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Abstract The remarkable worldwide increase in the production and use of several
pharmaceuticals, on one hand, brings advantages to modern society and, on the
other hand, represents a hazardous risk to natural ecosystems. Pharmaceuticals are
considered emerging contaminants of great environmental concern since its con-
tinuous disposal in the environment and high persistency can affect ecosystems and
human life quality. In this context, the scientific community has addressed this prob-
lematic in several fronts investigating incidence, toxicological effects, and detection
techniques to determine the real impact of the increase of its release as one of the
challenges of the new millennia. The present chapter approaches the occurrence,
and deleterious effects of these contaminants, as well as the alternative treatments
developed to adequately remove them from natural water bodies and water streams.
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1.1 Introduction

Emerging contaminants have no proper definition, being hard to describe and clas-
sify (Tijani et al. 2016). The US Geological Society defines the emerging contami-
nants as synthetic or naturally occurring chemicals, microorganisms, or metabolites
that are not monitored but have the potential to cause adverse ecological and/or
human health effects (USGS 2014). Recent research shows that the use of pharma-
ceuticals will globally reach 4500 billion doses by 2020, approximately 24% more
than in 2015; at the same time, 50% of the world population will be able to consume
more than one dose per person per day. Compared to consumption, global spending
for pharmaceuticals is mostly driven by the USA, EU (Germany, the UK, Italy,
France, Spain), Japan, Canada, South Korea, and Australia (Quintiles] MS Health,
2015, 2016), with an overall market of $1400 billion by 2020 (Mezzelani et al. 2018).

The development of analytical techniques such as high-performance liquid
chromatography-mass spectrometry (HPLC-MS) allowed the detection of several
compounds in complex matrixes identifying and quantifying the compounds in con-
centrations as low as nanograms per liter. Considering their high toxicity and the
ability to move along the food chain, most times even nano-level of contaminations
is enough to see deleterious effects promoted from contact with pharmaceuticals
(Rivera-Ultrilla et al. 2013; Yadav et al. 2016a; Comber et al. 2018). Attempts like
the Stockholm Convention, also known as the Persistent Organic Pollutants Treaty
of 2001, and the Berlaymont Declaration of 2013 have been made seeking to control
the level of these contaminants in the environment, without success.

Among the emerging contaminants, pharmaceuticals are classified according to
their uses adding to up to 24 classifications, of which four are predominantly found
in water and are known as nonsteroidal anti-inflammatory drugs (NSAIDs), anticon-
vulsants, antibiotics, and lipid regulators (Tijani et al. 2016). The first reports of
pharmaceuticals as environmental contaminants were only found when ethinyl-
estradiol (birth control substance) was directly related to neurological impairment
found in fishes back in 1994 (Gautam et al. 2017; Purdom et al. 1994), but their
effects on the environmental balance vary from disrupting key bacterial cycles
(nitrification/denitrification) to impairments in soil fertility (Watkinson et al. 2009).
With the increase in human and animal use of these drugs, and due to the incomplete
metabolization of these compounds, an increase in volume detected in the environ-
ment has been seen in recent years. Although most of the pharmaceuticals reach the
wastewater treatment plants after being somewhat digested by human and animal
organisms, there is still a great amount of the contaminants that reach the systems
as purchased due to inadequate disposal of these compounds (Pereira et al. 2017).

This problem is accentuated when considering that conventional wastewater
treatment plants do not reach complete mineralization of these compounds, which
several times exits the system unchanged (Yadav et al. 2016b; Zhang et al. 2018).
The scenario is more problematic when considering practices of water reuse, espe-
cially adopted in areas where the resource is scarce. For instance, Kleywegt et al.
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(2011) detected more than 30 different pharmaceuticals in drinking water across
the world.

Endocrine disruption, chronic toxicity, and increase in bacterial strain resistance
to these drugs are the main side effects already spread worldwide. Hence, pharma-
ceuticals and several emerging contaminants are being even more frequently the
focus on research and investments in order to better understand their incidence and
their fate in natural environments. In this sense, UNESCO-IHP initiative funded by
the Swedish International and Developed Cooperation Agency (Sida) just invested
in studies in 17 different countries (Australia, Brazil, China, Ethiopia, India, Kenya,
Kuwait, Mexico, Mongolia, Nigeria, Norway, Rwanda, Saint Lucia, Thailand,
Tunisia, Ukraine, and Vietnam).

Notably, efforts from various entities are starting to promote awareness of the
problem and address possible solutions and research on the topic. However, phar-
maceutical pollution control protocols involve both political and cultural changes
demanding intensive and direct participation of the standard home user. With this
background, this chapter presents a critical review of the recent scientific develop-
ment on the issue of presenting environmentally friendly options for pharmaceutical
removal from the environment. In addition, a summary of the main pharmaceuticals
found in the environment and the latest detection methods is presented. Finally, the
uses of environmentally friendly technologies named green technologies for the
elimination of these compounds from the environment are also discussed.

1.2 Occurrence of Pharmaceuticals Worldwide

The presence of pharmaceutical contaminants in the wastewater is directly related
to human activity and, as such, is highly unpredictable. Partly, this is because these
contaminants can enter the environment from several sources (Fig. 1.1). However,
household wastewater is one of the main sources for pharmaceuticals found in the
environment (Pereira et al. 2017). Additionally, pharmaceuticals used in veterinary
applications are commonly excreted directly into soils or superficial waters without
proper treatment, which increases the complexity of emission estimation (Bielen
et al. 2017).

Due to their physical-chemical properties, high stability, and chemical persis-
tence, pharmaceuticals are generally hard to naturally degrade. In a more concern-
ing scenario, their chemical structures can present specific affinities that lead them
to bond, rearrange, and develop synergistic effects resulting in a more bioactive
compound than their metabolic precursor (Luo et al. 2014; Zainith et al. 2019).
Various routes by which the pharmaceuticals enter the environment can be seen in
Fig. 1.1 (Tijani et al. 2016; Verlicchi et al. 2012; Ding et al. 2010; Yang et al. 2017a;
Scott et al. 2018).

Therefore, it is no surprise that pharmaceuticals have been found in both influent
and effluent waters from wastewater treatment plants (WWTP) (Comber et al. 2018;
Verlicchi et al. 2012; Cotillas et al. 2016; Guedes-alonso et al. 2013), surface water
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Fig. 1.1 Schematic pathways of pharmaceutical contaminants from sources to receptors (gray)
(Adapted from Stuart et al. (2012))

Table 1.1 Pharmaceutical classes and representative compounds intensely consumed worldwide

according to its use

Classes Representative compound
Antibiotic Erythromycin; sulfamethoxazole
Antimicrobial Oxytetracycline, trimethoprim

Anti-inflammatory

Acetylsalicylic acid; ibuprofen; diclofenac

Analgesic Paracetamol

Antidepressants Benzodiazepines

Antiepileptics Carbamazepine

Lipid-lowering drugs Fibrates

p-Blockers Atenolol, propranolol, and metoprolol
Antiulcer drugs and Ranitidine and famotidine
antihistamines

Other substances

Cocaine, barbiturates, methadone, amphetamines, opiates, heroin,
and other narcotics

(Bielen et al. 2017; Marsik et al. 2017; Mandaric et al. 2017), groundwater (Yao
et al. 2017; Sui et al. 2015), and even drinking water (Machado et al. 2016; Saxena
et al. 2015; Leung et al. 2013; Mompelat et al. 2009). Among the several com-
pounds found in literature, a brief summary of the most frequent classes of pharma-
ceuticals and representative compounds is displayed in Table 1.1 (Kiimmerer 2001;
Balakrishna et al. 2017; Puckowski et al. 2016).

In countries like China, known as the largest producer and consumer of pharma-
ceuticals in the world, amounts of over 90,000 tons of antibiotics were estimated to
be consumed, of which 53,800 tons entered the environment through WWTP (Zhang
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et al. 2018). The loadings vary according to the season, sporadic events, intra- and
inter-day variation, and spatial distribution, which all contribute to the difficulty to
properly predict the amounts of contaminants found in the environment (Petrie et al.
2014). Further, urban and anthropic variables, such as tourism and collective vaca-
tion periods, have been found to significantly alter the incidence of pharmaceuticals
in the environment (Mandaric et al. 2017). For example, studies developed by
Mandaric et al. (2017), analyzing the incidence of 80 different pharmaceutical com-
pounds in the Adige river basin (Italy), found that the overall presence of the com-
pounds was higher in winter than in summer.

However, considering the distribution throughout over 400 km of the river and 12
different sampling points, it was proven that this difference is related to both the
larger dilution seen in summer, due to the snow melting and the higher presence of
tourists during winter. Similarly, Azzouz and Ballesteros (2013) and Pereira et al.
(2015) analyzed the influence of environmental conditions on the concentration of
pharmaceuticals, hormones, and personal care products in samples of raw water
received by a WWTP in southeastern Spain. The research focused on determining
the presence of compounds most resistant to removal by conventional wastewater
treatment. Higher levels of these contaminants were observed in colder periods than
in warm periods (spring and summer), which was mainly attributed to the biodegra-
dation being favored by high temperatures and solar irradiance. On the other hand,
carbamazepine in raw water presented only little change between periods, which
suggests that this pharmaceutical is resistant to changes in temperature and solar
irradiance.

Finally, the efficiency with which these contaminants are removed by a conven-
tional water treatment plant operating by means of peroxidation with potassium
permanganate and chlorination with sodium hypochlorite in the presence of highly
concentrated ammonia was evaluated (Saxena et al. 2015; Bharagava et al. 2018).
As result, it was found that water treated in the colder periods still contained small
amounts of ibuprofen and carbamazepine (0.09-0.50 ng L), these values being
less than 0.2% of their initial concentrations at the WWTP intake.

On the other hand, Marsik et al. (2017) analyzed the concentration of five of the
most common nonsteroidal anti-inflammatory drugs (NSAIDs) (ibuprofen, diclof-
enac, naproxen, ketoprofen, and indomethacin) collected in 29 sites, including
urban and rural areas, water streams, and main water supply points in the Elba river
in Czech Republic. Although the amount of NSAID varied according to the sam-
pling point, in general, their concentrations increase during the months of spring
and autumn. In this study, ibuprofen was the most abundant compound found
(3.210 ng L), followed by naproxen, diclofenac, and ketoprofen (1.4238 ng L=/,
1.080 ng L7, and 929 ng L', respectively). Additionally, factors like flow rates also
influenced the concentration of all compounds showing a significant increase in
creeks, probably associated with the proximity to the contamination source.

Kot-Wasik et al. (2016) investigated the occurrence and efficiency of removing
25 pharmaceuticals during water and wastewater treatment analyzing the seasonal
variation noted throughout the year. The compounds found more frequently were
carbamazepine (100% of the samples) and ibuprofen (98% of the samples). Still,
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pharmaceutical concentrations were higher in winter, especially for the nonsteroidal
anti-inflammatory drugs (NSAIDs) and caffeine, probably due to degradation inhi-
bition related to low temperatures and limited sunlight. Carbamazepine was once
again found as the most resistant to natural degradation, and its concentration was
uniform throughout the year.

Therefore, complex studies like these, which seek to understand the anthropo-
genic effect on the concentration of pharmaceuticals throughout the year, promote a
better knowledge of the various routes in which population density can affect con-
tamination rates and aid in developing adequate protocols to suit various environ-
ments. Nowadays, an increasing concern on the presence of these contaminants in
drinking water is seen, especially in governmental studies. Kleywegt et al. (2011)
reported a survey carried out by the Ontario Ministry of the Environment (MOE),
analyzing 258 field samples, collected through the timespan of 16 months. Incidence
of pharmaceuticals and other emerging contaminants is widely reported in drinking
water samples in this study, highlighting the need for improvements in the treatment
used to remove these specific compounds.

Moreover, the amounts in which these compounds are found have become an
alarming problem. Kay et al. (2017) analyzed the Aire and Calder catchment in
West Yorkshire (UK), which receive 105 WWTP effluents being the most populated
area of the UK with close to 1.5 million people. For analysis, only five of the most
commonly found compounds were analyzed in the samples gathered, which were
121 WWTP effluents, 185 receiving waters, and 14 combined sewer outflows. The
compounds analyzed were diclofenac, erythromycin, ibuprofen, mefenamic acid,
and propranolol. After thorough analysis, the pharmaceuticals chosen were found in
51-94% of the samples in concentrations up to tens of hundreds of ng L', many
times exceeding the permissible values found in legislation. Although the variety of
products found in effluents and surface waters is endless, studies can have a range
as wide as hundreds of compounds and still not effectively characterize all the com-
pounds found in samples collected. Worldwide the number of contaminants identi-
fied in these studies is continuously increasing. Table 1.2 shows the latest studies
highlighting the analysis method applied and the water matrix chosen in each case.

When brought to light, the incidence in which contaminants are found in natural
water bodies only reinforces the need to improve the WWTP. Studies developed in
South Korea frequently detected incomplete removal of 25 compounds from the
total of 26 analyzed by the WWTP, even in systems relying on membrane filtration,
membrane bioreactor, nanofiltration, reverse osmosis, and ultraviolet irradiation
(Kim et al. 2018; Chowdhary et al. 2018). Further, this situation is even more wor-
risome in countries with poor environmental protection laws. In such places, the
contamination occurs notably by poor understanding from the population, disposing
pharmaceuticals directly into toilets and water bodies, combined with limited con-
tamination control measurement adopted by hospitals, treatment centers, and even
industries (Visanji et al. 2018).

In countries like India, fiscal incentives and low employee costs will drive the
pharmaceutical industry to produce $45 billion a year by 2020, where sewage treat-
ment is so deficient that from 1.3 billion people attended, only 31% of the sewage
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Table 1.2 Reports on pharmaceutical compounds found in natural waters worldwide

Number of
contaminants
Country | identified Environment analyzed | Analysis method | Year | References
South 26 Effluents, surface LC-MS/MS 2007 | Kim et al.
Korea waters, drinking water (2007)
Canada |48 Surface waters, Q-trap MS 2011 | Kleywegt et al.
drinking water LC-MS/MS (2011)
Australia | 28 Hospital wastewaters, | HPLC-MS/MS 2006 | Watkinson
WWTP effluent, et al. (2009)
surface waters,
drinking waters
Italy 80 Surface waters UPLC- 2017 | Mandaric et al.
QLIT-MS? (2017)
China 14 Ground water and HPLC-MS/MS 2017 | Yao et al.
surface water (2017)
Spain 13 Wastewater HPLC-MS/MS | 2013 | Guedes-alonso
and UHPLC-MS/ et al. (2013)
MS
Spain 23 WWTP LC-MS/MS 2017 | Afonso-
Olivares et al.
(2017)
Spain 19 Wastewater UPLC-Qtrap-MS | 2017 | Hom-Diaz
et al. (2017)
India 67 Wastewater, hospital 2017 | Balakrishna
effluent, river water, et al. (2017)
ground water
China 37 WWTP HPLC-MS 2018 | Zhang et al.
(2018)
China 39 Advanced drinking HPLC-MS/MS | 2016 | Lin et al.
water treatment plant | and LC/MS/MS (2016)
South 90 WWTP, surface waters | UPLC-TQD-MS | 2017 | Archer et al.
Africa (2017)
Kenya 21 Rivers UPLC 2018 | K’oreje et al.
(2018)

(38.254 million liters per day) is actually treated (Balakrishna et al. 2017). Although
proper treatment methods and adequate environmental policies are still in develop-
ment in these countries, an increase in studies focusing on the detection and quanti-
fication of pharmaceuticals in the environment has been noted (Gogoi et al. 2018).
Yao et al. (2017) investigated the occurrence of 14 antibiotics (fluoroquinolones,
tetracyclines, macrolides, and sulfonamides) in groundwater and water bodies in the
fields of Jianghan in China, during three seasons. Total concentrations of target
compounds in water samples were higher in spring than in summer and winter,
mostly associated with veterinary use and the higher incidence of diseases in this
period. Erythromycin was the antibiotic found mostly in superficial waters with an
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average concentration of 1.60 pg L=', 0.772 pg L', and 0.546 pg L', respectively,
in spring, summer, and winter.

Matongo et al. (2015) investigated the presence of pharmaceuticals, such as sul-
famethazine, sulfamethoxazole, erythromycin, metronidazole, trimethoprim, acet-
aminophen, caffeine, carbamazepine, clozapine, and ibuprofen in the Umgeni River,
in the Durban city in KwaZulu-Natal, South Africa. Clozapine was found in higher
concentrations (78.33 pg L) followed by ibuprofen (62.0 ug L™1).

Machado et al. (2016) investigated the presence of emerging contaminants of
different classes in 100 samples of potable water in 22 Brazilian capitals, and seven
water sources from most populated areas in the country. The samples were collected
between June and September of 2011 and again in the same period of 2012. Among
the emerging contaminants, caffeine was the substance most commonly found,
detected in 93% of the potable water samples, and in 100% of the surface waters.
Caffeine concentration in potable water varied from 1.8 ng L' to 2 pg L~!, while in
water sources, the concentrations varied from 40 ng L= to about 19 pg L='. The fact
that caffeine is found in potable water indicates that there is still reminiscent of
domestic wastewater contamination in potable water distribution since this is typi-
cally an anthropogenic compound. Similar results were found in studies carried out
in China (Leung et al. 2013) and Spain (Boleda et al. 2011).

On the other hand, Watkinson et al. (2009) analyzed the presence of 28 antibiot-
ics in hospital wastewaters, WWTP effluent, surface waters, and drinking waters
and found that although the presence of antibiotics was seen in every sample,
including surface water used as drinking water extraction sites, none of the antibiot-
ics analyzed were found in drinking water samples. Thus, the samples collected
from 81 different surface water and 20 different drinking water sites within South-
East Queensland (Australia) pointed out that the treatment applied to the drinking
water supplied to the population was satisfactory for antibiotic removal, which rep-
resents hopes in developing adequate treatment and distribution protocol for the
critical areas.

The most delicate part of these studies relies on identifying adequately the pres-
ence of the compounds on the intake and output of the WWTP. In this sense, an
innovative research developed by Sgroi et al. (2017) used fluorescence data of three-
dimensional excitation—emission matrixes (EEM) to analyze treatment efficiency
of 10 WWTP facilities in Sicily (Italy) using 11 target compounds. These WWTP
presented secondary treatments varying from activated sludge units with nitrifica-
tion and denitrification processes, activated sludge units without nitrification and
rotating biological contactors, or even extended aeration activated sludge unit
(Kumari et al. 2016; Saxena et al. 2017). All compounds were removed in a range
from 28 to 82%; however, due to treatment efficiencies varying among the WWTPs
proposed, the development of rapid, low-cost, and highly specific studies like these
enable the tailoring of systems more adequately addressing the influent for every
matrix it presents.

Finally, all the studies mentioned contamination found in untreated wastewater
and/or the persistent contamination found after the effluent exits the WWTP. However,
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considering that, for example, one in four households in the United States relies on
septic systems for wastewater disposal, further investigation on the direct influence
of this route is also necessary. Yang et al. (2017b) studied the fate of pharmaceuti-
cals in septic systems considering drain fields of drip dispersal, gravel trench, and
advanced system. Although the septic systems can treat partially the compounds
analyzed, it also serves as an accumulation point for their byproducts. Additionally,
these accumulation points infiltrate to groundwater contaminating the water source,
which was confirmed in this study by identifying seven markers directly below the
septic systems studied.

1.3 Ecotoxicological Effects

Other than toxicological effects related to direct exposure to pharmaceuticals, a
concerning process occurring is the increase in microbial resistance normally
caused by interaction with human and animal bacterial species, exposure to bacteria
present in hospital, farms and home care, and finally interaction with bacteria pres-
ent in sewage and biological wastes (Mishra and Bharagava 2016; Pereira et al.
2017; Gavrilescu et al. 2015).

Analyzing pharmaceutical ecotoxicological effect is normally carried out in lab-
oratorial environment based on acute toxicity tests to a certain compound. The most
commonly used organisms are fishes Danio rerio and Pimephales promelas and the
crustaceous Daphnia magna, using standard methods measuring the concentrations
that cause oxidative stress and/or mortality to the organism tested. One of the most
common methods used is the effect concentration 50% (ECsy), which determines
the concentration in which adverse effect is noted in 50% of the individuals (Petrie
et al. 2014; Galus et al. 2013). Therefore, a compound is considered harmful when
its ECs, is between 10 and 100 mg L, toxic at 1-10 g L', and highly toxic when
<1 mg L' (Petrie et al. 2014). However, data comparison in literature is very com-
plicated due to the specific compounds and species tested, as well as the variety of
toxicological endpoints studied. Table 1.3 shows the ECs, found for a group of com-
pounds tested using organisms D. magna, V. fischeri, A. flos-aque, P. subcapitata,
S. vacuolatus, and S. obliquus.

Various factors affect the toxicity of certain compounds, and due to the sensitive
nature of the species analyzed, variables such as temperature, pH, salinity, and tur-
bidity, need to be considered as well (Yadav et al. 2019; Mani and Bharagava 2016).
Mostly, for pharmaceutical contamination, the main factor affected is the pH of the
water bodies. Recent studies by Liu et al. (2016) analyzed the toxicity of sulfadia-
zine to Daphnia magna, in various pH presenting toxicity increments up to 15-folds
in EC50, when pH reduced from 8.5 to 6.0. Similar results had been previously
reported by Anskjer et al. (2013), finding 11-fold increment in EC50 with the same
pH variation, relating the specific transformation from its neutral form at pH 6.0 to
its negatively charged form at pH 8.5.
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Table 1.3 Estimations of the effective concentration (ECs,) for several organisms exposed to a

variety of pharmaceutical compounds

Toxicity
Compound tested Organism tested Endpoint | (mg L") | References
Sulfadiazine D. magna 24 h 48.89 Liu et al.
ECs (2016)
48 h 11.93
ECs
Diclofenac D. magna 24 h 3.18 Czech et al.
ECs (2014)
V. fischeri 48 h 2.69
ECs
D. magna 14.04 14.04
Chloramphenicol V. fischeri 24h 5
ECs
D. magna 48 h 5
ECs
27.06 27.06
Metoprolol V. fischeri 24 h 2.59
ECs
48 h 2.59
ECs
14.48 14.48
Oxytetracycline Anabaena flos-aque |72 h 2.7 Kolar et al.
ErCs, (2014)
Pseudokirchneriella |72 h 1.5
subcapitata ErC,
Daphnia magna 72 h 1.04
ErCs
72 h 0.47
ErC
Trimethoprim Anabaena flos-aque |48 h 669°
ECs
Pseudokirchneriella |48 h 197
subcapitata ECo
Daphnia magna 72h 253
ErCs,
72h 26
ErC,,
72 h 129
ErCs,
72h 65
ErC,,
48 h 100
ECs
48 h 66
ECy

(continued)
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Table 1.3 (continued)

Toxicity
Compound tested Organism tested Endpoint | (mg L") | References
Sulfamethoxazole + sulfamethazine | Scenedesmus 72 h 19.52 Xiong et al.
vacuolatus ECs (2018)
Scenedesmus 96 h 0.108
obliquus ECs
Diclofenac D. magna 24 h 82.3 Du et al.
ECsy (2016)
48 h 18.1
ECsy
72 h 6.23
ECsy
Ibuprofen D. magna 24 h 116
ECSU
48 h 23.5
ECS()
72h 8.33
ECS[)

*Value exceeded water solubility

Additionally, it is common to find that the by-product formed after degradation
of the original pharmaceutical is many times more toxic for the studied organism
than its previous form. For example, Dirany et al. (2012) analyzed the degradation
of sulfachloropyridazine by electro-Fenton treatment and further analyzed the
toxicity of the target compound and two of its oxidation by-products, namely
amino-6-chloropyridazine and p-benzoquinone. Analyzing the toxicity in V. fisch-
eri, they found ECs, of 1.96 mg L~! for sulfachloropyridazine and <0.01 mg L~ for
p-benzoquinone and over 250 mg L~! for 6-chloropyridazine. Considering the deg-
radation chain follows the sequence sulfachloropyridazine > 6-chloropyrida-
zine > p-benzoquinone, a sharp increase in toxicity is seen in an intermediary step
of the treatment, which is a common finding when treating pharmaceuticals
(Coledam et al. 2017).

Nevertheless, study on bioaccumulation of pharmaceuticals and their effects on
the health of the species exposed to them is still a field to be widely researched.
Cheng et al. (2017) reported the bioaccumulation of sulfadiazine in Chinese mitten
crab (E. sinensis), finding rates of <3 ng/g, not dose-dependent. These researches
increase the understanding of the secondary effects promoted by the environmental
contamination of these compounds and aid in the development of new treatment
protocols and risk identification.

Another particularly interesting study was developed by Mohd Zanuri et al.
(2017) analyzing the effects of short-term exposure to realistic values of ibuprofen,
diclofenac, and sildenafil citrate of selected specimens: echinoderms (Asterias
rubens and Psammechinus miliaris) and a polychaete worm Arenicola marina.
From the compounds analyzed, diclofenac was more toxic than the others reducing
sperm swimming speed and fertilization success in A. rubens. Exposure to sildenafil
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citrate (commercially known as Viagra®) actually enhanced sperm motility, which
increased fertilization success in the echinoderms, which also did not present toxic-
ity effects for this organism. Case studies like these are important to highlight the
various toxic effects possible in environmental conditions.

Additionally, one of the main problems in estimating the toxicity of real effluents
is that in many processes and in urban scenarios, the organisms are exposed to a
complex mixture of compounds, and it is difficult to estimate ECs, for the com-
pounds found. For example, Bielen et al. (2017) studied the effluents from two phar-
maceutical companies in Croatia, collecting samples in four different periods
throughout the year, analyzing seasonal effects. Sample one contained mostly
azithromycin and erythromycin, while sample two contained sulfonamides, fluoro-
quinolones, tetracyclines, and fB-lactams. D. rerio specimens were exposed to the
effluent as in loco (after undergoing a membrane reactor treatment) and 2x diluted
and 4x diluted. Mortality rates for the effluent from Company 1 as in loco were
100%, showing improvement to as low as 20% only after a 4x dilution. Meanwhile,
the specimens exposed to effluent from Company 2 varied from under 10% mortal-
ity to no mortality after dilution. Studies like these highlight the complexity of eco-
toxicity tests in case of pharmaceutical contamination supporting the need for
Predicted No Effect Concentrations (PNECs) for all compounds being emitted in
the environment.

1.4 Alternative Treatments

1.4.1 Microalgal

Studies developed in Spain by Hom-Diaz et al. (2017) analyzed the effectiveness of
a tubular microalgae reactor for toilet wastewater treatment system for pharmaceuti-
cal removal. The system consisted of 1200 L microtubular tanks and a constant
stirring velocity of 0.13 m s~!, analyzing the system efficiency in two periods of the
year (period 1: September 14 to October 16; period 2: October 20 to December 22),
in order to analyze both seasonal effects and possible variations in population’s
consumption of pharmaceuticals. These studies also analyzed two hydraulic reten-
tion times of 8 and 12 days. In general, the system was able to remove 98% of the
anti-inflammatory drugs, 48% of antibiotics, and between 30 and 57% of the psy-
chiatric drugs, proving effectiveness for this proposed system to remove pharma-
ceuticals present in natural wastewaters.

Furthermore, extensive research has been carried out by Xiong et al. (2018) gath-
ering the latest studies on microalgae used to remove pharmaceuticals from water
sources in microalgae-mediated bioremediation, highlighting the possibility of
solar energy use, eco-friendliness, and its low cost. The research classified microal-
gae treatment in bioadsorption, bioaccumulation, and biodegradation. Bioadsorption
is highly recommended for pharmaceuticals with cationic groups that are actively
attracted to the microalgae surface due to electrostatic interaction. Bioaccumulation
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that is the uptake of substrates has been proven successful with specific pharmaceu-
ticals like carbamazepine (Xiong et al. 2016). Finally, biodegradation was found to
be the most common route for pharmaceutical removal by microalgae treatment,
finding removal rates of up to 80% of active compounds according to the literature
(Xiong et al. 2018).

When considering microalgae removal rates, a series of factors come into play,
as seen in recent studies developed by Xiong et al. (2019), where sulfamethoxazole
and sulfamethazine were combined at various concentrations and submitted to
microalgae degradation with S. obliquus. While seeking to understand the degrada-
tion route of the compounds studied, it was possible to note that the degradation of
sulfamethazine was considerably improved with the addition of sulfamethoxazole.
By determining the degradation routes present, it was confirmed that S. obliquus
was able to promote hydroxylation, methylation, deamination, and bond cleavage,
all of which could contribute to the understanding and determination of the potential
applications of this specific organism.

Microalgae is, therefore, one of the proposed solutions for pharmaceuticals
removal from water bodies and various wastewaters. Mostly, the recent trends
involve combined processes where the system is optimized by a previous or poste-
rior microalgae treatment. In this sense, studies on integrating microalgae with
advanced oxidation processes (AOPS) (Keen et al. 2012), constructed wetlands
(Ding et al. 2016), and microbial fuel cells (Li et al. 2014) are being performed.

1.4.2 Advanced Oxidation Processes (AOP)

Contamination with certain pharmaceuticals due to their specific properties and
high stability are typically hard to address. In this sense, the AOPs are known to be
an effective indiscriminate method to strongly oxidase the most organic compounds.
Furthermore, even in cases where the target compound is not totally degraded, the
addition of hydroxyl groups to the parent molecule facilitates ring opening by cer-
tain catechol dioxygenase enzymes produced by heterotrophic bacteria being a criti-
cal step in biotransformation of aromatic compounds (Keen et al. 2012).

Ozonation, UV, photocatalysis, and Fenton reaction have been used for the treat-
ment of potable water and to a lesser extent in wastewater disinfection. It has been
reported that WWTPs equipped with AOPs were capable of eliminating pharmaceu-
tical compounds, such as caffeine and sulfamethoxazole, at efficiencies of 89.5%
and 92.2%, respectively (Lin et al. 2016).

Among the AOPs available, UV treatment is used as one of the main disinfection
techniques in European Wastewater Treatment Plants considering its high disinfec-
tion capacity with no addition of chemicals required (Song et al. 2016). In a sense, the
treatment efficiencies in WWTP have not been thoroughly addressed due to variations
in environmental concentrations and specific operatiing conditions that are typically
difficult to simulate in lab-scale reactors. However, Paredes et al. (2018) researched
the fate of 12 different pharmaceuticals, analyzing UV dose, temperature, and water
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matrix in order to determine the real applicability of the UV treatment. The effluents
tested were collected from four different WWTP in Spain, UV dose varied from 12 to
44 mJ/cm?, and contaminant concentration was spiked at environmentally relevant
concentrations (10 pg L™"). Phototransformation was seen in most compounds in
rates varying from 60 to 92%, with a considerable increase in degradation when
the temperature was altered from 15 to 25 °C.

Although Paredes et al. (2018) found high rates of degradation for recalcitrant
compounds (such as diclofenac and diazepam), the phototransformation of the
pharmaceuticals in full-scale system is almost negligible due to the low doses of UV
applied in the system, also impaired by variables such as total suspended solids,
dissolved organic matter, and nitrate concentration. These results suggest that the
UV method, once it is present in most WWTP as a disinfection procedure, could be
a viable route to improve the removal rates of pharmaceuticals if combined with
catalytical processes.

In this sense, Keen et al. (2012) analyzed the degradation of carbamazepine, a
well-known and very persistent drug prescribed for epilepsy and other mental dis-
orders, by combining UV/H,0, and biodegradation. Their study determined that the
initial UV/H,0, attacking the compound with the hydroxyls formed and leading to
the formation of assimilable organic carbon (AOC) enables the biofilm growth.
Additionally, the UV/H,0, coupled with a traditional WWTP could also provide
higher levels of disinfection, possibly even removing the need for that additional
final step from the process.

1.4.3 Adsorption

Basically, considering a physical treatment approach, adsorption is well known for
being highly efficient, low cost, and easy operation and presents no risk of forma-
tion of toxic products. It can be applied as a batch process or in the form of fixed-
bed columns that is easily scaled up (Ahmed and Hameed 2018).

Improvements in the physical structures of adsorbents are another approach to
increase their effectiveness when treating effluents contaminated with pharmaceuti-
cals. In that sense, Shan et al. (2017) supported graphene oxide (compound widely
known for its adsorptive features) onto rigid fluorine-containing molecules (TFT or
DFB) analyzing its capacity to adsorb carbamazepine, sulfamethoxazole, sulfadia-
zine, ibuprofen, paracetamol, and phenacetin solutions. The enhancements pro-
posed by doping the graphene oxide on the DFB structure can increase the adsorption
capacity by 1.0-15 times, highlighting the potential for the use of this technology
efficiently adsorbing these molecules from water bodies.

Further, since adsorption is mostly dependent on particle size, other improve-
ments can be done to enhance the adsorption rates, especially when treating
nanoparticles. In this sense, procedures such as coagulation would ensure the sepa-
ration of larger particles allowing the use of filtration systems with smaller pores.
Thus, Sheng et al. (2016) combined an ultrafiltration system with coagulation and
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powdered activated carbon pretreatment to address samples containing acetamino-
phen, bezafibrate, caffeine, carbamazepine, cotinine, diclofenac, gemfibrozil, ibu-
profen, metoprolol, naproxen, sulfadimethoxine, sulfamethazine, sulfamethoxazole,
sulfathiazole, triclosan, and trimethoprim. By developing this procedure, they noted
that pharmaceuticals would bond to the activated carbon by weak Van der Walls
attraction forces, which would be retained in the ultrafiltration system blocking the
passage of further pharmaceuticals.

Sheng et al. (2016) studied the effects of coagulation, activated carbon, and ultra-
filtration alone and combined, finding that for the individual technologies, rates of
50, 29, and 7% removal were found for the activated carbon, ultrafiltration, and
coagulation alone, respectively. As for the proposed combined process of ultrafiltra-
tion with coagulation pretreatment showed an improvement of only 4% in removal
rates. Finally, rates of 90.3% removal were found when combining ultrafiltration
with activated carbon use.

When focusing on adsorption using activated carbon, researchers have found
good removal rates, but due to the high cost of activated carbon, the reuse of these
materials is of great concern. In this sense, Marques et al. (2017) analyzed the ther-
mal regeneration of activated carbon in granular, powdered, and cloth forms study-
ing the retention of chlorofibric acid and paracetamol. The materials were tested for
absorption capacity and then submitted to thermal regeneration in 400 and
600 °C. The procedure was repeated after every adsorption experiment for four
cycles. Among the materials tested, carbon felt presented the highest regeneration
capacity maintaining its activity over 50% up to the second reuse, decreasing to
fewer than 20% at the fourth reuse in both the temperature conditions. Although the
results in these tests are interesting, the need to develop efficient recovering systems
is one of the main limiting factors for the industrial application of adsorption as a
route for pharmaceutical removal from effluents.

1.4.4 Enzymatic Bioreactor

Based on the enzymatic capacity to degrade certain chemicals, enzymatic bioreac-
tors are controlled by pH, temperature, and enzyme innate features. Enzymes such
as laccases are well known for degrading a wide variety of compounds and their
ability to sustain drastic changes in pH. Taking into account the advantages of this
degradation route, Asif et al. (2017) proposed the integration of laccase-based bio-
reactor with high retention membranes coupling the two systems and working with
Aspergillus oryzae (A. oryzae) and Trametes versicolor (T. versicolor), analyzing
degradation and retention of sulfamethoxazole, carbamazepine, diclofenac, oxy-
benzone, and a pesticide (atrazine). Since degradation by laccase occurs due to the
nature of functional groups present in the compounds (e.g., electron-donating
capacities) and the relative redox potential of the laccase and the compounds, the
findings were particularly analyzed for each compound studied. Considering the



16 M. M. de Salles Pupo et al.

combined treatment of membrane filtering and the enzymatic attack by the laccase
use, all compounds were removed in rates varying from 50 to 100%.

Likewise, Ba et al. (2018) studied the efficiency of a hybrid bioreactor (HBR) of
a combined cross-linked tyrosinase and laccase aggregates and hollow fiber micro-
filtration (MF) membrane to remove a mixture of 14 pharmaceuticals from munici-
pal wastewater in concentrations at 10 pg L=!. They reported that after a 5-day
continuous operation, the HBR achieved >90% efficiency for the elimination of the
14 selected pharmaceuticals at environmental concentration. This outstanding result
was attributed to a synergistic action between insolubilized enzymes and mem-
branes. Moreover, the biocatalyst retained nearly 70% of its initial enzymatic activ-
ity over the treatment period. In this sense, HBR was proven as an adequate method
to treat these compounds inviting the scientific community to further investigate its
applicability for the continuous treatment of wastewater.

1.5 Conclusion

To date, discussions on the environmental and human risk of exposure to pharma-
ceutical contaminants are still in serious debate. It is safe to say that although many
studies developing toxicity tests have proven that many pharmaceuticals in low con-
centration do not impose a risk for human health, in long-term exposure the effec-
tive risk of these compounds is still to be properly assessed. Finally, as our
understanding of pharmaceutical contamination increases, it becomes clear that
certain measurements should be considered. First, the parent compounds are found
in the environment mostly due to inadequate disposal of the products; however,
their metabolites occur as a natural process of the incomplete consumption by the
organism and are frequently as physiologically active as their parent compound.
Therefore, special attention should be given to these compounds as well focusing on
applying for the advances in wastewater treatment to ensure environmental safety
for the following years as the use of pharmaceuticals increases.
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