepine, and ibuprofen) by the BW30
was unchanged. In contrast, chlorine exposure to TFC-SR2 and NF270 mem-
branes resulted in rejection decrease of PhACs, while small increase was
observed when a more diluted hypochlorite solution was used. Also, Urase
and Sato [75] used loose and tight NF membranes to study the effect of
deterioration of NF membranes on retention of pharmaceuticals due to expo-
sure to chlorine. Retention of chloride is mainly affected by the electric
repulsion affect; therefore, the authors stated that the exposure of membrane
to chlorine spoiled to a certain extent the electric exclusion characteristics
of the membrane. The retention of the pharmaceuticals (8 acidic and 2 neutral)
by the virgin membrane was very high (>98%). In the case of loose NF
membrane, the retention of pharmaceuticals was more sensitive to the chlo-
rine than salt retention. In general, after degradation of the membrane, the
retention of pharmaceuticals decreased especially in the lower pH range,
though the retention of acidic pharmaceuticals in the neutral pH was main-
tained above 99.55%.

5 HYBRID SYSTEMS WITH UF, NF, AND RO

Sahar et al. [9] used CAS—-UF/RO and MBR/RO system for the removal of
various organic micropollutants treating raw sewage of the Tel-Aviv WWTP.
Macrolides (hydrophobic compounds, log Kow ~ 3) were efficiently removed
by CAS-UF treatment (72-93%), while sulfonamides (hydrophilic
compounds, log Kow~ 1) have been removed during CAS—-UF for 60-74%.
Contribution of UF for the removal of clarithromycin, erythromycin, roxithro-
mycin, trimethoprim, and sulfamethoxazole was 80%, 64%, 55%, >99.9%,
and 55%, respectively. Despite significant molecular differences between
the selected micropollutants, high removal rates were achieved after the RO
stage (>99% for macrolides, pharmaceuticals, cholesterol, and BPA, 95%
for diclofenac, and >93% removal of sulfonamides).

Various hybrid systems (UF/RO, MBR/RO, MF/RO, MF/RO/UV, and
MF/RO/RO) were used by Snyder et al. [20] for the removal of EDCs and
PPCPs. Microfiltration and UF were not effective in removing these target
compounds. In all systems where RO membranes were used, concentrations
of almost all compounds were below method reporting limits (1.0 ng L™1).
In the MF/RO/UV full-scale experiments, some compounds (oxybenzone,
DEET, galaxolide, and TCEP) had concentrations up to 11 ng L' and were
additionally decreased up to 65% with UV.

Dolar et al. [76] used MBR-RO pilot plant (Figure 3) for the removal of
twenty multiple-class pharmaceuticals found in municipal wastewater of a
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FIGURE 3 Schematic representation of the MBR-RO pilot plant.

costal WWTP (Castell-Platja d’Aro, Spain). This combination treatment
showed high overall removal of all the investigated compounds, above 99%.
RO (TR70-4021-HF) membrane complemented MBR treatment very well,
since the majority of compounds studied in the influent were completely
removed, or concentrations were below limit of quantification after RO mem-
brane. Contribution of RO membrane was between 50% and 100%, depending
on compound. One of the possible removal mechanisms was steric hindrance
but with influence of electrostatic attraction or repulsion forces, due to the
negative charge of the membrane and charge of some compounds. Alturki
et al. [77] combined MBR with NF or RO membranes for the removal of
40 trace organic contaminants. Rejection with MBR varied quite significantly
(from 0% to 100%), but more precisely, it was effective (>50%) for hydro-
phobic (log D >3) and biodegradable compounds. For example, the removal
of nonylphenol, triclocarban, and triclosan was around 85%, 83%, and 65%,
respectively. Additional RO step resulted in more than 95% removal or
removal to below analytical detection limit.

The laboratory-scale MBR coupled with NF (NE40, NE70, and NE90)
membranes was tested to demonstrate the performance of treating 11 pharma-
ceuticals and PPCPs in municipal wastewater by Chon et al. [78]. Removal
varied between 15% and 100%, and the lowest was for the membrane NE40
with highest MWCO (1000 Da), and the highest for NE90 membrane with
lowest MWCO (210 Da). Removal for acetaminophen was lowest for all
investigated membranes in amount of 15%, 17%, and 30% for NE40, NE70,
and NE90 membrane, respectively. For NE40 membrane, the highest removal
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was for glimepiride (50%), and complete removal of diclofenac, ibuprofen,
and naproxen with NE90 membrane. The negatively charged PPCPs were
more effectively removed by the negatively charged NF membranes com-
pared with nonionic or positively charged PPCPs. This is due to electrostatic
repulsion between the negatively charged PPCPs and the negatively charged
membrane surface.

Effluent from the conventional WWTP in Brisbane, Australia, was treated
with MF/RO in order to investigate the removal of 28 human and veterinary
antibiotics by Watkinson et al. [79]. Overall removal of antibiotics was
92%, where MF stage removed approximately 43% of total antibiotics from
liquid phase, and RO membrane reduced concentration approximately 94%.
Only eight antibiotics were present in the RO permeate, with nalidixic acid,
the most prominent (0.045 pg Lfl), followed by enrofloxacin, roxithromycin,
norfloxacin, oleandomycin, trimethoprim, tylosin, and lincomycin in concen-
tration below 0.01 pg L™".
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1 INTRODUCTION

Occurrence, impact, and removal of pharmaceuticals from waters, which are
considered as contaminants of emerging concern [1], have been the target of
many studies in the last decades [2,3]. The particularity of these compounds
lies in the fact that conventional biological treatment is not able to completely
remove them. Thus, pharmaceuticals may end up in the environment, where
they can cause adverse effects due to their inherent biological potency toward
organisms [l]. Advanced oxidation processes (AOPs) have shown great
potential in the treatment of pharmaceuticals, either in high or in low concen-
trations, and have found various applications in the wastewater treatment field
[4,5]. AOPs have been studied over the past 30 years and the scientific litera-
ture surrounding their development and application is quite extensive.

In general, the AOP systems generate in sitzu HO® in very mild experimen-
tal conditions. Second to fluorine (E°=3.03 V), the hydroxyl radical is the

Comprehensive Analytical Chemistry, Vol. 62. http://dx.doi.org/10.1016/B978-0-444-62657-8.00011-2
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strongest known oxidant with a potential of 2.80 V. Rate constants (kgo,
r=kyo [HO®] C) for most reactions involving HO® in aqueous solutions are
usually on the order of 10°-10° M~ ' s7! [6]. The versatility of the AOPs is
enhanced by the fact there are different ways of producing HO®, facilitating
compliance with the specific treatment requirements. Table 1 lists those AOPs
that have been developed so far, and while the list is not of course exhaustive,
it does highlight the variety of the main processes developed, which have
applications in water and wastewater treatment. The most common AOPs that
have been widely used and evaluated in the water/wastewater remediation
field are photolysis under ultraviolet (UV) or solar irradiation; combinations
of hydrogen peroxide (H,O,), ozone (O3), and UV irradiation; homogeneous
photocatalysis with Fenton reagent; and heterogeneous photocatalysis with
semiconductor materials (e.g., TiO,). In addition, process integration is con-
ceptually advantageous in wastewater treatment since it can eliminate the dis-
advantages associated with each individual process and provide treatment
efficiencies that are greater than the sum of efficiencies that could be achieved
by the individual processes applied alone. Special emphasis is given on the
research combining AOPs (as a pretreatment or posttreatment stage) and
biological systems for the decontamination of wastewater [23]. Even though
photo-driven AOPs for wastewater treatment have been proven to be highly
efficient, their operation is currently quite expensive. As a means of reducing
treatment cost, scientific interest has focused on photocatalytic processes
driven by solar irradiation since the latter is a renewable energy source.

In this chapter, an overview of the various photochemical and non-
photochemical AOPs with respect to their efficiency in removing pharmaceu-
ticals from various water matrices is given, together with recent relevant
literature. Limitations, advantages, and drawbacks are pointed out for each
process. Given that the subject is very extensive, the purpose of this chapter
is not to provide a complete literature review on this topic, but rather to give
a critical evaluation on key parameters associated with the efficiency of each
process regarding the removal of pharmaceuticals. Finally, relevant knowl-
edge gaps are discussed while future challenges are also highlighted.

2 ASSESSMENT OF AOPs PERFORMANCE FOR
PHARMACEUTICAL REMOVAL

Several papers have been published discussing the capability of AOPs for
removing pharmaceuticals in various water matrices and illustrating examples
of successful bench- and pilot-scale studies. This is reflected in the increasing
number of scientific journal articles published in recent years (more than
5500 articles, Scopus). AOPs are divided into photochemical and non-
photochemical processes. In this chapter, technologies included in both
groups are reviewed regarding their efficiency for removing pharmaceuticals
in a comprehensive way.
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TABLE 1 AOPs Used for Water and Wastewater Treatment

AOPs Key Reactions Fundamentals

uv R—R + hv — R—R* — 2R®
R—R*+0,—»R—R*"+ 0%~
*DOM*+°0, = DOM+'0,

e Direct irradiation leads to the promotion of a molecule from the fundamental state to an
excited singlet state. The formed radicals initiate chain reactions; for example, the
carbon-centered radicals (R®) react with dissolved oxygen leading to peroxyl (RO,®) and
oxy (RO®) radicals

e Photolysis (indirect or sensitized) may be favored in the presence of naturally occurring
substances in the system (e.g., dissolved organic matter that can act as photosensitizers
generating strong reactive agents, e.g., singlet oxygen ('O,) and hydroxyl radicals
(HO®)

e Disadvantages: UV irradiation with lamps is expensive

UV/H,0, H,0,+ v —HO®+HO* e Hydroxyl radicals are formed through the photolytic cleavage of H,O,
HO"+H,0, ~HO3 +H,0 e High concentration of H,O, scavenges the radicals, making the process less effective
HO$ +H,0, —HO®+H,0+0, 8 72 & ' gthep
e Disadvantages: low radical formation through low molar extinction coefficient of H,O,
(18.7 mol cm™" at 254 nm)
O3 O3+R—Rox o In the absence of light, ozone can react directly with an organic substrate (R) through

o Ld
203+2H,0 - 2HO®+ 0, +2HO; a slow and selective reaction or through a fast and non-selective radical reaction that

produces hydroxyl radicals
e Disadvantages: low solubility of O3 in water, O3 is selective, formation of by-products
(bromates), elevated costs

H,0,/04 O3 +H,0, -HO®*+ 0, +2HOS e H,O, initiates O3 decomposition by electron transfer

e Disadvantages: additional cost of H,O, in comparison to O3 alone

UV/Os O3+hV+HZOHH1ZOZ+OZ e The generated hydrogen peroxide is photolyzed (see UV/H,O, process), generating
83 TET)V HHoé)jLozrggl hydroxyl radicals, and also reacts with the excess of ozone
(D)+H,0— e If <300 nm, photolysis of Os takes place, generating additional hydroxyl radicals

and other oxidants, with a subsequent increase in the efficiency

e Disadvantages: high operating costs

J
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TABLE 1 AOPs Used for Water and Wastewater Treatment—Cont’d

AOPs Key Reactions Fundamentals

UV/H,0,/04 O34+H,0,+hv— O, +HO*+HO3 ¢ The addition of light to the H,O,/O5 process produces a net increase in the efficiency
through the additional generation of hydroxyl radicals
e Disadvantages: elevated costs

UV/TIiO, Tioz"’ h‘jr—’ TiO, .(eEB-Fh%) e When a particle of semiconductor is excited by light energy higher than that of the band
(H)O thVB SEO gap, electron-hole pairs are formed
2tecs— 0 e The valence holes (hyg™) are strong oxidants and are able to oxidize various
contaminants, as well as water, resulting in the formation of hydroxyl radicals, while the
conduction band electrons (ecg) are good reductants, reducing the dissolved oxygen to
o3
e Disadvantages: low quantum yield, need for catalyst removal and regeneration
Fenton Fe’* +H,0,—Fe’* +HO +HO® ¢ The Fenton process (or dark Fenton) involves the use of H,O, and a catalyst, usually
iron (in the form of ferrous or ferric ions) in acidic medium
e Fe?t oxidation leads to the formation of hydroxyl radicals
e Disadvantages: low pH (2.8-3.0) and iron removal are required
Photo-Fenton Fe?" +H,0, —Fe’ +HO™+HO® ¢ The photo-Fenton process involves irradiation with sunlight or from an artificial light
Fe’* +H,0—Fe’* +H +HO®

source. In the presence of light, the process can be more efficient, by photoreducing the
Fe>™ to Fe®" and the generation of additional hydroxyl radicals

e Disadvantages: low pH (2.8-3.0) and iron removal are required. Additional cost for the
UV irradiation

e Solar Fenton has gained increasing attention due to its prospect of operating under solar
irradiation, hence lowering the operation cost considerably

\ /




Electro-Fenton

Fel*+e™ —Fe?*
0, +2H"+2e” - H,0,

There are two main types of Fenton process involving the use of electrochemically
produced reagents

In cathodic process, iron is added as a FeZ* (or Fe3*) salt. The source of H,O, may be
either via direct H,O, addition or produced by reduction of oxygen at the cathode
In anodic Fenton process, the source of the iron is a sacrificial iron anode

Disadvantages: elevated costs, requirement for high iron concentration (gL™")

Sonolysis

H,0 — H*+ HO®

The sonochemical degradation in aqueous phase involves several reaction pathways
and zones such as pyrolysis inside the bubble and/or at the bubble-liquid interface and
hydroxyl radical-mediated reactions at the bubble-liquid interface and/or in the

liquid bulk

Pyrolytic reactions inside or near the bubble and solution radical chemistry are the two
major pathways of sonochemical degradation

Disadvantages: high operational cost

Wet air
oxidation

Substrate + O, — degradation
products

WAQO is defined as the oxidation of substances in an aqueous solution by means of
oxygen or air at elevated temperatures and pressures (T=100-372 °C; P=20-200 bar)
Disadvantages: high operational cost

References: [4,7-22].
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Tables 2 and 3 provide an overview of the recent work undertaken in this
field describing the most frequently detected pharmaceuticals in the aquatic
environment that have been treated so far by AOPs along with comprehensive
information related to the treatment method, the aqueous matrix, and the main
findings. Among these compounds, diclofenac, amoxicillin, clofibric acid, acet-
aminophen, ibuprofen, carbamazepine, sulfamethoxazole, and fluoxetine (all
belonging to different therapeutic pharmaceuticals classes) are the most widely
examined pharmaceuticals since they have become ubiquitous in surface waters
and wastewater [7,135]. Itis notable that several publications have been devoted
to the treatment of pharmaceuticals by AOPs in various aqueous matrices
(e.g., pure water, wastewater effluents, surface water, seawater, and water with
inorganic ions) with the main focus, however, on ultrapure water. In addition,
although the environmental concentrations of pharmaceuticals are in the
ng—1g L' range, the degradation of pharmaceuticals at higher concentration
level (mg L™ 1) was examined in most studies to allow the accurate determination
of residual substrate concentrations with the analytical techniques employed.

According to Tables 2 and 3, AOPs were found to be effective treatment
processes for removing the selected pharmaceutical contaminants. However,
this was not necessarily found to be accompanied by total mineralization.
The determination of the total or dissolved organic carbon (TOC or DOC)
removal during the application of the advanced treatment is generally used
to assess the degree of mineralization in the treated samples. In most studies,
mineralization was found to be low compared to the degradation/removal of a
specific pharmaceutical, a fact that clearly implies that a considerable organic
load remains attributed to the presence of persistent oxidation products. If a
substance is not completely eliminated, a number of transformation products
can eventually reach the environment with the potential of adversely affecting
aquatic and terrestrial organisms rendering, thus toxicity measurements as an
indispensable task [136]. However, ecotoxicity assessment of the treated sam-
ples by AOPs is beyond the scope of this chapter.

Among the various AOPs, homogenous and heterogeneous photocatalyses
have been extensively used with success for the oxidation of many classes of
pharmaceuticals due to their high efficiency to generate hydroxyl radicals dur-
ing the decomposition of H,O, by Fe?" in acidic medium and the activation
of a semiconductor by light irradiation, respectively. Other processes that
have been used include photolysis under UV or solar irradiation and combina-
tions of hydrogen peroxide (H,O,), ozone (O3), and UV irradiation. Ultra-
sound irradiation (or sonolysis), electrolysis, and wet air oxidation are
relatively new processes in water and wastewater treatment and, therefore,
have unsurprisingly received less attention than other AOPs. This is also
reflected by the small number of publications concerning the treatment of
pharmaceutical compounds. Moreover, as indicated in Tables 2 and 3, AOPs
have been studied mainly at a bench scale but many of the processes are being
developed and tested at a pilot scale during the last 5 years.



TABLE 2 Examples Taken from the Recent Literature on the Photochemical Advanced Oxidation Treatment (Under Solar or Artificial

Irradiation) of the Most Commonly Detected Pharmaceuticals in Various Aqueous Matrices

Photochemical Advanced Oxidation Technologies

Initial Treatment Process
Pharmaceutical Concentration Water Matrix Scale  Information Main Findings References
1. Photolysis
Carbamazepine, 10-40 mg L™ Distilled water ~ Bench  Direct natural sunlight, Ketoprofen was rapidly [24]
ibuprofen, ketoprofen, River water simulated sunlight transformed via direct photolysis
17a-ethinylestradiol Seawater (507.5Wm~2, in all the water matrices under
A=300-80 nm) both direct (t;/,=2.4 min) and
simulated (t;,=0.54 min)
sunlight. Under simulated
radiation, ibuprofen and 17a-
ethinylestradiol were
photodegraded at moderate rate
(t12=1-5 h). Carbamazepine had
the lowest photodegradation rate
(t12=28-39 h). Their elimination
was strongly dependent on the
DOC concentration present in
water matrix
Ciprofloxacin 100 pg L™ Deionized Bench  Medium-pressure The elimination of ciprofloxacin [25]
water mercury lamp (150 W) (~2 min) is very rapid and

depends on pH. The fastest
degradation (t;,,=0.15 h) was
found at pH 7, which is very close
to the isoelectric point of
ciprofloxacin

Continued




TABLE 2 Examples Taken from the Recent Literature on the Photochemical Advanced Oxidation Treatment (Under Solar or Artificial
Irradiation) of the Most Commonly Detected Pharmaceuticals in Various Aqueous Matrices—Cont’d

Photochemical Advanced Oxidation Technologies

Initial Treatment Process
Pharmaceutical Concentration Water Matrix Scale  Information Main Findings References
Diclofenac 45.5mg L™ Demineralized ~ Bench  Natural sunlight Diclofenac undergoes [26]
water spontaneous phototransformation
Reconstructed under solar illumination in both
standard water matrices (100% removal,
freshwater ~80 min). However, important
differences were observed
between experiments with respect
to pH evolution. Photolysis in
demineralized water showed a
drop in pH due to chloride release
that gave rise to low TOC and
diclofenac removal
Difloxacin, sarafloxacin 10 pgmL™! Deionized Bench  Simulated sunlight Both drugs degraded completely [27]
water (xenon lamp, (100% removal, ~4 h)
500 Wm~?,
A=290-800 nm)
Fenofibric acid na Distilled water ~ Bench  Low-pressure mercury- The degradation of fenofibric acid ~ [28]

vapor lamp (15 W,
A=254 nm), [H,O,] =
50mg L™

was 100% during UV and UV/
H,0O; processes with UV doses
below 1) cm™3




Ketoprofen 0.1 mM Acetonitrile— Bench  UVA lamp (6 W, Ketoprofen was rapidly [29]
water (1:1) Amax=254 nm) decomposed (60 min)
Oxytetracycline, 5uM Buffered Bench  Low-pressure Hg vapor  The efficiency of UV and UV/ [301]
doxycycline, ultrapure water lamp (11 W), [H,0,]= H,O, process was affected by
ciprofloxacin Surface water 0-0.35 mM water composition. For all of the
Drinking water three selected antibiotics, the
Wastewater fastest degradation was observed
in drinking water and the slowest
degradation occurred in
wastewater. For all compounds,
the rate constants increased
linearly with the applied H,O,
Paracetamol 1.5% 107> mol dm™  Deionized Bench  Low-pressure UV irradiation resulted into a (7]
water monochromatic lamp moderate substrate removal
(254 nm), [H,0,]= (20%). On the other hand, the
1.5%x 107> mol dm™* addition of H,0, allowed a
complete abatement (100%)
Propranolol 50mg L™ Demineralized ~ Bench/ Xenon short-arc lamp Propranolol removal after (3]
water pilot (1000 W) 240 min was 77% and 71% for

the pilot- and the bench-scale
setup, respectively. However,
mineralization accomplished

resulted to be negligible (7%

and 2%)

Continued
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TABLE 2 Examples Taken from the Recent Literature on the Photochemical Advanced Oxidation Treatment (Under Solar or Artificial
Irradiation) of the Most Commonly Detected Pharmaceuticals in Various Aqueous Matrices—Cont’d

Photochemical Advanced Oxidation Technologies

Initial Treatment Process

Pharmaceutical Concentration Water Matrix Scale  Information Main Findings References
Propranolol, atenolol, 3x1073-10 mg L Deionized Bench  Xenon arc lamp (1 kW, The measured half-lives of [31]
metoprolol water A=290-800 nm) propranolol, atenolol, and

metoprolol were approximately

16, 350, and 630 h, respectively.

The half-lives were related to

daylight surface conditions by

comparing the light intensity of

the lamp and the sun at different

latitudes and seasons
Propranolol, 100 mg L' Demineralized  Bench  UV-254 germicidal After 8 h of irradiation, direct [32]
metronidazole water lamp (UVC) UVA photolysis promoted

UV-365 black-light insignificant pharmaceutical
lamp (UVA) removal (propranolol UVA, 0%,

and metronidazole UVA, 22%).

Under UVC radiation, substrate

removal was increased

(near 50%)
Sulfamethoxazole, 1 uM Wastewater Bench  Solar simulator with a Photolysis could be apportioned [33]

trimethoprim

UV-Suprax optical filter
(765 W m™?)

into direct photolysis (48% for
sulfamethoxazole and 18% for
trimethoprim) reaction with
hydroxy! radicals (36% and 62%,
respectively) and reaction with
triplet excited effluent organic
matter (16% and 20%,
respectively)




Sulfamethoxazole,
sulfamethazine,
sulfadiazine,
trimethoprim, diclofenac

4 uM

Demineralized
water

Lake water
Wastewater

Bench/ Low-pressure UV lamps,
pilot  [H,O,]=10mgL™"

The removal efficiency increases [34]
with the order: wastewater < lake
water < demineralized water. For
sulfonamides, pH-related
differences in transformation rates
were mainly due to differences in
the photolysis rate between the
neutral and anionic species. For
trimethoprim, the reaction rate
between the substrate and HO®
was pH-dependent and the
protonated form reacted more
readily than the neutral form. For
the UV +H,0,; process, the
required UV dose to achieve
>90% was <860 mJ cm ™2
(sulfamethoxazole),

<330 mJ cm™2 (diclofenac), and
>900 mJ cm 2 (sulfamethazine,
sulfadiazine, trimethoprim)

Trimethoprim

20mg L™

Demineralized
water
Simulated
seawater

Pilot Simulated sunlight
(250 W m™?)

Direct photolysis yielded a [35]
similar, slow trimethoprim (TMP)
complete degradation rate in both

water matrices (demineralized

water in 1100 min, simulated

seawater in 1400 min)

Continued




TABLE 2 Examples Taken from the Recent Literature on the Photochemical Advanced Oxidation Treatment (Under Solar or Artificial
Irradiation) of the Most Commonly Detected Pharmaceuticals in Various Aqueous Matrices—Cont’d

Photochemical Advanced Oxidation Technologies

Initial Treatment Process
Pharmaceutical Concentration Water Matrix Scale  Information Main Findings References
Norfloxacin, doxycycline, 10™*M Demineralized ~ Bench  Low-pressure mercury- After 2 h of treatment, [36]
mefenamic acid water vapor lamp using UVC approximately 50% of norfloxacin
radiation (150 W, and mefenamic acid were
A=254 nm) in the removed, while roughly 20% of
presence or absence of ~ doxycycline was eliminated.
hydrogen peroxide or Inorganic peroxides considerably
sodium monopersulfate  enhanced the contaminant
conversion (100%), although no
appreciable mineralization could
be obtained
Acetaminophen, atenolol, 100 mg L Demineralized Bench  Direct natural sunlight Propranolol, indomethacin, and [37]
carbamazepine, water ifenprodil were easily
ibuprofen, ifenprodil, photodegraded (t,,, <24 h),
indomethacin, whereas the other five
propranolol, mefenamic pharmaceuticals were stable
acid against sunlight
Difloxacin, sarafloxacin 10 pg mL™" Demineralized ~ Bench  Suntest The degradation rate in pure [38]
water CPS + photoreactor water dropped sharply for
River water equipped with xenon sarafloxacin (t;,=0.84 h) in

lamp (500 W m~2,
A=290-800 nm)

comparison to difloxacin
(t/2=2.62 h).The degradation




rate was rapid in river water for
both sarafloxacin (t;,,=0.34 h)
and difloxacin (t;,=0.49 h). The
difference in the degradation rate
was predicted to be from the
influence of river water pH (6.3)
after addition of substrate and also
from the dissolved organic matters
and inorganic matters that could
have possibly aided the
dissipation process

Ofloxacin 20mg L™ Demineralized ~ Bench  Medium-pressure Ofloxacin was not present after [39]
water mercury-vapor lamp 32 min of irradiation and this was
(150 W) accompanied with a 9% DOC
removal. After 64 min of
treatment, 15% of DOC was
removed
Clofibric acid, diclofenac, 100 pgL™" Demineralized Bench  Low-pressure UV Clofibric acid, diclofenac, [40]

fenoprofen,
isopropylantipyrine,
ketoprofen, phenytoin,
triclosan

water

mercury lamp (10 W,
A=254 nm), [H,O,] =
0-1.47 mM

fenoprofen, isopropylantipyrine,
ketoprofen, phenytoin and
triclosan were removed very
efficiently (>96%) by ultraviolet
photolysis alone. Hydrogen
peroxide addition to ultraviolet
photolysis was not worthy for
majority of the tested compounds
as their removal did not increase
significantly

Continued




TABLE 2 Examples Taken from the Recent Literature on the Photochemical Advanced Oxidation Treatment (Under Solar or Artificial
Irradiation) of the Most Commonly Detected Pharmaceuticals in Various Aqueous Matrices—Cont’d

Photochemical Advanced Oxidation Technologies

Initial Treatment Process

Pharmaceutical Concentration Water Matrix Scale  Information Main Findings References
2. Homogeneous photocatalysis (photo-Fenton)
Bezafibrate, gemfibrozil, ~ 25-1737 ng L™ Wastewater Bench/ Low-pressure mercury Photo-Fenton employing sunlight ~ [41]
metformin, pilot lamp (A=254 nm), solar  simulator reached low removals.
carbamazepine, silumator (550 W m™2), Meanwhile, the removal
gabapentin, diclofenac, [Fe” ]=5mgL™", improved noticeably when photo-
ibuprofen, ketoprofen, [H,0,] =10-50 mg L™ Fenton was developed using UVA
mefenamic acid, light. Global percentages of
naproxen, paracetamol, pharmaceutical removal achieved
primidone, atenolol, were 100%, after 90 min of
metoprolol, sotalol, treatment ([Fe?T] =5 mg L',
azithromycin, [H2021=50 mg L=h
ciprofloxacin,
clarithromycin,
metronidazole,
norfloxacin, ofloxacin,
sulfamethoxazole,
iopamidol trimethoprim
Amoxicillin, paracetamol 0.1 mM Distilled water ~ Bench/ Black-light (15 W, The degradation of amoxicillin [42]

Wastewater pilot A=365 nm) and natural  was not influenced by the source

solar irradiation,
[Hzoz] =2.0 mM,
[ferrioxalate or
Fe(NO3)3] =0.20 mM,
pH 2.5

of the irradiation. Under black-
light irradiation, 90% and 89% of
amoxicillin oxidation were
obtained after 1 min of irradiation
in distilled water and wastewater,




respectively, while under solar
irradiation, 96% and 85% were
reached after the same time. The
use of solar irradiation favored the
degradation of paracetamol,
achieving complete degradation
in a shorter time than that
obtained with black-light
irradiation. The photodegradation
of paracetamol was influenced by
the iron source (higher
degradation in the presence of
potassium ferrioxalate (FeO,) in
comparison to Fe(NOs)3)

Amoxicillin 50mg L™ Distilled water ~ Bench  Solar simulator with Total oxidation of amoxicillin in [43]
xenon arc lamp the presence of FeO, was
(1100 W), obtained after 5 min, while
[FeSO4-7H,0] = 15 min was necessary using
0.05 mM, [FeO,]= FeSO,
0.05 mM, [H,0,] =
120mg L™

Amoxicillin 30mg L™ Distilled water ~ Bench  Black-light irradiation In all cases, complete amoxicillin  [44]

Surface water

(13Wm™2,

=365 nm), [Fe?*] =
0.0179-0.0895 mM,
[H,0,] =1-10 mM

degradation occurred within
5 min and this was accompanied
by lower mineralization rates

J
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TABLE 2 Examples Taken from the Recent Literature on the Photochemical Advanced Oxidation Treatment (Under Solar or Artificial
Irradiation) of the Most Commonly Detected Pharmaceuticals in Various Aqueous Matrices—Cont’d

Photochemical Advanced Oxidation Technologies

Initial Treatment Process
Pharmaceutical Concentration Water Matrix Scale  Information Main Findings References
Acetaminophen, atenolol 10 mg L™ Distilled water  Pilot Direct natural sunlight, Total disappearance of the parent  [45]
Synthetic [Fe” ]=5mgL™", compounds and discreet
wastewater [Hy0,]=10mg L mineralization were attained in all
experiments (acetaminophen,
12 min in distilled water and
21.8 min in wastewater; atenolol,
3.8 min in distilled water and
30 min in wastewater)
Penicillin na Wastewater Bench UV light (1=253.7 nm),  After 60 min of treatment, the [46]
[H,0,] =20 mM, COD removal during photo-
[Fe?*1=1 mM; [Fe*H] = Fenton and photo-Fenton-like was
1TmM 56% and 66%, respectively, while
the respective TOC removal was
51% and 42%
Penicillin na Pharmaceutical Bench  Microwave Under the optimum conditions [47]

wastewater

power=100-500 W,
radiation

time=2-10 min,

pH 1-11, [H,0,] =
3200-19,000 mg L™,
[Fez(SO4)3] =
2000-8000 mg L™

(microwave power=300 W;
radiation time =6 min; pH 4.42;

[H,0,]=1300mg L™;

[Fe1(SO4)3] =4900 mg LY,
penicillin degradation was 55.1%
that was accompanied with
57.5% and >40% of COD and
TOC removal, respectively




Acetaminophen, 100 pg L' Synthetic water  Pilot Direct natural sunlight, The drugs can be successfully (48]
antipyrine, Wastewater [Fe*"1=5mg L', degraded to negligible
carbamazepine, [H,0,]=50mg L™, concentrations without adjusting
diclofenac, flumequine, tzow=102 min the pH. The degradation was
hydroxybiphenyl, found to depend on the presence
ibuprofen, ketorolac, of CO3~ and HCO3 (HOe®
ofloxacin, progesterone, scavengers) and on the type of
sulfamethoxazole water matrix
Ofloxacin 10mgL™! Wastewater Bench  Solar simulator (1 kW The complete degradation of the [49]
xenon lamp), [Fe?*] = examined substrate and DOC
1-5mg L', [H,0,]= reduction (50%) were achieved in
1.357-8.142 mmol L™ 30 min of the photocatalytic
treatment ([Fe”*]=5mgL™",
[H,0,]=2.714 mmol L")
Ofloxacin, trimethoprim 100 pg L™ Wastewater Pilot Direct natural sunlight, ~ The complete degradation of the [50]
[Fe?T]=5 mg L, drugs was achieved at
[H,0,]=75mg L™ tzowt,n=38.7 min (ofloxacin) and
tsowT,n=20.1 min (trimethoprim)
Sulfamethazine 50mg L™ Deionized Bench  Sunlight lamp (300 W), Sulfamethazine was completely [51]
water [Fe?*]1=40 mg L', removed in less than 2 min of
[H,0,] =600 mg L treatment
Sulfamethoxazole 200 mg L™ Distilled water ~ Bench  Three black-light blue The complete antibiotic removal [52]

lamps (8 W each),
[Fe” =10mgL™",
[H,0,]1=300 mg L™

was achieved for a H,O, dose
over 300 mg L™

/
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Trimethoprim 10mgL™! Distilled water  Pilot Direct natural sunlight, The extent of mineralization (53]

Simulated water [Fe?t]=2 mg L', decreases in the order: distilled

Simulated [Hy0,]=2.5mg L water > simulated water >

effluent simulated effluent > pretreated

Pretreated wastewater

wastewater
Tetracycline 24mglL™! Deionized Bench  Black-light (15 W) and The photo-Fenton process under [18]

water solar irradiation, black or solar irradiation is very

Surface water

[H,0,] =1-10 mM,
[Ferrioxalate or
Fe(NO;3)5] =0.20 mM,
pH 2.5

efficient for the degradation of
tetracycline in pure water,
achieving total degradation after
approximately 1 min irradiation.
Under black-light irradiation,
higher efficiency is obtained using
iron nitrate than when ferrioxalate
is used. When tetracycline was
dissolved in surface water, similar
results were obtained indicating
no significant interference of this
matrix on the degradation process




Acetaminophen, atenolol, 1 pg L™ Wastewater Bench  Low-intensity interior All tested drugs, except [54]
diclofenac, iopromide lighting, [Fe?*] = iopromide, were completely
sulfamethoxazole, 20 mg L removed by Fenton treatment
naproxen, fluoxetine [H,0,]/[Fe’*1=0.5-3.0  carried out using a 2.5
[H,O,]/[Fe**] molar ratio
Diclofenac 50mgL™" Distilled water  Pilot Direct natural sunlight, A rapid and complete oxidation of  [55]
[Fe**]1=0.05 mM, diclofenac after 60 min and total
[H,0,] =20 mM mineralization after 100 min of
treatment were achieved
4-Methylaminoantipyrine®  0.56 mg L™ Demineralized  Pilot Direct natural sunlight, Complete disappearance of the [56]
water [Fe**]=2 mg L, drug and 10% of TOC removal
[H,O,] = were observed during the dark
200-500 mg L™ Fenton reaction within 15 min.
Once solar radiation started to
enter the reactor, TOC decreased
rapidly to reach the final TOC of
2.5mg L™ after 120 min
Ibuprofen 0.87 mM Distilled water ~ Bench  Xenon lamp (1 kW, The degradation of ibuprofen was  [57]

/1:’290—400 nm),
[Fe*™1=0.15-1.2 mM,
[H,0,]1=0.04-0.32 mM

direct proportional to the amount
of hydrogen peroxide used
between 80% and 100% for
0.04and 0.32 mM of H,0,,
respectively, in the presence of
1.2 mM of Fe**. In regard to the
mineralization, photo-Fenton
reached 40% of TOC removal

/
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Melatonin 20mg L™ Distilled water ~ Bench 8 W low-pressure Melatonin was degraded (58]
mercury lamp, [Fe?"]=  completely in 60 min under
0.05-0.2 mM, [H,O5]=  the optimum experimental
5-15 mM conditions ([Fe**]1=0.1 mM,
[H,0,] =10 mM)
Nalidixic acid na Demineralized  Pilot Direct natural sunlight, Nalidixic acid was completely [59]
water [Fe?*]1=2 or 20 mg L=",  eliminated in all water matrices.
Simulated [H,O,] = The water composition altered the
industrial 200-400 mg L™ mineralization rate, which was
effluent slower the more complex the
Saline water matrix is (DOC emoval = 86%
in demineralized water,
DOC, emoval=73% in saline water,
DOC,emoval =20% in simulated
industrial effluent)
Clarithromycin, 1.34 uM River water Bench  Medium-pressure The findings suggest that [60]

roxithromycin

mercury lamp, [Fe?*] =

37.7 uM

photodegradation with Fe"
involves the Fe*"—substrate
complexes and not hydroxyl
radicals photogenerated by Fe*"
(clarithromycin, t;,=1.25 h;
roxithromycin, t;,,=1.63 h)




Flumequine, nalidixic 20mg L™ Distilled water  Pilot Direct natural sunlight, Photo-Fenton degradation of both  [61]
acid [Fe*1=2mgL™", substances was very quick
[H,0O,] = (flumequine, 18 min, and
150-350 mg L™ nalidixic acid, 11 min), and the
same mineralization level
(76~77%) was reached in both
cases
Acetaminophen, 100 pug L™ Distilled water  Pilot Direct natural sunlight, ~ The degradation of all compounds  [62]
antipyrine, diclofenac, Standard fresh [Fe**]=5-55 mg L=, in distilled water was achieved
progesterone, water [H,0,]=50mg L™ within 20 min illumination time.
sulfamethoxazole, Standard fresh Acetaminophen,
triclosan water without sulfamethoxazole, and triclosan
NaHCO;3 were completely degraded in
fresh water while antipyrine and
progesterone were still present
after 270 min. All the compounds
were degraded in fresh water
without NaHCO; after 55 min
3. Heterogeneous photocatalysis (TiO,)
Amoxicillin, cloxacillin 138 mg L Wastewater Bench UV lamp (6 W, Under the optimum conditions [63]
=365 nm), [TiO,] = ([TiO,]=1000 mg L™, [H,0,] =
0-1000 mg L™, 250 mg L™, pH 5), complete
[H,O,] = degradation of both substrates
50-350mg L' was achieved in 30 min
Amoxicillin, diclofenac, 2.5-10mg L™ Wastewater Bench  Black-light fluorescent All the drugs were completely [64]
carbamazepine lamp (125 W, removed within 120 min of
300-420 nm), [TiO,]=  treatment ([TiO,]=0.8gL™")
0.2-0.8gL™"

\_
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Sulfamethoxazole, 100 uM Demineralized Bench  Xenon arc lamp system Results demonstrate that UVA— [65]
sulfamethizole, water (450 W), [TiO,] = TiO, photocatalysis can be a very
sulfathiazole, 0.1gL™! effective approach for degrading
sulfisoxazole sulfonamides, particularly in

natural waters exhibiting either

alkaline pH or low concentrations

of NOM or both conditions

(sulfamethoxazole, sulfathiazole,

and sulfisoxazole, removal >95%

in 60 min, and sulfamethizole

removal, >80% in 60 min)
Sulfamethoxazole 10mgL™! Wastewater Bench 9 W UVA lamp (Radium  Sulfamethoxazole and TOC [66]

Ralutec, 9 W/78,
350-400 nm), [TiO,] =
500 mg L™

removal decreased with
decreasing catalyst loading and
dissolved oxygen concentration
and increasing substrate
concentration and solution pH.
Within ~20 min and at

pH 4.8 <pH <5.6, a complete
removal of the substrate was
observed while higher treatment
time (60 min) was needed

for >99% removal at pH 7.5
<pH <8.2




Acetaminophen 100 uM Bidistilled water

Bench

Metal-halide lamp
(250 W, 2>365 nm),
[TiO,]=1.0gL™"

After 100 min irradiation, about [67]
95% of the substrate was

decomposed. The effect of

adsorption at three different pH

values has also been analyzed

and it has been conducted that

pH 3.5, at which acetaminophen

was readily adsorbed also

degraded at a faster rate

Acetaminophen 4.0mM Demineralized
water

Bench

Black-light blue UVA
lamp (A=365 nm), UVC
(15 W, A=254 nm),
[TiO,]=0.4gL™"

A much faster degradation and [68]
effective mineralization of
acetaminophen took place under
UVC irradiation in 300 min
(>99% UVC, ~40% UVA).
Experimental results showed that
the rate constants decrease with
an increase in the initial
concentration of paracetamol but
increase with increase in light
intensity and additional oxygen

Trimethoprim 20mg L™ Deminelized
water
Simulated
seawater

Pilot

Direct natural sunlight,
[TiO,] =200 mg L~

During TiO; photocatalysis, [35]
trimethoprim was completely
eliminated in both water matrices
(demineralized water, 29 min,
and simulated seawater,

~50 min); however, the
mineralization rate was
appreciably reduced in seawater,
which can be explained by the
presence of inorganic species
acting as hydroxyl radical
scavengers

Continued
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Trimethoprim, 100 mg L Demineralized Bench [TiO,]=0.1-2.0g L Sulfamethoxazole was removed [69]
sulfamethoxazole water by 92% ([TiO,]=2.0gL™", 6 h)
whereas trimethoprim was
completely eliminated ([TiO,] >
02gL™", 6h)
Flumequine, nalidixic 20mg L™ Distilled water  Pilot Direct natural sunlight, Degradation efficiency by [61]
acid [TiO,] =200 mg L’ heterogeneous photocatalysis was
similar for both compounds,
which were completely degraded
after 25 min of illumination
Ciprofloxacin 100 uM Demineralized ~ Bench  Xenon arc lamp system  The experiments conducted in [70]
water (450 W, (Vis: deionized water yielded greater
A>400 nm, UVA: deactivation energy efficiency for
A>324 nm), [TIO,] = UVA-TIO; photocatalysis relative
05gL™" to Vis-TiO,
Carbamazepine, clofibric ~ 1.0-5.4 mgL™" Demineralized ~ Bench  Xe short-arc lamp Kinetic studies showed that P25 [71]
acid, iomeprol, iopromide water (1000 W), [TiO,] = had a better photocatalytic
0.1-1000 g L', TiO, activity for clofibric acid and
(Aeroxide P25 and carbamazepine than Hombikat
Hombikat UV100) UV100. For photocatalytic
degradation of iomeprol,
Hombikat UV100 was more
suitable than P25 due to its higher
adsorption capacity




Propranolol 50mg L Demineralized ~ Bench/ Xe short-arc lamp Propranolol degradation (3]
water pilot (1000 W), direct natural  percentages achieved after
sunlight, [TiO,] = 240 min were 81% at the pilot-
0.1-0.4gL™! and 94% at bench-scale setup.
Meanwhile, mineralization
reached was 30% and 41% in
pilot plant and laboratory device,
respectively
Atenolol, metoprolol, 100 uM Demineralized Bench  High-pressure mercury The results showed that [72]
propranolol water lamp (125W, propranolol degraded much more
Amax=365 nm), efficiently than atenolol and
[TiO,]=1.0gL™" metoprolol. The half-lives of three
B-blockers are 18.9, 19.9, and
7.8 min for atenolol, metoprolol,
and propranolol, respectively
Ofloxacin, atenolol 10 mg L Demineralized Bench 9 W UVA lamp Ofloxacin (~85% removal, [731]

water
Groundwater
Wastewater

(A=2350-400 nm),
[TiO,]=250mg L',
[H,0,] =

0.07 mmol L'

30 min) is generally more
susceptible to photocatalytic
degradation than atenolol (~60%
removal, 30 min). When H,O,
added to the photocatalytic
system, 79% and 60% of DOC
removals were achieved for
ofloxacin and atenolol,
respectively. The effect of solution
pH was substrate-specific while
the extent of mineralization
decreases in the order
demineralized

water > groundwater > wastewater

/
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Ofloxacin 10mgL™! Wastewater Bench  Solar simulator (1 kW Under the optimum experimental  [49]
xenon lamp), [TiO,]= conditions ([TiO,]=3 g L,
0.25-4.0gL™", 120 min), 60% of ofloxacin
[H,0,] = removal was observed while the
1.357-8.142mmol L™',  addition of H,0, ([H,0,] =
pH 2-10 5.428 mmol L™') enhanced the
substrate degradation (67%). The
degradation of ofloxacin depends
strongly on the pH of the solution
and is substantially reinforced at
acidic conditions, while hindered
at alkaline conditions
Carbamazepine, 10mgL™! Demineralized  Bench 9 W UVA lamp The removal of carbamazepine in  [74]
ibuprofen water (A=350-400 nm, pure water was 74% (120 min,
Wastewater photon [TiO,] =100 mg L"), while

flux=3.37x107°
einstein s71), [TiO,] =
50-3000 mg L',
[H,0,] =

0.07-1.4 mmol L7,
pH 3-10

ibuprofen was degraded by 65%
(120 min, [TiO,] =500 mg L ™).
Process performance was lower
when drugs were spiked in
wastewater. DOC removal was
enhanced (56-58%) using

1.4 mM of H,O,. The degradation
decreased in either acidic or
alkaline conditio