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RESUMO

Os farmacos vém sendo cada vez mais detectados em efluentes brutos e tratados, aguas
superficiais e até mesmo em agua potavel, o que é de grande preocupacdo ambiental e de saude
publica. Esses micropoluentes sdo geralmente encontrados no ambiente aquéatico em
concentragdes na faixa de ng L™ a pg L', no entanto, podem causar efeitos adversos ao
ecossistema mesmo em baixas concentrag0es. Para avaliar os impactos causados pelos
micropoluentes no meio ambiente, a aplicacdo de testes ecotoxicologicos é fundamental. Esses
testes, em geral, s@o analises laboratoriais que utilizam organismos vivos expostos por periodos
de tempo estabelecidos, para quantificar ou qualificar o efeito toxico de uma amostra. Desta
forma, este trabalho teve como objetivo avaliar a toxicidade associada a remocao de farmacos
de esgoto em um biorreator de membrana osmotico hibrido e destilacdo por membrana (BRMO-
DM). Na primeira etapa foi avaliada a remogéo de toxicidade pelo BRMO-DM para tratar
esgoto sintético fortificado com sete farmacos: 17a-etinilestradiol, cetoprofeno, fenofibrato,
fluconazol, loratadina, prednisona e betametasona, na concentracio de 2 pg L™ cada. Os
farmacos escolhidos ja foram detectados em aguas superficiais, aguas residuais brutas ou
tratadas e até mesmo agua potavel em diversos locais do mundo. No monitoramento do
biorreator foram realizadas analises fisico-quimicas semanalmente, seguindo o Standard
Methods for the Examination of Water and Wastewater (APHA, 2017). Os testes de toxicidade
aguda foram realizados com os organismos Aliivibrio fischeri e Daphnia similis e o teste de
toxicidade cronica com Raphidocelis subcapitata. O BRMO-DM apresentou remocdes de
COD, P-POs* e N-NHs" de 90.07, 99.99, 93.01%, respectivamente. O sobrenadante do
biorreator apresentou toxicidade para todos os organismos, enquanto o destilado foi toxico para
D. similis e R. subcapitata, o que pode estar relacionado a presenca de Mg?* nessas amostras.
Os resultados mostraram a importancia da inclusdo do parametro toxidade nos estudos que
objetivam a avaliacdo dos solutos adequados para a solucdo osmotica. O esgoto sintético com
a mistura de farmacos nao foi toxico para nenhum organismo avaliado, mostrando que a
toxicidade desses farmacos pode estar relacionada a concentragdes maiores e alertando para a
importancia de estudos aprofundados sobre o efeito dos farmacos. Desta forma, na segunda
etapa do estudo foi feita uma revisdo bibliografica que aborda valores de toxicidade para
farmacos e avalia se esses compostos representam um risco ao meio ambiente e a saide humana.
A plataforma Scopus foi selecionada como o principal banco de dados para a busca na literatura.
Dos 140 artigos pesquisados, 39 farmacos de 9 classes terapéuticas foram selecionados para
avaliacdo. Além disso, foi realizada a avaliacdo de risco humano e ambiental para cada farmaco,
de acordo com a metodologia proposta pela European Commission (1996). A avaliagéo de risco
com os dados da literatura mostrou que diclofenaco, naproxeno, eritromicina, roxitromicina e
17B-estradiol apresentaram alto risco agudo e cronico para o meio ambiente, enquanto o 17a-
etinilestradiol apresentou alto risco a salde humana. Isso mostra o potencial desses farmacos
em causar efeitos adversos ao ecossistema e aos seres humanos e estabelece a prioridade de
suas remoc0des por meio de tecnologias avangadas.

Palavras-chave: farmacos; testes ecotoxicologicos; biorreatores de membranas; avaliacdo de
risco.
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ABSTRACT

Pharmaceutically active compounds (PhACs) are increasingly being detected in raw and treated
wastewater, surface water, and drinking water. PhACs are generally found in the aquatic
environment in concentrations from ng L' to pg L™'. However, these compounds can cause
adverse effects to the ecosystem even at low concentrations and, to assess these impacts, the
application of toxicity tests is essential. These tests, in general, are laboratory analyses that use
living organisms exposed for established periods of time, to quantify or qualify the toxic effect
of a sample. Thus, this work aimed to evaluate the toxicity removal associated to the
pharmaceuticals from seweage in a hybrid osmotic membrane bioreactor and membrane
distillation (AnOMBR-MD). In the first stage, the toxicity removal was evaluated by the
AnOMBR-MD for treat synthetic sewage fortified with seven PhACs: 17a-ethinylestradiol,
ketoprofen, fenofibrate, fluconazole, loratadine, prednisone and betamethasone, with a
concentration of 2 pug L-1 each. The chosen PhACs have been detected in surface water, raw or
treated wastewater and even drinking water in several locations around the world. In the
bioreactor monitoring, physical-chemical analyses were performed weekly, following the
Standard Methods for the Examination of Water and Wastewater (APHA, 2017). Acute toxicity
tests were performed with Aliivibrio fischeri and Daphnia similis and the chronic toxicity test
with Raphidocelis subcapitata. AnNOMBR-MD presented removals of COD, P-POs* and N-
NH4* of 90.07, 99.99 and 93.01%, respectively. The mixed liquor was toxic to all organisms,
while the distillate was toxic to D. similis and R. subcapitata, which may be related to the
presence of Mg?* in these samples. The results showed the importance of including the toxicity
parameter in studies that aim to evaluate the appropriate solutes for the draw solution. The
synthetic sewage with the mixture of PhACs was not toxic for any evaluated organism, showing
that the toxicity of these micropollutants may be related to higher concentrations and alerting
to the importance of in-depth studies on the effect of PhACs. Thus, in the second stage of the
study, a literature review was carried out for addresses toxicity values for PnACs and assesses
whether these compounds represent a risk to the environment and human health. The Scopus
was selected as the central database for the literature search. Of the 140 articles surveyed, 39
PhACs from 9 therapeutic classes were selected for evaluation. Also, a human and
environmental risk assessment was carried out for each PhAC, according to the methodology
by the European Commission (1996). The risk assessment with data from literature showed that
diclofenac, naproxen, erythromycin, roxithromycin, and 17p-estradiol presented a high acute
and chronic risk to the environment, while 17a-ethinylestradiol presented a high risk to human
health. This shows the potential of these PhACs to cause adverse effects to the ecosystem and
humans and establishes the priority of their removal through advanced technologies.

Keywords: Pharmaceutically active compounds; ecotoxicological tests; membrane
bioreactors; risk assessment.
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INTRODUCTION
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1.1 Background and justification

Pharmaceutically active compounds (PhACs) have been detected in the aquatic environment
worldwide and attracted increasing attention due to their persistence and continuous discharge,
which may cause adverse effects on the ecosystem (TIWARI et al., 2017). To assess the impacts
caused by PhACs on the environment, the application of ecotoxicological tests is essential since
these analyses use living organisms to quantify or qualify the toxic effect of a sample. Physical
and chemical analyses for monitoring the water and wastewater cannot measure the impact
caused by micropollutants on the ecosystem since only biological systems can detect toxic
effects (CONNON et al., 2012). In this way, ecotoxicological tests have been carried out with
several PhACs, showing high toxicity to aquatic organisms (WANG et al., 2020; CARBAJO et
al., 2015; CHIFFRE et al., 2016). However, the toxicity data are still scarce for many PhACs,

and when available, they are dispersed in the literature.

PhACs are generally found in the aquatic environment at concentration levels of ng L' to ug
L™, however, studies show that these compounds can influence the ecosystem even at low
concentrations, causing toxic effects such as mortality, reproduction inhibition, and growth
inhibition (CALISTO AND ESTEVES, 2009). Also, PhACs can cause genotoxicity effects,
like DNA damages and mutations in the aquatic organisms or their descendants, promoting

changes in the aquatic ecosystem (OHE et al., 2004).

Concentrations of PhACs in aquatic matrices and the ecotoxicological data allow evaluating
the hazard that these compounds represent for the environment through the risk assessment
proposed by the European Commission (1996), classifying the risks as negligible, low, medium,
or high. The human health risk can also be assessed through the concentrations of PhACs in
drinking water. Risk assessments are essential since it allows the identification of the most
dangerous compounds, whose removal from the aquatic environment must be prioritized (GUO
et al., 2016).

The presence of PhACs and other pollutants with toxic effects in the environment occurs mainly
due to the low removal efficiencies in the wastewater treatment plants (WWTPs), which shows
the importance of advanced technologies to remove these contaminants (FOUREAUX et al.,
2018).
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In this context, several configurations of membrane bioreactors (MBRs) have been applied for
the water and wastewater treatment, presenting satisfactory performance in the removal of
PhACs and other pollutants (FARIA et al., 2020; LASTRE-ACOSTA et al., 2020; ASIF et al.,
2020a; RICCI et al., 2021). MBRs integrate aerobic or anaerobic biological treatment with
membrane separation processes such as microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF), membrane distillation (MD), forward osmosis (FO) or reverse osmosis (RO), such as

shown in Figure 1.

Bioreactor

Wastewater

Effluent

Membrane

Figure 1 — MBR scheme

However, it is known that some advanced treatment systems can achieve high removals of
pollutants but increase the treated effluent toxicity by the formation of toxic by-products or
production of chemical oxidants (PRADO et al., 2017; OUARDA et al., 2018). Thus, it is
essential to use processes that do not require chemical products to recover the concentrate in
membrane separation processes. Despite the importance of ecotoxicological tests to predict
adverse effects on aquatic environments, few studies have evaluated the toxicity of membrane

bioreactors, mainly osmotic bioreactors, for treating wastewater with PhACs.
1.2 Objectives

1.2.1 General objective

This work aimed to evaluate the toxicity removal associated with the pharmaceuticals from
sewage in an anaerobic hybrid osmotic membrane bioreactor - membrane distillation, and

assess the environmental and human health risk of 39 selected PhACs.
1.2.2 Specific objective

o Verify the efficiency of a AnNOMBR-MD in the treatment of sewage with PhACs;

¢ Analyze the removal of acute and chronic toxicity in a AnOMBR-MD;
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e Evaluate the concentrations of the selected PhACs detected in raw and treated wastewater,
surface water, and drinking water worldwide;
e Evaluate the ecotoxicological data of the selected PhACs, for different aquatic organisms;

e Assess acute and chronic environmental risk and human health risk for all selected PhACs.

1.3 Document structure

The present study was structured in 4 chapters. Chapter 1 contains a background related to the
theme covered in this work, justifications, and general and specific objectives. Chapter 2
comprehends the evaluation of a membrane bioreactor in the removal of toxicity in sewage
treatment. Chapter 3 presents a literature review that addresses the issue of PhACs in the aquatic

environment and the risk related to them. Finally, chapters 4 contain final considerations.
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TOXICITY REMOVAL BY AN OSMOTIC
MEMBRANE BIOREACTOR WITH MEMBRANE
DISTILLATION
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2.1 Introdution

The limitation of conventional treatment processes, such as UASB reactors, activated sludge,
biological filters, or facultative ponds in the PhACs removal, can negatively impact the aquatic
environment (TIWARE et al., 2016; COUTO, et al., 2019). Jelic et al. (2011) evaluated the
removal of PhACs in a WWTP with activated sludge. Enalapril, naproxen, and ketoprofen had
removals above 80%, however, carbamazepine removal was below 25%, diclofenac below
24%, and several antibiotics below 30%. Moya-Llamas et al. (2018) studied the efficiency of a
UASB reactor for PhACs removal and observed removals of 84% and 77% for estrone and 17a-
ethinylestradiol, respectively, while carbamazepine and diclofenac were more resistant, with
removals of 48% and 61%. Incomplete PhACs removal can promote their release into the

environment and, consequently, can cause toxic effects to aquatic organisms.

In contrast, membrane bioreactors (MBRs) have been showing high removal efficiencies for
most of these micropollutants compared to conventional treatment systems (TIWARE et al.,
2016). According to Judd and Judd (2006) membrane bioreactor is a water or wastewater
treatment that combine the biological process with membrane technology. Currently, widely
applied MBR use microfiltration (MF) or ultrafiltration (UF) membranes to retain biomass.
MBRs that use UF/MF allows independence between the hydraulic retention time and the solids
retention time, which allows operations with longer solids retention time, and consequently, a
greater adaptation of the microorganisms to the substrates and a greater removal of recalcitrant
compounds (PRASERTKULSAK et al., 2016). The digestion process in MBRs can be aerobic
or anaerobic, which makes the treatment even more versatile. Aerobic digestion can achieve
high removals of organic matter and other biodegradable compounds, on the other hand, MBRs
with anaerobic digestion have advantages over aerobic digestion, such as low sludge
production, methane production as a potential energy source, and low energy requirement,
which is of great relevance (SHOW and LEE, 2017; MAHAT et al., 2018).

MBRs have several advantages about conventional treatments, such as the production of high-
quality effluent, a high level of automation, and consequently the reduction in the labor demand,
comparable capital costs, and reduced reactor size. On the other hand, some conditions may
limit its application, such as not removing contaminants with smaller molar masses, energy
demand in cases of aerobic MBRs and membrane fouling (JUDD and JUDD, 2006;
GRANDCLEMENT et al., 2017). It is important to emphasize that despite being a limiting
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factor, studies have made significant progress in understanding the fouling mechanism and,
consequently, the relief of its effects (JIANG, et al., 2017).

Despite the several advantages of membrane bioreactors, some PhACs are still resistant to this
treatment process, especially those with highly hydrophilic characteristics (KAYA et al., 2016).
This limitation can be overcome by developing other MBRs configurations, such as osmotic
membrane bioreactors (OMBRSs). In an OMBR, the biological aerobic or anaerobic reactor is
associated with forward osmosis (FO) membrane. FO is a membrane separation process in
which the driving force is the osmotic pressure gradient, which conducts water through the
semipermeable membrane on the side of the feed solution, where the osmotic pressure is lower,
to the draw solution (DS), which has high osmotic pressure (ZHAO et al. 2014). The result of
FO is the concentration of the feed solution and the dilution of the draw solution. Thus, the DS
must be reconcentrated. There are several solutes can be used, such as MgCl,, CaCl,, or NaCl
(CATH et al., 2006; ARCANJO et al., 2020). Advantages of FO include lower energy
consumption and greater water recovery than pressure-oriented processes, and less propensity
to fouling (HOLLOWAY et al., 2015).

FO has been used for seawater desalination, wastewater treatment, and the food industry
(CATH et al., 2006). Another possible application for FO is the removal of micropollutants.
Valladares-Linares et al. (2011) used FO with reverse osmosis (RO) to treat wastewater with
thirteen micropollutants, mostly PhACs, and found rejections greater than 89.1% for low
molecular weight hydrophilic micropollutants and rejections above 99% for other compounds.
Liuetal. (2016) used FO to treat wastewater with sulfamethoxazole, trimethoprim, norfloxacin,
and roxithromycin, and 89% to 98% rejections were found for the four antibiotics. This way,
OMBRs have low energy consumption, low fouling potential and high removal of contaminants
and micropollutants, compared to the MBRs (ACHILLI et al., 2009).

The draw solution of OMBRs must be recovered by another process, such as membrane
distillation (MD) or RO, to obtain the treated water. In MD the driving force is the temperature
gradient, therefore, the vapor pressure is different at the two surfaces of the membrane. For this,
hydrophobic membranes are used, allowing only vapor passage (BAKER, 2000). This process
has several advantages when compared to other membrane separation processes, such as
possibilities of using residual heat, low operating pressures and, consequently, lower costs, flux
compatible with RO, high separation efficiency, low probability of fouling, dispenses extensive

areas of membrane and can operate with concentrated saline solutions (BAKER, 2000).
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In this context, MD has also shown effective of PhACs removal. For example, Han et al. (2017)
reached a removal of 90% for ibuprofen using the MD process. Other PhACs such as
carbamazepine, trimethoprim, bezafibrate, primidone, and acetaminophen were removed in
values greater than 98% using MD (ASIF et al. 2019). Couto et al. (2018) evaluated MD in
removing 25 PhACs and found removals greater than 99% for all of them. The process's high
efficiency was mainly attributed to the low volatility of the compounds evaluated, which leads
to their rejection by the hydrophobic membrane. Thus, the OMBRs integrated with MD is a

promising technology for the treatment of effluents containing PhACs.

Therefore, the efficiency of removing PhACs in an OMBR-MD was evaluated by Ricci et al.
(2021), with removals above 96.4% for 17a-ethinylestradiol, ketoprofen, fenofibrate,
fluconazole, loratadine, prednisone, and betamethasone, in addition to removals of organic
matter (97.1%), phosphorous (95%) and ammonium nitrogen (71%). Despite the high removals
and micropollutants rejection, the toxicity removal for this MBR configuration has not been

evaluated.

It is known that some treatment systems, such as advanced oxidative processes (AOP), for
example, can achieve high removals of pollutants but increase the treated effluent toxicity by
the formation of toxic by-products or production of chemical oxidants (PRADO et al., 2017;
OUARDA et al., 2018). However, despite the importance of ecotoxicological tests to predict
adverse effects on aquatic environments, few studies have evaluated the membrane bioreactors
toxicity for treating wastewater with PhACs. Ouarda et al. (2018) and Prado et al. (2017) used
MBRs combined with oxidative processes to treat wastewater with PhACs and showed
significant toxicity removals for Daphnia magna in the permeate of MBRs, even with the

persistence of some PhACs.

In contrast, studies evaluating other types of wastewater have shown that toxicity removals in
MBRs may not be satisfactory. Reis et al. (2020) used an MBR-MF to treat leachate from
sanitary landfill. After treatment by membrane bioreactor, there was a reduction in toxicity,
which can be justified by removing the ammonia, degradation of organic matter, or retention of
compounds by the MF, however, the permeate was still toxic. This shows that in addition to the
PhACs, other compounds eventually not removed or generated during treatment may also

promote toxicity to the treated sewage.

Hence, in this chapter, an anaerobic osmotic membrane bioreactor with membrane distillation

(AnOMBR-MD) was evaluated to treat synthetic sewage with PhACs 17a-ethinylestradiol,
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ketoprofen, fenofibrate, fluconazole, loratadine, prednisone, and betamethasone, focused on
ecotoxicological studies to elucidate the mechanism of acute and chronic toxicity reduction in
the system, using Aliivibrio fischeri, Daphnia similis and Raphidocelis subcapitata as indicators

organism.
2.2 Materials and methods
2.2.1 Feed and draw solutions

Synthetic sewage used to feed the bioreactor simulates real domestic sewage. It was prepared

according to the modified methodology of Mockaitis et al. (2014), as shown in the Table 1.

Table 1 - Composition of synthetic sewage.

Component Concentration (mg L™?)
Meat extract 208
CaCl; 2.68
KH2PO4 120
LAS (tensoative) 15
MgCl> 1.53
NaCl 250
NaHCOs 200
Qil 51
Starch 114
Sucrose 35

Physicochemical characterization of the synthetic sewage is presented in Table 2. Synthetic
sewage was fortified with a mixture of seven PhACs: 17a-ethinylestradiol, ketoprofen,
fenofibrate, fluconazole, loratadine, prednisone, and betamethasone, with a concentration of 2
ug L each. The stipulated concentration is due to micropollutants' presence in concentrations
in the order of ug L™ and ng L in the environment (CALISTO AND ESTEVES, 2009). The
chosen PhACs have already been detected in surface water, raw or treated wastewater, and even
drinking water (Table S1).

For the draw solution, MgCl. concentration of 1.25 mol L™ was used as a solute and generated
an osmotic pressure of 97.5 bar. MgCl> was pointed out by Arcanjo et al., (2020) as the ideal

solute for this system, mainly due to the reduced reverse salt flux.
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Table 2 - Physicochemical characterization of the synthetic sewage.

Parameter Value

pH 8.29+0.26

Conductivity (uS cm™) 1183 + 69

Alkalinity (mgCaCO; L?) 165.16 £ 0
Volatile fatty acids (VFA) (mgHAc L) 46.66 + 7.22
Chemical oxygen demand (COD) (mg L) 467.5+130.1
Total suspended solids (TSS) (mg L) 100.3+19.3
Volatile suspended solids (VSS) (mg L?) 92.4+£19.23

N-NH,* (mg L?) 5.89 + 2.46
P-PO* (mg L) 35.97 +2.28

2.2.2 Experimental setup

Anaerobic osmotic membrane bioreactor with membrane distillation (AnOMBR-MD) was
developed by Ricci et al. (2021). In this system, a hybrid module of FO-MD is submerged in
an anaerobic bioreactor, as shown in Figure 2. Forward osmosis membranes are placed in the
external faces of the module, where a heated draw solution (DS) circulates on the channel

formed between FO and MD membranes. Inside the module are the hydrophobic distillation

22

membranes, and a cooled distillate is circulated on the channel formed between them. In this

way, the sewage goes through biological treatment and simultaneously by FO and MD
separation processes. The feed tank and bioreactor were agitated continuously by mechanical

and magnetic stirrers. A computer recorded the weight of DS and distillate for every 5 min. The

conductivity of the distillate was also monitored daily by a conductivity meter.
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Figure 2 — Experimental setup of AnOMBR-MD (a) and FO-MD module scheme (b).

2.2.3 Operating conditions

Following the parameters used by Ricci et al. (2020), the system was inoculated with 10 g L™
of volatile suspended solids (VSS). The operation started with 4 L of DS and 3 L of distillate
(deionized water). The circulation rate and temperature for DS were setup in 75 L h*t and 45
°C, respectively. For distillate, these values were 80 L h't and 25 °C. Synthetic sewage fortified

with PhACs was added to the feed solution tank for every 2 days.

The AnOMBR-MD was operated under continuous flow for 32 days. With this operating time
it is already possible to verify a stabilization in similar systems and satisfactory efficiencies
removal to treat wastewater with PhACs (RICCI et al., 2020). For 5 days in a week, the

temperature of each tank was recorded and samples from feed solution, mixed liquor (bioreactor
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supernatant), DS and distillate were collected to measure pH and conductivity. Samples were

also collected weekly for physico-chemical characterization and ecotoxicological tests.
2.2.4 Analytical methods

The physical-chemical analyses were performed following the methodologies of the Standard
Methods for the Examination of Water and Wastewater (APHA, 2017), as shown in Table 3.

Table 3 - Analytical methods.

Parameter Method
pH 4500-H*
Conductivity 2510
Dissolved organic carbon (DOC) 5310 B
Alkalinity 2320 B
Total suspended solids (TSS) 2540 D
Volatile suspended solids (VSS) 2540 E
Total phosphorus (P0O,37) 4500-P D
Ammoniacal nitrogen (N — NH,") 4500-NH3BeC
Volatile fatty acids (VFA) 5560
Hardness 2340

2.2.5 Permeate fluxes and removal efficiency

Permeate fluxes in MD (Jup) and FO (Jro) membranes, in kg m? ht, were calculated by

Equation 1 and Equation 2:

Amp

JmMp = AxAL Eq. (1)
Jro = Aif:; + Jmp Eq. (2)

where Amp and Amps are the increase in distillate and DS weight, respectively, over a period,

At, and Am is the membrane area.

The MD salt rejection (Rsa,vp) was calculated by Equation 3:

Cmgcl,,ps— Cmgcl,,pMD
Rsaiemp = x 100 Eq. (3)
Cmgcl,,DS
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where Cmgciz,ps and Cmgeizpmp are the draw solute concentration, MgCly, of the DS and MD

permeate.

The overall removal efficiency of the AnNOMBR-MD was calculated by Equation 4:

Cps—C
RanoMBR-MD = %X 100 Eq. (4)

where Crs is the contaminant concentration in the feed solution, and Cpmp is the contaminant

concentration of the MD permeate.

2.2.6 Ecotoxicological tests

Ecotoxicological tests were carried out with three trophic levels for feed solution, mixed liquor,
and distillate, according to the criteria established by Resolution CONAMA 430 (BRASIL,
2011). For the acute toxicity tests the bacteria Aliivibrio fischeri and the microcrustacean
Daphnia similis were used, and for the chronic toxicity tests, the algae Raphidocelis
subcapitata. Samples for toxicity tests were collected in the third week (W3), fourth week (W4)
and fifth week (W5) of AnOMBR-MD operation.

To facilitate the approach of the results, effect values found in the toxicity tests were

transformed into values of toxic unit (TU), as shown in Equation 5:

100

TU =
E(L)Cso

Eqg. (5)

The results were classified as proposed by Persoone et al. (2003): class | (TU < 1) - slightly
toxic; class 1l (1 < TU < 10) - toxic; class 11 (10 < TU <100) - very toxic; class IV (TU > 100)
- highly toxic.

Toxicity removal (TR) of the FO-MD was calculated by Equation 6:

TUmL — TUpist
TUmL

TRFO—MD = x 100 Eq (6)

where TUmL is the toxic unit in mixed liquor and TUpyst is is the toxic unit in distillate.

2.2.6.1 Acute toxicity tests with bacteria Aliivibrio fischeri

Acute toxicity tests with the luminescent marine bacteria Aliivibrio fischeri were carried out in
the Biological Testing Laboratory of the Department of Sanitary and Environmental
Engineering of the Federal University of Minas Gerais, using the MICROTOX® model 500

Analyzer (SDI) equipment, as shown in Figure 3. The tests were carried out following ABNT
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NBR 15411-3: Ecotoxicologia Aquética — Determinagdo do efeito inibitério de amostras de
agua sobre a emissao de luz de Vibrio Fischeri (ABNT, 2006) and the protocol established by
the software (MICROTOX® Omni Software, version 4.1) of MICROTOX®. Among the
advantages of using the A. fischeri bacteria as an indicator organism can mention the short
duration of the test and low volume requirement of samples and consumables. Besides, the
bacteria’s sensitivity can be compared to that of fish and the microcrustacean (PIVATO and
GASPARI, 2006).

Figure 3 - MICROTOX® model 500 Analyzer (SDI) equipment.

The effect concentration (ECso) was determined from the MICROTOX® 81.9% Basic Test for
feed solution, mixed liquor, and distillate with 9 concentrations each (81.9%, 40.95%, 20.48%,
10.24%, 5.12%, 2.56%, 1.28%, 0.64% and 0.32% v/v). The luminescence measurement of the
bacteria was carried out in 5, 15, and 30 minutes. The software makes a comparison of bacteria
luminescence with samples and the control. The less light emitted, the greater the toxicity of
the sample. Therefore, the relative toxicity of the sample is expressed as the percentage of
inhibition compared to the control (BIALK-BIELINSKA et al., 2011).

To perform the tests, the pH of the samples was, when necessary, adjusted to values between
6.0 and 8.5 using HCI or NaOH, and the salinity was verified with an Instrutherm RTS-101ATC
High Resolution Refractometer for Salinity. In samples with salinity below 20%, a NaCl (22%)

solution was added for osmotic adjustment.
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The bacteria used in the tests were kept at -22°C, and according to NBR 15411-3 (ABNT, 2006),
the sensitivity test was performed with each batch of bacteria, using the reference solution of
zinc sulfate heptahydrate (ZnSO4. 7H20). According to standard, gamma effect should be
between 0.6 and 1.8 in the control, and the inhibition effect between 20% and 80% for the

reference solution.

2.2.6.2 Acute toxicity tests with microcrustacean Daphnia similis

Acute toxicity tests with the microcrustacean Daphnia similis were carried out in the Aquatic
Ecotoxicology laboratory of the Federal University of Vigosa, according to ABNT NBR 12713:
Ecotoxicologia Aquatica — Toxicidade aguda — Método de ensaio com Daphnia spp (Crustacea,
Cladocera) (ABNT, 2016). Microcrustaceans of the genus Daphnia have been widely used for
effluent toxicity tests due to their high sensitivity to various substances, the precision of tests,
and ease of cultivation in the laboratory (TKACZYK et al., 2021).

The organisms cultivated were kept in incubators with a temperature of 18 °C to 22 °C, and a
photoperiod of 12 h to 16 h light, according to the recommendations of ABNT NBR 12713
(ABNT, 2016). The culture media consists of non-chlorinated natural water with a hardness
corrected to approximately 44 mg CaCOs L™ and pH between 7.0 and 7.6. Also, the organisms
were feeding with a suspension of the microalgae Pseudokirchneriella subcapitata. The
organism's sensitivity is evaluated periodically through bioassays using NaCl as a reference

substance.

Toxicity tests were performed using concentrations of 100%, 50%, 25%, 12.5% and 6.2% (v/v)
for the distillate and feed solution and 25%, 12.5%, 6.2%, 3.1%, 1.5% and 0.75% (v/v) for
mixed liquor. These concentrations were determined from preliminary tests. Each concentration
was evaluated in four replicates, containing five organisms aged between 6 and 24 hours (Figure
4). All tests contained a negative control with only the organisms and culture media, without
the samples. The tests were static, lasting 48 hours, maintained at a temperature of 22 + 2 °C,

with a photoperiod of 16 hours of light and without power.

At the end of the test, the number of survival organisms in the samples and control was counted
and statistically analyzed using the Comprehensive Environmental Toxicity Information
System (CETIS) software, with a significance level of 5%, which provides the values of LCso

(lethal concentration), as well as the confidence intervals.
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Figure 4 - Acute toxicity tests with Daphnia similis.

2.2.6.3 Chronic toxicity tests with algae Raphidocelis subcapitata

Chronic toxicity tests with Raphidocelis subcapitata were carried out in the Aquatic
Ecotoxicology laboratory of the Federal University of Vicosa, according to ABNT NBR 12648:
Ecotoxicologia Aquéatica — Toxicidade cronica — Método de ensaio com algas (Chlorophyceae)
(ABNT, 2011). Inhibition tests with algae are considered versatile, reliable, fast, and easily
reproducible methods (HUARACHI-OLIVERA et al., 2019).

The following concentrations were used to perform the tests: 100%, 50%, 25%, 12.5% and
6.2% (v/v) for the distillate and feed solution and 100%, 50%, 25%, 12.5% and 6.2% and 3.1%
(v/v) for mixed liquor. As a culture media, the L.C. Oligo was used, and for each sample
concentration, three replicates were made in 40 mL glass tubes with 15 mL of the solution test,
which consists of the L.C. Oligo, inoculum (3.14x106 cells per mL* of algae) and sample. The
tubes were sealed with a cotton stopper and covered with aluminum foil. The tests were set up
in aseptic conditions (laminar flow cabinet), and all materials used, including L.C. Oligo, were
previously autoclaved. The tests were maintained on a shaking table, at a temperature between
23 °C and 27 °C, luminous intensity of 4500 Lux, and agitation of 100 rpm, for 72 h (Figure

5). Besides, the tubes were manually shaken once a day.
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Figure 5 - Chronic toxicity tests with algae Raphidocelis subcapitata.

After the exposure period, cell density was estimated by spectrophotometry, in order to
determine algae biomass with absorbance readings at 750nm. Thus, a regression curve was used
to establish the values of cells per mL " of algae as a function of absorbance. The algae biomass
produced during the test for each sample was compared to the control, composed only by L.C.
Oligo and the inoculum, using the Comprehensive Environmental Toxicity Information System
(CETIS) software, with a significance level of 5%, which provides the IC values (inhibition

concentration), as well as the confidence intervals.
2.3 Results and discussion
2.3.1 AnOMBR-MD permeate flux

Permeate flux in FO was about 2.83 kg m h! at the beginning of AnNOMBR-MD operation,
and after 25 days, there was a stabilization trend, with average value of 0.597 kg m h* (Figure
7). FO membrane fouling has contributed to the flux decline. Another reason for the decline in
Jro was salinity build-up in the bioreactor that lowered the FO driving force. The mixed liquor
conductivity was about 1.12 mS cm™ at the beginning of AnNOMBR-MD operation, and at the
end, it was about 5.24 mS cm. lon accumulation is influenced by the reverse salt flux (Js) and
the dissolved compounds that enter the bioreactor and are retained by the FO membrane
(JOHNSON et al., 2018). Beside to reducing the driving force, elevated ion concentration in
the bulk sludge can cause osmotic stress for the bioreactor microorganisms, reducing their
biological activity and, therefore, the overall performance in the ANOMBR-MD (JOHNSON et
al., 2018).

A less sharp reduction in Jup was observed. The initial Jup was 1.61 kg m h'* and also there
was a stabilization trend after 25 days, with average value of 0.551 kg m h (Figure 6). When
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water vapor permeates the MD membrane, the MgCl> accumulates at the membrane surface,
which can lead to pore blocking and flux decline (RAMEZANIANPOUR AND SIVAKUMAR,
2014). Also, with the temperature polarization, described as the reduction in the temperature
difference across the membrane, the vapor pressure difference was reduced (MARTINEZ-
DIEZ and VAZQUEZ-GONZALEZ, 1999).

¢JMD =JFO

Operation time (d)
Figure 6 — Permeate flux in FO and MD membranes during AnOMBR-MD operation.

2.3.2 AnOMBR-MD removal efficiencies

Table 4 shows the average contaminant concentrations and removal efficiency in AnOMBR-
MD operation. COD overall removal of 90.07% in the AnNOMBR-MD was observed (Table 4).
Furthermore, COD in ML was about 253.5 mg L, suggesting that biodegradation was
responsible for about 50% of the removal. Faria et al. (2020) used the same synthetic sewage
with PhACs in an EGSB-MBR reactor and achieved 98% COD removal. Ricci et al. (2021)
used an anaerobic OMBR-MD with NaCl as solute and achieved removals of 97.1%, with an
average biodegradation efficiency of 77%.

Below-expected COD removals may be due to salinity build-up in the bioreactor. Zhao et al.
(2018) evaluated the MgClI. reverse salt flux in anaerobic bioreactors and showed that the
presence of Mg in the reactor could inhibit organisms' activity. According to the authors,
although the influence was more significant in concentrations above 16 g L of MgCly, this
compound reduced the removal of COD even for low concentrations, including the
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concentration found in the bioreactor of the present study (1.6 g L™). It was not possible to
calculate the COD for the draw solution, due to the high interference of the chloride ion present

in the sample.

Table 4 — Average contaminant concentration and removal efficiency in AnOMBR-MD

operation.
Parameter Feed ML DS Distillate ~ "ANOMBR-MD
solution (%)
Alkalinity 165.16 £ 696.4 + 70+ 22.6 £ i
(mg CaCO3 L) 0 171.3 38.8 10.9
VFA 46.66 £ 416 + 37.7 % 24.1 £ )
(mgHAc L) 7,22 171.6 13.5 4
N-NH,* 589+ 30.2 + 18.1 £ 4.09 + 93.01
(mgL™) 2.46 8.6 8.4 2.2 '
P-POs* 35.97 £ 219+ 0.04 = 0.003 £ 99.99
(mgL™) 2.28 4.5 0.02 44x 107" '
COD 467.5 £ 253.56 i 46.4 £ 90.07
(mgL™) 130.1 76.6 21.1 '

In the anaerobic treatment, organic nitrogen is converted to its inorganic form (N-NH4"). Thus,
nutrient accumulation in the bioreactor was expected (Figure 7a). Overall rejection of ammonia
was 93.01%, and distillate presented an average N-NH." concentration of 4.09 mg L. N-NH4*
removal was relatively low due to ammonia volatility, which can promote the passage of this
compound through the MD membrane. However, removal was high considering other treatment
systems (DIAS et al., 2017). Phosphorus removals were greater about to N-NH4*. The average
P-PO4* concentration in the ML was 21.9 mg L™ (Figure 7b), with concentrations in distillate
below the method detection limit (0.003 mg L™). The overall removal was around 99.99%.
Hence, several studies have been carried out to recover phosphorus in OMBRs (LUO et al.,
2016; QIU et al., 2016; XIE et al., 2014).
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Figure 7 - N-NH4* (a) and P-PO.* (b) concentration during AnOMBR-MD operation.

Mixed liquor (ML) pH remained relatively constant at about 7.93 + 0.24 and the same was
observed for DS and distillate, with a pH of 6.85 + 0.23 and 7.21 + 0.58, respectively. The
variation of ML pH was low, which can be explained by the high alkalinity (Table 4) that
counteracted the pH-reducing effects of volatile fatty acids (VFA). The presence of VFA in
their non-ionized form, at a pH below 6, can cause inhibition of methanogenic bactéria
(WAINAINA, et al., 2019). Despite high VFA, above 416 mgHAc L™ (Table 4), concentrations
in ML, pH during the operation was between 6.9 and 8.2. Distillate pH at the beginning of the
operation was around 6.4 and increased to around 7.8 at the end of the operation. This increase

may be due to the dilution process that occurs with the water production.

MD salt rejections were greater than 99.8% making it suitable for DS reconcentration and water

recovery processes in an AnNOMBR. However, due to the high concentration of MgCl; in the
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DS, the concentration of salts in the distillate was relatively high, in the range of 106.2 + 26 mg
L of Mg?* and 293.1 + 34.7 mg L™* of CI (Figure 8).
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Figure 8 - Mg*? (a) and CI” (b) concentrations during AnOMBR-MD operation.

2.3.3 Ecotoxicological assessment of the AnOMBR-MD

2.3.3.1 Acute toxicity tests with Aliivibrio fischeri and Daphnia similis

Acute toxicity tests with the bacteria Aliivibrio fischeri and the microcrustacean Daphnia
similis were carried out for ANOMBR-MD samples collected in the third (W3), fourth (W4)
and fifth (W5) weeks of operation. Table 5 shows the values of E(L)Cso, as well as the acute
toxic unit (TUa) for these organisms.

In the feed solution, hormesis was verified for A. fischeri in 30 min of exposure, representing a
positive response of the organism to the medium (CHAPMAN, 2002). The bacteria exposure
to the feed solution caused an increase in luminescence emission, and this phenomenon may be

related to a manifestation of the adaptive nature of organisms to overcome a specific imbalance
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(CALABRESI, 2008). For D. similis, the feed solution did not present toxicity, with LCso values
greater than 100%. Some studies have been evaluated the toxicity in municipal sewage for A.
fischeri and D. similis and detected toxic effects (WANG et al., 2003; HONGXIA, 2004), which
indicates that other compounds that were not considered in this study may be present in the real
sewage, promoting toxicity whose removal must be evaluated in WWTPs.

Table 5 - Acute effects for A. fischeri and D. similis in AnNOMBR-MD samples.

Aliivibrio fischeri

0,
Sample Eg:os ?n(igo) Confidence interval (%) TUa Classification
Feed solution ~ Hormesis* - - -
Mixed liquor W3 94.6 24.91 - 359.2 1.06 Toxic
Mixed liquor W4 19.92 12.61 - 31.47 5.02 Toxic
Mixed liquor W5 76.4 37.76 - 154.8 1.31 Toxic
Distillate W4 >100 - - No toxic
Distillate W5 >100 - - No toxic
Daphnia similis
Sample LC50 (%) Confidence interval (%) TUa Classification
Feed solution >100** - - No toxic
Mixed liquor W3 15.87 13.64 — 18.47 6.3 Toxic
Mixed liquor W4 3.18 2.14-4.71 31.45 Very toxic
Mixed liquor W5 17.68 15.19 - 20.57 5.66 Toxic
Distillate W4 30.55 25.71 - 36.31 3.27 Toxic

* positive response of the organism to the medium.

** no adverse effect even at the highest sample concentration (100%).

Besides, the results show that the mixture of the PhACs (17a-ethinylestradiol, ketoprofen,
fenofibrate, fluconazole, loratadine, prednisone, and betamethasone) at 2 pug L each, did not
promote acute toxicity to the organisms, since the feed solution fortified with these
micropollutants showed no toxicity. However, there is a need for further study regarding the
toxicity of these single PhACs and the mixture between them, since the interaction of these
compounds can cause synergistic or antagonistic effects. Few studies have evaluated the
toxicity of these PhACs for A. fischeri and D. similis. Clubbs and Brooks (2007) found ECsp of
0.83 mg L for D. magna evaluating the loratadine. 17a-ethinylestradiol toxicity has also been
evaluated for D. magna, with an ECso of 1.63 mg L™ (FASS.SE, 2020), suggesting that these
PhACs' toxicity can be related to higher concentrations. Table 6 shows the crustacean toxicity
values found in the literature for these PhACs. No effect values were found for bacteria.
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Table 6 - Crustacean toxicity values found in the literature for the seven PhACs.

Exposure Toxicity assessment Value

Compound time Species criteria (mg L) Reference
Betamethasone 21d Daphnia magna NOEC (Parental survival) 17 Fass.se, 2020
Ceriodaphnia . Watanabe et al.,
Ketoprofen 6-8d dubia NOEC (Reproduction) 22,5 2016
21d Daphnia magna NOEC (Reproduction) 9.15 Fass.se, 2020
. Brachionus . Dellagreca et al.,
Prednisone 24 h calyciflorus LC50 (Mortality) 54.6 2002
Fluconazole 24 Thamnocephalus - oo mmopilization) 100 Kim et al., 2009
platyurus
Loratadine 48 h Daphnia magna EC50 (Immobilization) 0.83 Fass.se, 2020
i Cerloda_phnla EC50_ (R_epr_oductlon 0.03 lesce et al. 2019
dubia inhibition)
48 h Daphniamagna  EC50 (Immobilization) 313 Cleuvers, 2005
17a- . Safety Data Sheets,
ethinylestradiol 48h Daphnia magna EC50 57 USP, 2019
48h  Daphnia similis EC50 (Mortality) 163  Clubbsang Brooks,
- Daphnia NOEC (Reproduction) 0.387 Vestel et al., 2016
Fenofibrate 7d Ce”gggi‘;h“'a EC50 (Growth inhibition) ~ 0.76  Isidori et al., 2007
i Cerloda_phma NOEC (_Popul_a_tlon growth 0.039 Orias et al., 2013
dubia inhitbition)
7d Ce”gggigh“'a NOEC (Growth inhibition) ~ 0.039 Isidori et al., 2007

Mixed liquor (ML) was considered toxic at 30 minutes of exposure to A. fischeri and D. similis
in all samples, except for the four week of operation, in which ML was classified as very toxic
for the microcrustacean. This shows that the phenomena that occur in the bioreactor, such as
by-product formation and ion concentration due to FO rejection, promoted toxicity for the
system. ML toxicity may be related to the accumulation of alkalinity, fatty acids, organic matter,
ammonia, and other ions present in the bioreactor (Table 6). For D. similis, ABNT NBR 12713
establishes that the total hardness should be between 40 and 48 mg CaCO3 L in ideal
conditions for the organism, however, the average hardness concentration in ML was 370.5 mg
CaCO3 L, probably due to the reverse salt flux of MgCl., which may have caused toxicity to
the microcrustacean, together with the accumulation of other ions. Table 7 shows the correlation
values between the concentration of contaminants present in the bioreactor and the toxicity for

D. similis, proving the influence of hardness on ML toxicity.

Table 7 — Correlation between toxic unit (TU) and concentration of contaminants in the ML

for D. similis.
Parameters R?
N-NH4* (mg L ™) 0.047
P-POs (mg L) 0.558
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COD (mgL™) 0.23
Hardness (mg CaCO3 L) 0.992

For A. fischeri, ML was considered less toxic than for D. similis. Because it is a marine
bacterium, the hardness values do not make the sample toxic to the organism, thus, the toxic
effect of mixed liquor can be caused by other contaminants present in the bioreactor. Studies
that evaluated toxicity in wastewater treatments show a significant positive correlation of the
parameters alkalinity and ammoniacal nitrogen with A. fischeri toxicity (KALCIKOVA et al.,
2015; FILHO et al., 2017; COSTA et al., 2019).

A essential factor for A. fischeri is the exposure time of the organism. For the distillate and feed
solution, the increase in toxicity did not occur or was not noticeable with increased exposure
time (Figure 9). However, for ML, the longer the exposure time, the greater the toxic effect.
This suggests that mixed liquor can be more still toxic in the long term and shows the

importance of toxicity tests with longer exposure times.

The distillate was not considered toxic to A. fischeri, with effects above 100%. For D. similis,
the distillate of the fourth week was classified as toxic, with a TUa value of 3.27 (Table 5). This
shows the importance of carrying out tests with more than one trophic level since some
organisms may be more sensitive to some contaminants. FO-MD membranes showed great
nutrient rejections and relative removal of organic matter (Table 4), and these contaminants in
the concentrations present in the distillate are not likely to cause toxicity since the feed solution
was not toxic. However, the distillate's hardness was in the range of 419 mg CaCO3 L, due to
the high Mg concentration of DS and consequently the increase of this compound in the
distillate, which may have promoted toxicity for D. similis, as occurred in the ML.

Hogan et al. (2013) evaluated the toxicity of MgCl,, used as a solute for DS, for several
freshwater species and showed that the compound can be toxic, especially at longer exposure
times. This reinforces that the MgCl> concentration may have influenced the toxicity in the
distillate. However, toxicity identification and evaluation must be carried out for the distillate
to identify the actual toxicity-causing compounds and eliminate the risks of this effluent to the

ecosystem.

Even with the distillate toxicity for D. similis, it is essential to emphasize FO-MD membranes'

role in removing or reducing acute toxic effects. Mixed liquor was considered toxic to A.
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fischeri, while the distillate did not present any toxicity. For D. similis there was an 89.6%

removal of toxicity by membranes in the fourth week of operation.

Some studies have evaluated the toxicity removal in membrane bioreactors to treat other types
of wastewater. Ouarda et al. (2018) used a combination of MBR and electro-oxidation to treat
synthetic hospital wastewater fortified with four pharmaceuticals. In this study, after treatment
by MBR alone, the effluent did not present toxicity for D. magna and A. fischeri. However,
using electro-oxidation as a post-treatment of MBR, despite the high removal efficiencies for
all PhACs, the effluent showed toxicity at 100% concentration, which may be related to the
formation of by-products or chemical oxidants produced during electrolysis. Reis et al. (2020)
used a MBR-NF to tretat landfill leachate and observed that the MBR effluent was still toxic to
A. fischeri, which was totally eliminated in the NF effluent, highlighting the role of

nanofiltration membrane.
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Figure 9 — Acute effects for Aliivibrio fischeri at 5, 15 and 30 minutes of exposure in distillate, feed solution and mixed liquor.
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2.3.3.2 Chronic toxicity tests with algae Raphidocelis subcapitata

Chronic toxicity tests with Raphidocelis subcapitata were carried out for the distillate of the
fourth week, and for the mixed liquor, the samples collected in the third, fourth and fifth week
of operation were joined due to the low volume of sample. Table 8 shows the 1C2s values and

the chronic toxic unit (TUc) for this organism.

Table 8 — Chronic effects for R. subcapitata in ANOMBR-MD samples.

Sample IC25 (%) Confidence interval (%) TUc Classification
Feed solution >100 - - No toxic
Mixed liquor 41.54 32.74 - 53.74 2.41 Toxic
W3+W4+W5
Distillate W4 2.58 0.84 - 9.62 38.76 Very toxic

As in the acute toxicity tests, the feed solution did not present chronic toxicity to the algae.
Table 9 shows that the algae toxicity values found in the literature for these PhACs are in the
range of mg L%. Mixed liquor was considered toxic, with a TUc value of 2.41. However, the
ML showed higher TU values for D. similis, showing that this organism was more sensitive to
the sample than A. fischeri and R. subcapitata, even with the more extended exposure period
for the algae. Andrade et al. (2011) evaluated the treatment of oil-field produced water
containing several contaminants and attributed the effluent's toxicity for R. subcapitata to

ammoniacal nitrogen, which may also be a possibility for the ML.

Table 9 - Algae toxicity values found in the literature for the seven PhACs.

Exposure Toxicity assessment Value
Compound P Species Y asse (mg Reference
time criteria L)
Betamethasone 72 h Sele_nastrum NOEC . 34 Fass.se, 2020
capricornutum (Growth rate and yield)
Scenedesmus EC50
Ketoprofen 48 h obliquus (Growth inhibition) 0.4 Wang et al. 2019
Pseudokirchneriella EC50 .
96 h subcapitata (Mortality) 0.24 Mennillo et al., 2018
Pseudokirchneriella EC50
72h subcapitata (Growth inhibition) 0.03 Fass.se, 2020
Pseudokirchneriella NOEC
2h subcapitata (Growth inhibition) 9.94  Watanabe et al., 2016
. Cayman Chemical
Prednisone 72h - EC50 31 Company, 2020
Pseudokirchneriella NOEC
Fluconazole 72 h subcapitata (Growth inhibition) 3.06 Chenetal., 2014
. Pseudokirchneriella EC50
Loratadine - subcapitata (Growth inhibition) 2.15 lesce et al.,2019
170~ i EC50 (ECOSAR) 01 Sanderson et al.,

ethinylestradiol

2004
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: Pseudokirchneriella NOEC S
Fenofibrate 3d - (Population growth 3.12 Isidori et al., 2007
subcapitata rate)

The distillate was the most toxic sample for R. subcapitata, classified as very toxic. This shows

the algae's sensitivity to the AnNOMBR-MD effluent and suggests that longer exposure times
can make the distillate even more toxic. Some studies evaluating the toxicity of metals show
that hardness can positively influence toxicity in algae since calcium and magnesium cations
can reduce the uptake of other compounds and reduce toxicity by absorption (PAQUET et al.,
2019; DEFORESt et al., 2017). However, Gensemer et al. (2017) showed that tests using
hardness values above 120 mg CaCOs L™ cause an increase in chronic toxicity, inhibiting the
growth of R. subcapitata. In this way, the high hardness of the distillate, due to the presence of
Mg?*, may be the reason for the toxicity. Furthermore, Van Dam et al. (2010) evaluated the
toxicity of magnesium (Mg) compounds for the algae species Chlorella sp. and found an 1Cyo
of 43 mg L for Mg, while in the AnOMBR-MD distillate, the average Mg*? concentration was
106.2 mg L, higher than in the ML (73 mg L™1). Therefore, despite the high salts rejection by
MD, Mg*2 may have been toxic to R. subcapitata in distillate. This result shows the importance
of considering the toxic effect in selection of DS solutes in bioreactors or other wastewater

treatments.
2.4 Conclusion

In this chapter the performance of an AnOMBR-MD to treat synthetic sewage with seven
PhACs was assessed with a focus on removing acute and chronic toxicity. The bioreactor
showed great nutrient removals (99.99% removal of P-PO,* and 93.01% removal of N-NHz").
However, the removal of organic matter was 90.07%, probably due to salinity build-up in the
bioreactor, which shows the importance of assessing the chosen solute toxicity to

microorganisms.

The feed solution fortified with a mixture of 17a-ethinylestradiol, ketoprofen, fenofibrate,
fluconazole, loratadine, prednisone, and betamethasone at a concentration of 2 ug L™ each, was
not toxic for any of the evaluated organisms, showing that this concentration of PhACs mixed
in the synthetic sewage did not cause adverse effects. In contrast, the ML showed acute toxicity
for A. fischeri and D. similis and chronic toxicity for R. subcapitata in all evaluated samples,
showing the accumulation of ammonia, alkalinity, and hardness in the bioreactor may cause

toxic effects.
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The distillate was not toxic to A. fischeri but promoted toxicity to D. similis and R. subcapitata,
reinforcing the importance of ecotoxicological tests with more than one trophic level. The
distillate's toxicity may have been caused by the high MgCl. concentration which can be toxic
to these organisms. This warns of caution when using MgCl: as a solute in osmotic bioreactors.
Despite the toxicity present in the distillate, FO and MD membranes' role in the removal of
acute toxicity is highlighted. For A. fischeri there was complete removal of toxicity about mixed

liquor, while for D. similis the removal was 89.6% in the fifth week of operation.
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PHARMACEUTICALS IN AQUATIC
ENVIRONMENT AND RISK ASSESSMENT
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3.1 Introduction

Pharmaceutically active compounds (PhACs) are chemical substances that provide essential
elements in the prevention and treatment of diseases, infections or discomforts, and, for this
reason, they are essential to ensure the health and the life quality of the population (PHOON et
al., 2020). However, the overuse of PhACs has been of concern in several countries
(MORGAN, 2006; ABRAHAM, 2010; BUSFIELD, 2015).

These PhACs can reach the wastewater treatment plants (WWTPSs) through excretions released
by the human body, in domestic sewage, and through irregularly disposition (BOTTONI et al.,
2010). However, many treatments currently used in WWTPs are not effective for the complete
removal of micropollutants, including PhACs, which is demonstrated by the presence of several
pharmaceutical compounds in treated wastewater, surface water and even drinking water
(DAUGHTON and TERNES, 1999; KAUSHIK and THOMAS, 2019; REIS et al., 2019). In
addition to the launch of domestic sewage containing PhACs, there is also the release of
effluents from industries, hospitals and clinics, and livestock activities, contributing to the
presence of PhACs in aquatic environments (FOUREAUX et al., 2018). It shows the
importance of advanced technologies for micropollutants removal in the WWTPs
(FOUREAUX et al., 2018).

In this context, membrane bioreactors (MBR) have been applied for the wastewater treatment
showing satisfactory results of PhACs removal (TIWARE et al.,, 2017). MBR integrate
biological treatment with membrane separation processes for the treatment of water or
wastewater (JUDD and JUDD, 2006) and can have different configurations to promote high
removal of contaminants, such as aerobic or anaerobic biological treatment, separation
processes by microfiltration, ultrafiltration, nanofiltration, membrane distillation, osmosis and
can also include other configurations such as variation in sludge granulometry and integration
with oxidative processes (RICCI et al., 2020; FARIA et al., 2020; LASTRE-ACOSTA et al.,
2020; MONTEOLIVA-GARCIA et al., 2020; ASIF et al., 2020b; YAO et al., 2020).

PhACs are generally found in the aquatic environment at concentration levels of ng L™ to pg
L™, however, studies show that some these compounds can influence the ecosystem even at
low concentrations (CALISTO and ESTEVES, 2009). To assess the impacts caused by
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micropollutants on the environment, the application of ecotoxicological tests is essential, since
they can detect toxic effects on the ecosystem. These tests, in general, are laboratory analyses
that use living organisms exposed for established periods of time, to quantify the toxic effect of
a sample using different concentrations, or to assess whether a sample is toxic, at a specified
concentration. Genotoxicity has also been increasingly used to assess the effects of
micropollutants on the aquatic environment. These tests are performed directly on the
organism's cells to assess DNA damage, in this way, it can identify sublethal effects not reported
in other analyzes. Considering the variety of pharmaceuticals identified in the aquatic
environment and the importance of these essays, ecotoxicological studies are still precarious
for many PhACs (WANG et al., 2020; SWIACKA et al., 2019).

The values of pharmaceutical concentrations in the aquatic environment and the toxicity data
related to them, for different organisms, are fundamental to measure the risks of these
compounds. Environmental and human health risks are determined using risk quotients, which
is possible to assess if a pollutant poses a danger to aquatic organisms or humans if it is ingested.
Thus, the risk assessment of PhACs allows the identification of the most dangerous compounds,
whose removal from the aquatic environment must be prioritized (GUO et al., 2016).

Thus, in this review, PhACs from different therapeutic classes were selected for the analysis of
their concentrations in the aquatic environment in different locations around the world. The
pharmaceuticals toxicity to several aquatic organisms was also reported in this review, as well
as the genotoxicity. Scopus was selected as databases for searching literature and, to find the
articles of interest, the keywords used were: pharmaceuticals in water or wastewater treatment
plants, pharmaceuticals in drinking water, pharmaceuticals in surface water, aquatic
ecotoxicology, pharmaceuticals ecotoxicity, and environmental risk assessment. From the 140
researched articles, PhACs of 9 therapeutic classes were selected for evaluation. Finally, using
PhACs concentration and toxicity, human and environmental risk assessment was also carried
out. It is essential to highlight that the toxicity data are scarce for many PhACs, and when
available, they are dispersed in the literature. This review provides data consolidation and
promotes identifying PhACs that require greater attention due to the risk offered to the

environment and human health.
3.2 Occurrence of PhACs in aquatic environment

The occurrence of PhACs has been demonstrated in aquatic ecosystems worldwide. In addition

to surface and groundwater, studies document such compounds also in raw and treated
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wastewater and drinking water (MEZZELANI et al., 2018). The concentration of PhACs in the
aquatic environment depends on pharmaceutical consumption patterns, level of socio-economic
development, population lifestyle, climatic conditions and treatment technologies (SEGURA et
al., 2015; AUS DER BEEK et al., 2016). Table S1 summarizes the occurrence of
pharmaceuticals of different therapeutic classes in raw wastewater (RWW), treated wastewater
(TWW), surface water (SW), and drinking water (DW), worldwide.

The therapeutic classes most detected in aquatic environments according to literature data are
antibiotics, followed by anti-inflammatory and psychiatrics (Table S1). Carbamazepine,
ibuprofen, diclofenac, sulfamethoxazole and trimethoprim, respectively, were the most reported
PhACs. In contrast, fexofenadine, loratadine, fluoxetine and fenofibrate were less detected
among the evaluated pharmaceuticals. Antibiotics and anti-inflammatories are of concern due
to the high and growing consumption in the world (HUNGIN and KEAN, 2001; VAN
BOECKEL et al., 2014; BUSFIELD, 2015; CRYER et al., 2016; PHOON et al., 2020). Studies
have already confirmed the relationship between the consumption rate and the presence of some
PhACs in the environment (CAMACHO-MURNOZ et al. 2014; NANNOU et al. 2020). These
compounds are detected in treated wastewater and even drinking water in various locations
around the world, indicating that they are not completely removed in the various technologies
for the water and wastewater treatment. Furthermore, there is a concern about traces of
antibiotics in the environment even at low concentrations since these compounds have the
potential to increase resistance among natural populations of bacteria, which can have negative
impacts on public health (PHOON et al., 2020; KAIRIGO et al., 2020).

The increasing use of psychiatrics also has been contributed to a greater presence of these
compounds in the environment (ABRAHAM, 2010). Carbamazepine is one of the most studied
pharmaceuticals for being very persistent, which can be observed in studies that show the low
removal of this PhAC in the wastewater treatments, mainly in conventional treatment systems,
such as activated sludge (PETROVIC et al.,, 2006; HUERTA-FONTELA et al., 2010;
OOSTERHUIS et al., 2013; WU et al., 2015; YANG et al., 2017; RIVERA-JAIMES et al.,
2018; KUMAR et al., 2019).

Seasonal occurrence of PhACs in the aquatic environment indicating that in some cases their
concentrations vary about the periods of the year, due to consumption patterns, dilution effect
and water temperature (CAO et al., 2020). Papageorgiou et al. (2016) observed that in raw

wastewater analgesic and anti-inflammatories presented higher concentrations in summer and
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autumn, while the antibiotics were higher in winter, and lipid regulators, psychiatric,
antihistamines, and beta-blockers do not have any significant seasonal variation in their
concentration levels. Moreno-Gonzalez et al. (2014) also observed a higher concentration of
anti-inflammatories in water bodies in the autumn period, however, antibiotics were higher in
the spring. Evidence shows that higher concentrations of PhACs in surface water can occur in
colder seasons, due to the higher consumption of some pharmaceuticals and lower removals in
treatment plants in these periods of the year (YU et al., 2013; KIBUYE et al., 2019; KIBUYE
et al., 2020). In contrast, dilution factors due to the increased rainfall in the winter period might
lead to low concentrations of the pharmaceuticals in determined regions (PAPAGEORGIOU et
al. 2016). This indicates that the influence of seasonality on the concentration of PhACs

depends on several factors and variables, which cannot yet be fully defined.

Temperature is an important parameter that influences the compounds biodegradation and
sorption processes, therefore, it can also influence the concentration of PhACs in the
environment. The sorption of some compounds may increase at lower temperatures, while
biodegradation decreases (LACEY et al., 2012). This can influence both WWTPs and natural
processes that occur in surface water. In addition to these factors, from the literature data, it was
evident that there is a considerable variation in the PhACs concentrations according to the

aquatic matrix and therapeutic class. Thus, a more detailed analysis was made for these cases.
3.2.1 PhAC’s concentration by aquatic matrix and therapeutic class

PhACs concentrations were analyzed for each aquatic matrix in different locations around the
world (Table S1). According to the database, drinking water has the lowest concentration of
PhACs, with an average of 10 ng L* followed by surface water with an average equal to 1544
ng L. Raw wastewater has the highest concentration with an average equal to 56970 ng L™

and finally, treated wastewater has an average of 3271 ng L (Figure 10).

The lower concentration of PhACs in drinking water is justified, since in addition to the dilution
and the natural removal processes that occur in water bodies, there is still removal in water
treatment plants. However, even low concentrations of pharmaceuticals compounds in drinking
water can be dangerous when daily and long-term ingestion of these micropollutants occurs
(WEE et al., 2020). The highest concentrations of PhACs reported in drinking water were 6323
ng L for prednisone, 2620 ng L™ for betamethasone and 561 ng L for ketoprofen, which
shows low removal efficiencies at water treatment plants in Brazil (REIS et al., 2019).
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Figure 10 — Concentrations of PhACs by raw wastewater (RWW), treated wastewater
(TWW), surface water (SW) and drinking water (DW).

Although the treated wastewater has lower average concentrations than the raw wastewater
according to the studies evaluated (Figure 10), it is already known that most of the PhACs are
not completely removed after treatments. This is even more evident when the analysis by
therapeutic class is performed (Figure 11). Antibiotics, beta-blockers, hormones and psychiatric
drugs concentrations in treated wastewater are very close to or even higher than in raw
wastewater, indicating low or negative removals. Negative values of removal efficiencies are
observed in several studies (GUERRA et al., 2014; KOSMA et al., 2014; SUBEDI and
KANNAN, 2015; WU et al., 2015; PAPAGEORGIOU et al., 2016; WANG et al., 2018), where
the concentrations or mass loads are higher in the WWTP effluent than in the influent, showing
that the treatment of wastewater can increase the availability of PhACs in the environment. This
can occur due to measurement uncertainties, interference from sample collection,
pharmaceutical compounds released from the adsorbed phase, release of endogenous
compounds during cell lysis, or the formation of metabolites during treatment (JOSS et al.,
2005; GOBEL et al., 2005; KOSMA et al., 2014; EVGENIDOU et al., 2015; WANG et al.,
2018).
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It is important to note that the evaluation of PhACs in aquatic ecosystems must consider not
only parent drugs, but also their metabolites and the transformation by-products that can be
generated during wastewater treatment (GARCIA-GALAN et al., 2016). Some treatments by
advanced oxidation processes (AOPs), for example, can degrade pharmaceuticals compounds
but generate even more toxic by-products, as reported in several studies (GARCIA-GALAN et
al., 2016; BERETSOU et al., 2020; PRETALI et al., 2020).

Also, in other cases, some pharmaceutical compounds are detected in effluents, but not in
influents, which may be due to the complex matrices analyzed, which make it impossible or
cause interference in the detection method of PhACs or the time difference between the
collection of the influent and effluent samples (KOSMA et al., 2014). In addition to negative
removals, low PhACs removal occurs as a result of WWTP's inefficiency. Conventional
treatment processes, such as UASB reactors, activated sludge, biological filters, or ponds are
intended to treat biodegradable organic compounds and can reduce nutrients and pathogenic
organisms and, eventually, remove some PhACs by biodegradation or adsorption of these
micropollutants in the sludge (CASTIGLIONI et al., 2005; JELIC et al., 2011; TIWARE et al.,
2017; COUTO, et al., 2019).
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Figure 11 — Average concentration and standard error of PhACs in different aquatic matrix
by therapeutic class.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



49

Reduction of PhACs concentration in wastewater treatment plants is a measure of
environmental protection and human health, since a barrier is created so that these
micropollutants do not reach watercourses and drinking water. However, even tertiary treatment
can have low removal of some pharmaceuticals. Rivera-Jaimes et al. (2018) evaluated the
removal of PhACs in a full-scale WWTP, with conventional activated sludge treatment after
aerobic and anaerobic digestion and a tertiary treatment based on UV oxidation. According to
this study, the treatment did not remove PhACs such as gemfibrozil and carbamazepine and
obtained low removals for others, such as trimethoprim (<4%), indomethacin (<19%) and
atenolol (<44%).

3.3 Membrane bhioreactors to PhAC’s removal

Membrane bioreactors (MBR) have shown promise in removing PhACs. This technology
integrate biological treatment with membrane separation processes for treating water or
wastewater (JUDD and JUDD, 2006). Commonly applied processes use microfiltration (MF)
or ultrafiltration (UF) membranes to retain the biomass, resulting in a clarified and purified
product. The MBRs using UF/MF allows independence between the hydraulic retention time
and the solid retention time, which promotes operations with longer solid retention times, and
consequently, a greater adaptation of the microorganisms to the substrates and greater removal
of recalcitrant compounds (PRASERTKULSAK et al., 2016). Membrane's fouling in these
systems can be a limiting factor, however, studies have been to substantial progress in
understanding the fouling mechanism for reducing its effects (JIANG, et al., 2017; BAGHERI
and MIRBAGUERI, 2018; BAGHERI et al., 2019).

Regarding PhACs removal, MBR systems have high removal efficiencies for most of these
micropollutants when compared to conventional treatments (TIWARE et al., 2016). However,
some PhACs are still resistant to membrane bioreactors treatment processes, especially those
that have highly hydrophilic characteristics, which limits their adsorption to sludge (LASTRE-
ACOSTA et al., 2020). This limitation has been overcome by the development of other MBR
configurations and schemes. Table 10 summarizes the removal of PhACs in some recently

studied membrane bioreactor configurations.

Ricci et al. (2021), evaluated an anaerobic bioreactor combined with a hybrid module of
forward osmosis (FO) and membrane distillation (MD) for the treatment of municipal
wastewater fortified with betamethasone, ketoprofen, ethinylestradiol, fenofibrate, fluconazole,

loratadine and prednisone, in the concentration of 2 pg L' each. The overall removal efficiency
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values were between 96.4% and 99.98% at the end of the monitoring. In this study, the removal
for each PhAC varied due, mainly, to its characteristics, such as biodegradability, molecular
weight, hydrophobicity, volatility and charge (RICCI et al., 2021). Faria et al. (2020) evaluated
the removal of the same PhACs with an expanded granular sludge bed reactor with UF
membrane and also verified the influence of the factors cited by Ricci et al. (2021) on the PhACs
removal. In this study, prednisone, loratadine and fenofibrate were removed mainly by abiotic

factors, while ethinylestradiol and betamethasone by biotic factors.

Table 10 — Removal of PhACs by different MBR configurations.

MBR scheme Membane Feed PhACs Reference
removal (%)

FO membrane: flat-sheet
composed of cellulose triacetate
with an embedded polyester

. screen support and 157 cm? of Municipal
Osmotic membrane ) L .
bioreactor integrated with surface areaMD membrane: wastewater fortified 96.4 - 9998 Ricci et al.,
2 flat-sheet composed of with ' ' 2021
membrane distillation . .
polytetrafluoroethylene in a pharmaceuticals
non-woven polypropylene with
an average pore size of 0.2 um
and 157 cm? of surface area
UF membrane: hollow-fiber
composed of polyvinylidene
Expanded granular fluoride, with a nominal pore Synthetic sewage Faria et al
sludge bed reactor with size of 0.04 um, surface with fortified with 84 - 98 B
AT o L : 2020
ultrafiltration membrane nonionic and hydrophilic pharmaceuticals
properties and 45 cmz2 of
filtration area
Moving bed biofilm UF membrane: hallow-fiber Municipal Monteoliva-
. with a nominal pore size of  wastewater fortified :
reactor with membrane . 81.36-100  Garcia et
. 0.04 pm and 9700 cm? of with
bioreactor . al., 2020
surface area pharmaceuticals
Enzvmatic membrane NF membrane: flat-sheet with a Synthetic
y . polyamide based active wastewater fortified Asif et al.,
bioreactor with ) : 90-99
e layerwith and a surface area of with 2020a
nanofiltration .
40 cm? pharmaceuticals
FO membrane: flat-sheet Synthetic
Submerged forward . .
. composed of cellulose triacetate wastewater fortified Yao et al.,
osmotic membrane . - 88.20 - 94.45
bi with embedded polyester screen with 2020
ioreactor .
support and 50 cm? pharmaceuticals
Powdered activated Ceramic membrane: average Synthetic
carbon - Membrane pore size of 0.1 ym and an wastewater fortified 86 - 99.9 Asif et al.,
. effective surface area of 425 with ' 2020b
bioreactor 5 .
cm pharmaceuticals
UF membrane: flat-sheet Synthetic
Pre-denitrification composed of polyvinylidene  wastewater fortified 80 Matsubara
membrane bioreactor fluoride with a average pore with etal., 2020
size of 0.1 um pharmaceuticals

Another MBR scheme was evaluated by Monteoliva-Garcia et al. (2020) who tested a moving

bed biofilm reactor-membrane bioreactor (MBBR-MBR) for removal of carbamazepine,
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ciprofloxacin and ibuprofen in the concentrations of 100, 10 and 100 pg L', respectively, added
to the municipal wastewater. The MBBR-MBR system promoted removals of 81.36 for
carbamazepine, 99.20 for ciprofloxacin and 100% for ibuprofen, while the isolated MBR
process had removals of 72.34, 93.90 and 100% for the same PhACs. According to Monteoliva-
Garcia et al. (2020) the main factor in the removal of PhACs was biodegradability, since in this
system the contact area between microorganisms and the effluent increases. It shows that the
moving bed biofilm is a configuration option that increases the efficiency of the MBR and can

be used for the removal of biodegradable pharmaceuticals.

Besides Monteoliva-Garcia et al. (2020), the removal of carbamazepine was also evaluated by
Yao et al., (2020). In this study, a submerged forward osmotic membrane bioreactor (FOMBR)
was used, in which the removals varied between 88.20-94.45% and were attributed to
membrane rejection and biodegradation. The high removal of carbamazepine in MBR systems
shows the efficiency and importance of applying these technologies, since this PhAC is very
persistent and has low removal in conventional treatment systems and may not be removed
even with tertiary treatments (OOSTERHUIS et al., 2013; WU et al., 2015; RIVERA-JAIMES
et al., 2018; PETROVIC et al., 2006; YANG et al., 2017; HUERTA-FONTELA et al., 2010;
KUMAR et al., 2019).

Asif et al. (2020b) also showed an increase in the efficiency of MBR when combined with other
technologies, using an anoxic-aerobic ceramic MBR with powdered activated carbon (PAC)
system to remove micropollutants, including PhACs. The addition of PAC increased the
removal efficiency for all micropollutants, which ranged between 86 and 99.9%, while the
MBR alone removed between 60 and 99%. Matsubara et al. (2020) also used anoxic-aerobic
condition combined with the separation process by ultrafiltration. The study showed an 80%

removal of amoxylin, for a hydraulic retention time of 40 h.

In addition, an important factor in an MBR is the efficiency of membrane rejection, which can
occur through the mechanisms of size exclusion, charge repulsion and adsorption (SIMON et
al., 2013). Asif et al. (2020a) evaluated the removal of 29 trace organic contaminants (TrOC),
including several PhACs, using an enzymatic membrane bioreactors (EMBR) with
nanofiltration (NF). The study showed that TrOC removal in the enzymatic bioreactor ranged
between 10-99%, while in the NF-EMBR system it was 90-99%, demonstrating the significant
contribution of the NF membrane to the overall removal.

3.4 PhAC’s toxicity to aquatic organisms
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The toxicity of PhACs to aquatic organisms is increasingly addressed in the literature, since
ecotoxicological tests have the potential to evaluate the effect of pollutants at different trophic
levels, at determined concentrations. Table 11 shows several acute and chronic ecotoxicological
data for the PhACs selected in this review, for different aquatic organisms, exposure times, and

evaluation criteria.

Ecotoxicological tests can be categorized into two types: acute toxicity and chronic toxicity.
Acute toxicity tests are short-term assays that provide quicker responses to the effects of a
sample on aquatic organisms exposed to generally lethal concentrations. On the other hand,
chronic toxicity tests correspond to assessments of effects for longer periods and can include
the entire life cycle of an organism exposed to sub-lethal concentrations. Some substances do
not cause acute effects for certain organisms, but in longer exposure times, chronic effects can
be detected. So acute and chronic tests must be carried out jointly and complementarily.
(CONNON et al., 2012).

In addition, there are the avoidance tests, which have been increasingly used in ecotoxicological
studies. These tests consider that the effects of contaminants on organisms can be spatially
avoided since many organisms have the ability to escape when detecting changes in the
environment. Thus, the effects of contaminants may not affect the organisms, however, their
migration may promote the extinction of species, causing an imbalance in the ecosystem
(MOREIRA-SANTOS et al., 2019). Avoidance tests are generally performed with fish, which
can move freely in compartments, with different concentrations of contaminants, choosing the
most favorable environment, which allows measuring the spatial avoidance of organisms
(ARAUJO et al., 2016; JACOB et al., 2021).

According to Connon et al. (2012), the effects observed in aquatic organisms in
ecotoxicological tests can be mortality or immobility, avoidance, changes in biological
functions, such as reproduction, egg development, growth, and maturation. The results of these
tests are usually expressed in average effective concentration (ECs0): sample concentration that
causes an acute effect on 50% of the organisms; average lethal concentration (LCso0): sample
concentration that causes mortality of 50% of the organisms; no observed effect concentration
(NOEC): higher concentration of sample that does not cause a statistically significant
deleterious effect on organisms; and observed effect concentration (OEC): lower concentration
of sample that causes a statistically significant deleterious effect on organisms (Connon et al.,

2012). Effects can be classified as low concern (>100 mg L"), moderate concern (1-100 mg
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L") and high concern (<1 mg L") for acute aquatic toxicity, and low concern (>10 mg L),
moderate concern (0.1 -10 mg L") and high concern (<0.1 mg L) for chronic toxicity
(EUROPEAN COMMISSION, 1996).

Several species of aquatic organisms have been used for ecotoxicological assays and the main
groups used are microalgae, microcrustaceans, bacteria, and fish. The choice of the organism
should be based mainly on its representativeness, availability, sensitivity, easiness in the
standardization of the tests, and easiness in the cultivation (Connon et al., 2012). It is known
that the presence of recalcitrant compounds in water bodies, such as pharmaceuticals, can
promote toxicity to several aquatic species, causing changes in the biological structure and even
the death of these organisms. In this sense, studies have been developed to assess the toxicity
of PhACs in the aquatic environment and the impacts of these micropollutants on the

ecosystem.

Wang et al. (2020) assessed the toxicity of three anti-inflammatory drugs for the green algae
species Scenedesmus obliquus and showed that ketoprofen was the most toxic among them,
with ECs0 (Growth inhibition) value of 0.4 mg L™ in an exposure time of 48 hours. Diclofenac,
also in the anti-inflammatory group, had an ECso (Immobility) for Daphnia magna of 0.22
mg L~ (FERRARI et al., 2003). Several antibiotics are also reported as toxic, for different
aquatic organisms, with E(L)Cso values less than 1 mg L' or NOECs below 0.1 mg L™!
(EGUCHI et al., 2004; ROBINSON et al. 2005; ISIDORI et al. 2005; ANDO et al., 2007;
YANG et al., 2008; BIALK-BIELINSKA et al., 2011; CARBAJO et al., 2015).

Despite the evidence of anti-inflammatories and antibiotics in the literature due to their higher
occurrences in environment, other classes of PhACs such as hormones, antihistamines and
psychiatrics should also be highlighted, due to their toxic potential. Loratadine had ECso
(Immobility) and NOEC (Growth inhibition) of 0.83 mg L~ and 0.053 mg L1, for D. magna
and Pseudokirchneriella subcapitata, respectively (FASS.SE, 2020). Fluoxetine was also
considered toxic for D. magna, with ECso (Immobility) of 6.4 mg L™ and for Oryzias latipes
with NOEC (Locomotion) of 0.01 mg L™* (CHRISTENSEN et al., 2007; CHIFFRE et al.,
2016). Likewise, 17-p estradiol, from the group of hormones, showed NOEC of 0.286
ug L™1 for fish O. latipes (SEKI et al., 2004). In the case of hormones, toxicity values are
generally high for organisms that have an endocrine system when endocrine disruption is the
evaluation criterion. These natural or synthetic hormones excreted by the body and found in

surface water can induce, for example, the increase in levels of vitellogenin in male fish. In this
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way, the vitellogenins concentration can also be used as a biomarker for chronic toxicity tests
(ROSE et al., 2002).

In contrast, some pharmaceuticals may not promote acute effects, but have chronic effects for
determined organisms. This is the case of fluconazole, from the anti-fungal group, which have
an low acute toxic effect for the crustacean Thamnocephalus platyurus with ECso (Immobility)
of 100 mg L™ in 24 h of exposure (KIM et al., 2009), but obtained a NOEC (Growth inhibition)
of 3.06 mg L™ for the algae P. subcapitata with 72 h of exposure. This shows that chronic
toxicity tests are of fundamental importance to detect possible toxicities not found in shorter
exposure times and that different organisms may have different sensitivities when exposed to

the same contaminant.

The difference in sensitivity between organisms tested with the same PhAC can also be seen in
other studies. Cleuvers (2003) evaluated ibuprofen toxicity and found an ECso of 315 mg L1,
22 mgL™1, and 108 mg L1, for Desmodesmus subspicatus, Lemna minor, and D. magna,
respectively, showing that L. minor was more sensitive to this pharmaceuticals, compared to
other organisms. Brun et al. (2006) and Cleuvers (2004) used naproxen and found ECso
(Luminescence inhibition) equal to 0.451 mg L= for Aliivibrio fischeri, and ECso (Immobility)
of 166.3 mg L™ for D. magna. Thus, the ecotoxicological tests should be performed with more

than one trophic level, for assessing the real impacts on the aquatic ecosystem.

In this sense, the pharmaceuticals can have different toxic effects for the same organism,
depending on the formulation used in the toxicity tests (generic, similar, and reference). This is
due to the excipients present in each formulation. Excipients are used to provide to the drugs
the rate of release and absorption, stability, volume, texture, and color (WASAN, 2001). Jacob
et al., (2016) studied the toxicity of 10 PhACs in the three formulations for A. fischeri and
observed that the toxicity was related to the excipients and not necessarily to the active
ingredients.

Another important factor when assessing the toxicity of PhACs is the interaction between them
in the aquatic environment. PhACs interation can cause synergistic and antagonistic effects,
causing an increase or reduction in toxicity. There are mathematical models that simulate the
effects of mixing between PhACs, such as concentration addition (CA) and independent action
(IA). These models are important tools, since it is not possible to test the effects for all possible
mixture combinations of PhACs, due to a large number of them in the environment. However,

they cannot predict all the phenomena of the interaction between the compounds. Thus, the
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ecotoxicological tests of the mixtures and not only of individual contaminants more accurately
represents what occurs in natural ecosystem (JACOB et al., 2020). Therefore, several studies
show that the mixture of PhACs, and also other compounds, can be more or less toxic than the
single-pharmaceuticals (DI NICA et al., 2017; DI POl et al., 2018; WIECZERZAK et al., 2018;
BAEK et al., 2019).
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Exposure

Value

Compound time Species Organism Toxicity assessment criteria (mg L) Reference
Paracetamol - Daphnia magna Crustacean EC50 50 Henschel et al. 1997
30 min Aliivibrio fischeri Bacteria EC50 (Luminescence inhibition) 650 Henschel et al. 1997
- Brachydanio rerio Fish EC50 (Mortality) 378 Henschel et al. 1997
21d Daphnia magna Crustacean NOEC (Reproduction) 1 Fass.se 2020
- Pimephales promelas Fish NOEC (Survival) 0.46 Fass.se 2020
Codeine - - Algae EC50 (ECOSAR) 23 Sanderson et al., 2004
- - Crustacean EC50 (ECOSAR) 16 Sanderson et al., 2004
- - Fish EC50 (ECOSAR) 238 Sanderson et al., 2004
Morphine - - Algae EC50 (ECOSAR) 39 Sanderson et al., 2004
- - Crustacean EC50 (ECOSAR) 32 Sanderson et al., 2004
- - Fish EC50 (ECOSAR) 257 Sanderson et al., 2004
Acetaminophen 48 h Daphnia magna Crustacean LC50 20.1 Han et al., 2010
- Crustacean EC50 (ECOSAR) 41 Sanderson et al., 2004
- Fish EC50 (ECOSAR) 258 Sanderson et al., 2004
10d Mytilus galloprovincialis Mussel NOEC (Feeding rate) 0.403 Solé et al., 2010
72 h Selenastrum capricornutum Algae NOEC (Algal cells survival) 0.032 Brun et al., 2006
7d Ceriodaphnia dubia Crustacean NOEC (Offspring survival) 0.032 Brun et al., 2006
Propyphenazone - - Algae EC50 (ECOSAR) 1 Sanderson et al., 2004
- - Crustacean EC50 (ECOSAR) 35 Sanderson et al., 2004
- - Fish EC50 (ECOSAR) 0.8 Sanderson et al., 2004
Betamethasone - - Algae EC50 (ECOSAR) 41 Sanderson et al., 2004
- - Crustacean EC50 (ECOSAR) 32 Sanderson et al., 2004
- - Fish EC50 (ECOSAR) 37 Sanderson et al., 2004
72 h Selenastrum capricornutum Algae NOEC (Growth rate and yield) 34 Fass.se, 2020
21d Daphnia magna Crustacean NOEC (Parental survival) 17 Fass.se, 2020
32d Pimephales promelas Fish NOEC (Mean dry weight) 0.052 Fass.se, 2020
Ketoprofen 48 h Scenedesmus obliquus Alga EC50 (Growth inhibition) 0.4 Wang et al. (2020)
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Compound Extpi)z]s:re Species Organism Toxicity assessment criteria (%/glti) Reference
Pseudokirchneriella
96 h subcapitata Algae EC50 (Mortality) 0.24 Mennillo et al., 2018
72h Pse“i%'é'gg?t';ig'e”a Algae EC50 (Growth inhibition) 0.03 Fass.se, 2020
96 h Danio rerio Fish LC50 (Mortality) 632 Praskova et al., 2011
72 h Pse”i%';';g?tg‘i;'e”a Algae NOEC (Growth inhibition) 9.94 Watanabe et al., 2016
6-8 d Ceriodaphnia dubia Crustacean NOEC (Reproduction) 22.5 Watanabe et al., 2016
9d Danio rerio Fish NOEC (Hatch, mortality, growth) 6.25 Watanabe et al., 2016
21d Daphnia magna Crustacean NOEC (Reproduction) 9.15 Fass.se, 2020
28d Danio Rerio Fish NOEC (Mortality) 0.093 Fass.se, 2020
Ibuprofen 3d Desmodesmus subspicatus Algae EC50 315 Cleuvers, 2003
3d Desmodesmus subspicatus Algae EC50 342.2 Cleuvers, 2004
7d Lemna minor Lemnoideae EC50 22 Cleuvers, 2003
48 h Daphnia magna Crustacean EC50 31 Fass.se, 2020
48 h Daphnia magna Crustacean EC50 (Immobility) 108 Cleuvers, 2003
48 h Daphnia magna Crustacean EC50 (Immobility) 101.2 Cleuvers, 2004
48 h Daphnia magna Crustacean EC50 (Immobility) 51.4 Han et al., 2010
48 h Moina macrocopa Crustacean EC50 (Immobility) 72.6 Han et al., 2010
14d Daphnia magna Crustacean EC50 (Reproduction) 134 Heckmann et al., 2007
96 h Oryzias latipes Fish LC50 89 Fass.se, 2020
48 h Daphnia magna Crustacean LC50 132.6 Han et al., 2010
24 h Thamnocephalus platyurus Crustacean LC50 (Immobility) 19.59 Kim et al., 2009
14d Daphnia magna Crustacean NOEC (Survival) 20 Heckmann et al., 2007
21d Daphnia magna Crustacean NOEC (Reproduction) 20 Han et al., 2010
3d Desmodesmus subspicatus Algae NOEC 30 Fass.se, 2020
7-8d Moina macrocopa Crustacean NOEC (Reproduction) 25 Han et al., 2010
21d Daphnia magna Crustacean NOEC (Survival) 33.3 Han et al., 2010
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Compound Extpi)z]s:re Species Organism Toxicity assessment criteria (%/glti) Reference
21d Danio rerio Fish NOEC (Growth) 0.2659 Constantine et al., 2020
Diclofenac 48 h Daphnia magna Crustacean LC50 (Mortality) 80.1 Han et al., 2010
96 h Danio rerio Fish LC50 (Mortality) 0.082 Fass.se, 2020
48 h Daphnia magna Crustacean EC50 (Immobility) 22.43 Ferrari et al., 2003
48 h Ceriodaphnia dubia Crustacean EC50 (Immobility) 0.0227 Ferrari et al., 2003
3d Desmodesmus subspicatus Algae EC50 72 Cleuvers, 2003
7d Lemna minor Lemnoideae EC50 7.5 Cleuvers, 2003
48 h Daphnia magna Crustacean EC50 (Immobility) 68 Cleuvers, 2003
96 h Pseus?l%lg;g?tgi:ella Algae NOEC (Growth rate) 10 Ferrari et al., 2003
7d Ceriodaphnia dubia Crustacean NOEC (Reproduction) 1 Ferrari et al., 2003
95d Oncorhynchus mykiss Fish NOEC (Histopathgc;:fsg;ical alterations in 0.369 Fass.se, 2020
10d Danio rerio Fish NOEC (Development) 4 Ferrari et al., 2003
34d Danio rerio Fish NOEC (Survival) 0.32 Fass.se, 2020
21d Daphnia magna Crustacean NOEC (Reproduction) 10 Han et al., 2010
Naproxen 7d Lemna minor Lemnoideae EC50 24.2 Cleuvers, 2003
48 h Daphnia magna Crustacean EC50 174 Cleuvers, 2003
3d Desmodesmus subspicatus Algae EC50 (Growth inhibition) 625.5 Cleuvers, 2004
48 h Daphnia magna Crustacean EC50 (Immobility) 166.3 Cleuvers, 2004
48 h Daphnia magna Crustacean EC50 (Immobility) 59.44 DellaGreca et al., 2003
48 h Ceriodaphnia dubia Crustacean EC50 (Mortality) 66.37 Isidori et al., 2005
15 min Aliivibrio fischeri Bacteria EC50 (Luminescence inhibition) 0.451 Brun et al., 2006
24 h Brachionus calyciflorus Roatifers LC50 (Mortality) 62.48 Isidori et al., 2005
24 h Thamnocephalus platyurus Crustacean LC50 (Mortality) 84.09 Isidori et al., 2005
21d Daphnia magna Crustacean NOEC (Survival, reprodution, growth) 0.15 Fass.se, 2020
7d Ceriodaphnia dubia Crustacean NOEC (Living offspring) 0.032 Brun et al., 2006
32d Pimephales promelas Fish NOEC (Hatch, survival, growth) 1 Fass.se, 2020
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Compound Extpi)z]s:re Species Organism Toxicity assessment criteria (%/glti) Reference
Pseudokirchneriella Algae NOEC (Average growth rate) 6.2 Fass.se, 2020
subcapitata
Prednisone 72h : Alga EC50 31 Cayman Chzrgiz%a' Company,
24 h Brachionus calyciflorus Crustacean LC50 (Mortality) 54.6 Dellagreca et al., 2002
- - Crustacean NOEC (ECOSAR) 2.48 Gouveia et al., 2019
Indomethacin - - Algae EC50 (ECOSAR) 18 Sanderson et al., 2004
- - Crustacean EC50 (ECOSAR) 26 Sanderson et al., 2004
- - Fish EC50 (ECOSAR) 3.9 Sanderson et al., 2004
24 h Thamnocephalus platyurus Crustacean LC50 (Immobility) 16.14 Kim et al., 2009
24 h Oryzias latipes Fish LC50 81.92 Kim et al., 2009
48 h Daphnia magna Crustacean EC50 (Mortality and behavior) 22.38 Gheorghe et al., 2016
15 min Aliivibrio fischeri Bacteria EC50 (Luminescence inhibition) 7.94 Gheorghe et al., 2016
48 h Daphnia magna Crustacean NOEC 0.43 Gheorghe et al., 2016
96 h Cyprinus carpio Fish NOEC (Mortality and behavior) 0.85 Gheorghe et al., 2016
Amoxicillin 5m Aliivibrio fischeri Bacteria EC50 (Luminescence inhibition) 1320 Park e Choi, 2008
48 h Danio rerio Fish EC50 (Mortality) 132.4 Oliveira et al., 2013
- Selenastrum capricornutum Algae NOEC (Growth inhibition) 250 Litzheft et al., 1999
96 h Isochrysis galbana Algae NOEC (Growth inhibition) 250 De Orte et al., 2013
Ciprofloxacin 24 h Microcystis aeruginosa Cyanobacteria EC50 0.017 Robinson et al. 2005
- Selenastrum capricornutum Algae EC50 2.97 Halling-Sgrensen, 2000
28d Daphnia magna Crustacean EC50 (Reprodution) 14.4 Zaleska-Radziwill et al., 2011
7d Lemna minor Lemnoideae EC50 (Growth inhibition) 3.75 Martins et al., 2012
30 min Aliivibrio fischeri Bacteria EC50 (Luminescence inhibition) 11.5 Martins et al., 2012
96 h Pseus‘fj%'g;g?tg‘:;'e”a Algae EC50 (Growth inhibition) 4.83 Martins et al., 2012
48 h Daphnia magna Crustacean EC50 (Immobility) 65.3 Martins et al., 2012
9% h Pseudokirchneriella Algae NOEC (Growth inhibition) 1.09 Martins et al., 2012

subcapitata
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Exposure

Value

Compound time Species Organism Toxicity assessment criteria (mg L) Reference
28 d Daphnia magna Crustacean NOEC (Reprodution) 0.156 ZaIESka'Rggill\N'”’ etal,
28d Danio rerio Fish NOEC (Juvenile growth) 0.78 ZaIESka'Rggill\N'”’ etal,
28d Lebistes reticulatus Fish NOEC (Juvenile growth) 0.78 Zaleska-Rggillvwll, etal,
Trimethoprim 48 h Daphnia magna Crustacean EC50 92 Park e Choi, 2008
48 h Daphnia magna Crustacean EC50 123 Halling-Sgrensen, 2000
- Selenastrum capricornutum Algae EC50 110 Halling-Sgrensen, 2000
- Microcystis aeruginosa Cyanobacteria EC50 112 Vilitalo et al., 2017
i Pseudokirchneriella Algae EC50 84 Vilitalo et al., 2017
subcapitata
Pseudokirchneriella R .
- subcapitata Algae EC50 (Growth inhibition) 80.3 Eguchi et al., 2004
] Pseudokirchneriella Algae NOEC (Growth inhibition) 255 Eguchi et al., 2004
subcapitata
72 h Danio rerio Fish NOEC 100 Halling-Sgrensen, 2000
6d Synechococcus leopoliensis ~ Cyanobacteria NOEC (Growth rate) 13 Ando et al., 2007
7d Lemna minor Lemnoideae NOEC (Growth inhibition) 6.25 De Liguoro et al., 2012
Erythromycin : Pseudokirchneriella Algae EC50 (Growth inhibition) 0.0366 Eguchi et al., 2004
subcapitata
72 h Pseudoklrchnerlella Algae EC50 (Population growth rate) 0.35 Gonzélez-Pleiter et al., 2013
subcapitata
72 h Anabaena sp. Cyanobacteria EC50 (Population growth rate) 0.022 Gonzélez-Pleiter et al., 2013
48 h Daphnia magna Crustacean EC50 (Immobility) 22.45 Isidori et al., 2005
24 h Thamnocephalus platyurus Crustacean LC50 (Immobility) 100 Kim et al., 2009
48 h Daphnia magna Crustacean EC50 (Immobility) 207.83 Jietal, 2012
7d Moina macrocopa Crustacean NOEC (Mortality) 50 Jietal., 2012
i Pseudokirchneriella Microalga NOEC (Growth inhibition) 0.0103 Eguchi et al., 2004
subcapitata
6d Synechococcus leopoliensis ~ Cyanobacteria NOEC (Growth rate) 0.002 Ando et al., 2007
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Compound Engns:re Species Organism Toxicity assessment criteria (;]/glﬁi) Reference
Roxithromycin 72h Anabaena flos-aquae Algae EC50 (Growth rate) 0.211 Fass.se, 2020
48 h Daphnia magna Crustacean EC50 (Immobility) 100 Fass.se, 2020
96 h Danio rerio Fish LC50 (Lethality) 100 Fass.se, 2020
72h Anabaena flos-aquae Algae NOEC (Growth rate) 0.0646 Fass.se, 2020
72h Pseus‘fj%'ggg?t';‘i:e”a Algae NOEC (Growth inhibition) 0.01 Yang et al., 2008
Sulfamethoxazale - Lemna minor Lemnoideae EC50 (Growth inhibition) 0.21 Biatk-Bielinska et al., 2011
48 h Pseusfj%'ggg?tgi;'e”a Algae EC50 0.52 Isidori et al., 2005
48 h Daphnia magna Crustacean EC50 123.1 Park e Choi, 2008
24 h Scenedesmus vacuolatus Algae EC50 (Reproduction inhibition) 1.54 Biatk-Bielinska et al., 2011
72h Raphidocelis subcapitata Algae EC50 (Growth inhibition) 98 Fass.se, 2020
7d Lemna minor Lemnoideae EC50 (Growth) 215 Fass.se, 2020
72h Raphidocelis subcapitata Algae NOEC 32 Fass.se, 2020
7d Lemna minor Lemnoideae NOEC 535 Fass.se, 2020
48 h Daphnia magna Crustacean NOEC (Immobilization) 100 Fass.se, 2020
Sulfadiazine - Lemna minor Lemnoideae EC50 (Growth inhibition) 2.22 Biatk-Bielinska et al., 2011
24 h Scenedesmus vacuolatus Algae EC50 (Reproduction inhibition) 0.07 Biatk-Bielinska et al., 2011
- Selenastrum capricornutum Algae EC50 (Growth inhibition) 7.8 Litzheft et al., 1999
15 min Aliivibrio fischeri Bacteria EC50 (Luminescence inhibition) 67.61 Wei et al., 2018
21d Daphnia magna Crustacean NOEC (Survival) 50 Forfait-Dubuc et al., 2012
Ofloxacin - Pseudomonas putida Bacteria EC50 0.11 Carbajo et al., 2015
24 h Lemna minor Lemnoideae EC50 0.126 Robinson et al., 2005
48 h Ceriodaphnia dubia Crustacean EC50 3.13 Isidori et al., 2005
96 h Pseusiilggg?tr;iglella Algae EC50 (Growth inhibition) 4.74 Ferrari et al., 2004
48 h Daphnia magna Crustacean EC50 (Mortality) 76.58 Ferrari et al., 2004
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Continuation 96 h Pseus?l%lg;;?tgi:ella Algae NOEC (Growth inhibition) 25 Ferrari et al., 2004
Compound Extpi)z]s:re Species Organism Toxicity assessment criteria (%/glti) Reference
7d Ceriodaphnia dubia Crustacean NOEC (Reproduction) 10 Ferrari et al., 2004
10d Danio rerio Fish NOEC (Mortality) 16 Ferrari et al., 2004
Norfloxacin 6d Anabaena cylindrica Cyanobacteria EC50 0.053 Eguchi et al., 2004
72h Selenastrum capricornutum Algae EC50 16.6 Eguchi et al., 2004
96 h Chlorella vulgaris Algae EC50 58.6 Xiong et al., 2017b
Pseusclijcz)lgarlg?tgiglella Algae EC50 16.6 Eguchi et al., 2004
Pseudokirchneriella Algae NOEC 4.01 Eguchi et al., 2004
subcapitata
6d Synechococcus leopoliensis ~ Cyanobacteria NOEC (Growth rate) 0.16 Ando et al., 2007
Fluconazole 24 h Thamnocephalus platyurus Crustacean LC50 (Immobilization) 100 Kim et al., 2009
96 h Oryzias latipes Fish LC50 (Mortality) 100 Kim et al., 2010
72h Pse“s%%'ggg?tgi;'e”a Algae NOEC (Growth inhibition) 3.06 Chen et al., 2016
7d Lemna minor Aquatic plant NOEC (Growth rate) 0.3 Richter et al., 2016
Miconazole 24 h Daphnia magna Crustacean EC50 (Reproduction) 0.3 Furuhagen et al., 2014
Thiabendazole 48 h Daphnia magna Crustacean EC50 (Immobilization) 0.55 Martin-de-Lucia et al., 2019
5 min Aliivibrio fischeri Bacteria EC50 (Luminescence inhibition) 29.64 Oh et al., 2006
48 h Daphnia magna Crustacean EC50 (Immobilization) 0.8436 Oh et al., 2006
Loratadine 48 h Daphnia magna Crustacean EC50 (Immobilization) 0.83 Fass.se, 2020
: Pseus‘fj%'g;;?t';i;'e”a Algae EC50 (Growth inhibition) 215 lesce et al., 2019
- Ceriodaphnia dubia Crustacean EC50 (Reproduction inhibition) 0.03 lesce et al.,2019
- Brachionus calyciflorus Rotifer EC50 (Reproduction inhibition) 0.05 lesce et al.,2019
- - Fish EC50 (ECOSAR) 0.02 Sanderson et al., 2004
48 h Daphnia magna Crustacean EC50 (Immobilization) 3.1 Fass.se, 2020
21d Daphnia magna Crustacean NOEC (Reproduction) 0.078 Fass.se, 2020
72h Pseudokirchneriella Algae NOEC (Growth inhibition) 0.053 Fass.se, 2020

subcapitata
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28d Lepomis macrochirus Fish NOEC (Hatch, mortality, growth) 0.084 Fass.se, 2020
Compound Engns:re Species Organism Toxicity assessment criteria (;]/glﬁi) Reference
Fexofenadine 48 h Daphnia magna Crustacean EC50 (Immobilization) 780 Fass.se, 2020
72h Desmodesmus subspicatus Algae NOEC 25 Fass.se, 2020
Atenolol 48 h Ceriodaphnia dubia Crustacean EC50 (Immobilization) 334 Fraysse and Garric, 2005
48 h Daphnia magna Crustacean EC50 (Immobilization) 313 Cleuvers, 2005
- Desmodesmus subspicatus Algae EC50 (Growth inhibition) 620 Cleuvers, 2005
72h Pseus?l%lg;g?tgi:ella Algae NOEC (Grovvit:tg:;tglg/leld, biomass 128.8 Kilister et al., 2010
21d Daphnia magna Crustacean NOEC (Reproduction) 8.872 Kuster et al., 2010
21d Pimephales promelas Fish NOEC (Reproduction) 10 Winter et al., 2008
Metoprolol 3d Desmodesmus subspicatus Algae EC50 (Growth inhibition) 7.3 Cleuvers, 2003
48 h Ceriodaphnia dubia Crustacean EC50 (Immobilization) 45.3 Fraysse and Garric, 2005
48 h Daphnia magna Crustacean EC50 (Immobilization) 120 Fass.se, 2020
48 h Daphnia magna Crustacean EC50 (Immobilization) 438 Cleuvers, 2005
72h Pse“s%%'ggg?t';‘ig'e”a Algae NOEC (Growth inhibition) 75 Fass.se, 2020
96 h Oncorhynchus mykiss Trout NOEC 32 Fass.se, 2020
Propanolol 3d Desmodesmus subspicatus Algae EC50 5.8 Cleuvers, 2003
7d Lemna minor Lemnoideae EC50 114 Cleuvers, 2003
48 h Daphnia magna Crustacean EC50 7.5 Cleuvers, 2003
48 h Ceriodaphnia dubia Crustacean EC50 (Immobilization) 14 Fraysse and Garric, 2005
24 h Oryzias latipes Fish LC50 114 Kim et al., 2009
24 h Thamnocephalus platyurus Crustacean LC50 (Immobility) 10.31 Kim et al., 2009
a8 h Pseus‘fj%'é';g?t‘;‘ig'e”a Algae NOEC (Growth inhibition) 125 Liu et al., 2009
48 h Brachionus calyciflorus Rotifer NOEC (Reproduction) 5 Liu et al., 2009
- Hyalella azteca Crustacean NOEC (Reproduction) 0.001 Huggett et al., 2002
- Ceriodaphnia dubia Crustacean NOEC (Reproduction) 0.125 Huggett et al., 2002
17a- 96 h Oncorhynchus mykiss Fish LC50 1.6 Safety Data Sheets, 2019

ethinylestradiol
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48 h Daphnia magna Crustacean EC50 5.7 Safety Data Sheets, 2019
Compound Engns:re Species Organism Toxicity assessment criteria (;]/glﬁi) Reference
48 h Daphnia similis Crustacean EC50 (Mortality) 1.63 Clubbs and Brooks, 2007
21d Fundulus heteroclitus Fish NOEC (Mortality) 0.5 Castro et al., 2014
- Daphnia Crustacean NOEC (Reproduction) 0.387 Vestel et al., 2016
- - Algae - 0.054 Vestel et al., 2016
21d Daphnia magna Crustacean NOEC (Reproduction) 0.729 Fass.se, 2020
17B-estradiol 8d Danio rerio Fish EC50 (Vitellogenin concentration) 0.0000412 Rose et al., 2002
8d Danio rerio Fish NOEC (Vitellogenin concentration) 0.0000129 Rose et al., 2002
Full Life-cycle Oryzias latipes Fish NOEC 0.000286 Seki et al., 2004
Bezafibrate 48 h Daphnia magna Crustacean LC50 30.3 Han et al., 2006
- - Algae EC50 (ECOSAR) 18 Sanderson et al., 2004
- - Fish EC50 (ECOSAR) 5.3 Sanderson et al., 2004
24 h Daphnia magna Crustacean EC50 (Immobility) 100.08 Isidori et al., 2009
24 h Thamnocephalus platyurus Crustacean EC50 (Mortality) 39.69 Isidori et al., 2009
7d Ceriodaphnia dubia Crustacean NOEC (Growth inhibition) 0.023 Isidori et al., 2009
48 h Brachionus calyciflorus Rotifers NOEC (Growth inhibition) 0.156 Isidori et al., 2009
Simvastatin 96 h Dunaliella tertiolecta Algae EC50 (Growth) 22.8 De Lorenzgoaor:gd Fleming,
96 h Fundulus heteroclitus Fish LC50 2.68 Key et al., 2009
96 h Fundulus heteroclitus Fish NOEC 1.25 Key et al., 2009
Fenofibrate - Algae EC50 (ECOSAR) 0.1 Sanderson et al., 2004
7d Ceriodaphnia dubia Crustacean EC50 (Growth inhibition) 0.76 Isidori et al., 2009
24 h Poeciliopsis lucida Fish EC50 (Cytotoxicity) 3.25 Laville et al., 2004
3d Pseus%%f;g?tgige”a Algae NOEC (Population growth rate) 3.12 Isidori et al., 2009
- Ceriodaphnia dubia Crustacean NOEC (Population growth inhitbition) 0.039 Orias and ;g;raodm etal,
7d Ceriodaphnia dubia Crustacean NOEC (Growth inhibition) 0.039 Isidori et al., 2009
7d Pimephales promelas Fish NOEC (Morphology) 0.025 Nallani, 2011
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De Lorenzo and Fleming,

Fluoxetine 96 h Dunaliella tertiolecta Algae EC50 (Growth) 0.1698 2008
Compound Exposure Species Organism Toxicity assessment criteria Valu? Reference
time (mg L™
LC50 (growth, reactive oxygen species,
24 h Brachionus koreanus Rotifer glutathione levels, 1.56 Byeon et al., 2020
and antioxidant enzymatic activities)
72h Oryzias latipes Fish LC50 (Mortality) 0.84 Chiffre et al., 2016
72h Skeletonema pseudocostatum Algae EC50 (Growth inhibition) 0.016 Petersen et al., 2014
48 h Pseudoklrchnerlella Algae EC50 (Growth rate) 0.027 Christensen et al., 2007
subcapitata
48 h Daphnia magna Crustacean EC50 (Immobility) 6.4 Christensen et al., 2007
72 h Oryzias latipes Fish NOEC (Locomotion) 0.01 Chiffre et al., 2014
7d Carcinus maenas Crab NOEC (Locomotor behaviour) 0.01 Mesquita et al., 2011
7d Pimephales promelas Fish NOEC (Growth) 0.118 Stanley et al., 2007
21d Daphnia magna Crustacean NOEC (Reproduction) 0.17 Stanley et al., 2007
NOEC (growth, reactive oxygen species,
24 h Brachionus koreanus Rotifer glutathione levels, 1 Byeon et al., 2020
and antioxidant enzymatic activities)
Diazepam 96 h Gambusia holbrooki Fish LC50 (Mortality) 12.7 Sanderson et al., 2004
48 h Artemia parthenogenetica Crustacean LC50 (Mortality) 12.2 Nunes et al., 2005
96 h Tetraselmis chuii Algae LC50 (Growth inhibition) 16.5 Nunes et al., 2005
72h Pseudokirchneriella Algae NOEC (Reproduction) 1.387 Jacob, 2017
subcapitata
Oxazepam 72h Oryzias latipes Fish LC50 (Mortality) 10 Chiffre et al., 2014
72 h Oryzias latipes Fish NOEC 0.01 Chiffre et al., 2014
Carbamazepine 48 h Daphnia magna Crustacean LC50 111 Han et al., 2006
3d Desmodesmus subspicatus Algae EC50 74 Cleuvers, 2003
7d Lemna minor Lemnoideae EC50 255 Cleuvers, 2003
48 h Ceriodaphnia dubia Crustacean EC50 (Immobility) 77.7 Ferrari et al., 2003
24 h Oryzias latipes Fish LC50 45.87 Kim et al., 2009
7d Ceriodaphnia dubia Crustacean NOEC (Reproduction) 0.025 Ferrari et al., 2003
10d Danio rerio Fish NOEC (Development) 25 Ferrari et al., 2003
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3.4.1 Genotoxicity of PhACs to aguatic organisms

Toxicity can be evaluated for several criteria, and genotoxicity has been highlighted in current
studies. Genotoxicity refers to the damage and stresses caused to DNA or genetic information
of organisms when exposed to chemical agents or contaminants (BARCELO et al., 2020).
These DNA damages can cause mutagenic effects in organisms or their descendants, promoting
changes in the aquatic ecosystem (OHE et al., 2004). Although genotoxicity is still little
explored compared to other toxicity criteria, it is considered a reliable endpoint to assess
PhAC’s toxicity (AGUIRRE-MARTINEZ et al., 2013; MARANHO et al., 2014).

Anti-cancer drugs present in water bodies have been studied for acting on the structures and
functions of DNA, directly or indirectly affecting cells (PARRELLA et al, 2015; FONSECA et
al., 2017). To evaluate the effect of these PhACs on aquatic organisms, genotoxicity assays are
essential. Parrella et al. (2015) submitted the crustaceans D. magna and Ceriodaphnia dubia to
six anti-neoplastic drugs (5-fluorouracil, capecitabine, cisplatin, doxorubicin, etoposide, and
imatinib) for 24 h. In this study, all single PhACs induced an increase in DNA damage, in
concentrations between 0.01 e 120 pg L', considered high environmental concern
(EUROPEAN COMMISSION, 1996). Similarly, the ragworm Nereis diversicolor was also
exposed to the PhAC cisplatin for 14 days and, in this case, according to genotoxicity assay,
expressed as a percentage of DNA tail, no changes in DNA damage were observed in
concentrations of 0.1, 10 and 100 ng L' (FONSECA et al., 2017), unlike Parrella et al., (2015)
which observed DNA damage of D. magna exposed to cisplatin, in the concentration of 10 ng
L. This shows that some organisms may be more sensitive to breaks in DNA when exposed

to this type of pharmaceutical.

In addition to anti-neoplastic drugs, other therapeutic classes have also been evaluated for
genotoxicity to aquatic organisms. Losartan, used extensively for the hypertension treatment,
caused a significant increase in primary DNA damage after 48 h of exposure, at a concentration
of 3 ug L', for brown mussel Perna perna (CORTEZ et al., 2018). A similar result was found
by Fontes et al. (2018) with diclofenac, which caused DNA damage to P. perna at a
concentration of 2 ug L™, in 48 h of exposure.

Orozco-Hernandez et al. (2019) used Cyprinus carpio for the genotoxicity assays of the
amoxicillin. Two methods were used to determine genotoxicity: the single-cell gel
electrophoresis or comet assay and the micronuclei test (CAVAS and ERGENE-GOZUKARA
et al., 2005). Fish were exposed to concentrations of 0.039 pg L' and 1.67 pg L' at 12, 24, 48,
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72, and 96 h. In both tests, there was a significant increase in DNA damage compared to the
control, in the two concentrations. Islas-Flores et al. (2016) also evaluated genotoxicity cause
by ibuprofen (17.6 mg L) and diclofenac (7.1 mg L) in C. carpio. A significant increase in
DNA damage was found at all exposure times for both the single PhACs and the mixture. This
increase was greater when C. carpio was exposed to ibuprofen, compared to diclofenac alone,
while the mixture induced an even greater increase in DNA damage (ISLAS-FLORES et al.,
2017). In that same study, the LCs0 was evaluated with values of 175.6 mg L' for ibuprofen
and 70.98 mg L! for diclofenate, which represent a low and moderate environmental concern.
With these results, it is evident that genotoxicity tests are of great relevance since can detect

sublethal effects of a great impact on aquatic organisms.

The psychiatric drug fluoxetine also caused an increase in DNA damage at a concentration of
3 ug L™ for fish Argyrosomus regius (DUARTE et al., 2020). In a study carried out by Aguirre-
Martinez et al. (2015), carbamazepine, also from the psychiatric group, was highlighted for its
high DNA damage to Corbicula fluminea, even at the lowest tested concentration, 0.1 ug L1,
with an exposure time of 21 days. This fact is worrying due to the concentrations of
carbamazepine found in water bodies, which can reach 0.699 ug L~ (Table S1), promoting

high risks to the organisms exposed to this PhAC.

The genotoxicity of PhACs should be more explored in the literature, mainly for their
complexity. A PhAC may, for example, not damage the DNA of determined cells but be
harmful to the functions of others. Novak et al. (2021) assessed Danio rerio exposure to the
anti-cancer drug imatinib at concentrations of 0.01, 1 and 100 pg L™'. The results showed no
significant increase in DNA damage in gills, liver and gonads, while in blood cells a significant
increase in DNA strand breaks was observed at a concentration of 1 ug L.

3.5 Environmental and human health risk assessment of PhACs

Environmental risk assessment is essential to determine whether pollutants present in water
bodies represent a danger to aquatic organisms and humans. Thus, values of pharmaceutical
concentrations in the aquatic environment and the toxicity data related to them, for different
organisms, are fundamental to measure the risks of these compounds. In this context, the risk
values for the PhACs selected in this review were calculated to classify the risk they represent

globally.
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For assess the acute and chronic environmental risks, measured from the risk quotient (RQ),
the maximum concentration of each PhAC in surface water, raw and treated wastewater using
the database (Table S1) were used. The RQ values were obtained through the quotient between
the average concentrations of PhACs by PNEC. For the calculation of the PNEC, acute or
chronic toxicities for each pharmaceutical were considered (Table 2), as well as a correction
factor, which follows the criteria: 10 for NOECs from at least three species representing three
trophic levels; 50 for NOECs from species representing two trophic levels; 100 for NOECs
from only one trophic level; and 1000 for one E(L)Cso from each of three trophic levels
(EUROPEAN COMMISSION, 1996). For risk calculations, the E(L)Cso or NOEC values that
presented greater toxicity for the organisms found in the literature were considered. Thus, the

most critical risk situation can be determined for the aquatic environment.

Human health risk, measured from the hazard quotient (HQ), was calculated using the average
concentrations of PhACs in drinking water divided by DWEL. DWEL considers acceptable
daily intake for each PhAC, body weight (70 kg), the relative contribution of water exposure
(equal to 1) and the daily water intake (2 L d™'). For both environmental and human risk
assessment, the following classification was used: for R(H)Q> 1, the risk is high; when 0.1 <
R(H)Q < 1, the risk was considered medium; for 0.01 < R(H)Q <0.1 the risk is low; and if
R(H)Q <0.01 the risk is negligible (EUROPEAN COMMISSION, 1996; COUTO et al., 2020).

Figure 12 shows the acute (a) and chronic (b) risks calculated for the selected PhACs. For acute
risks, ketoprofen, diclofenac, naproxen, erythromycin, roxithromycin, sulfamethoxazale,
sulfadiazine, ofloxacin, and 17p-estradiol were classified as high risk for all aquatic matrices.
For chronic risks, acetaminophen, diclofenac, naproxen, erythromycin, roxithromycin, 17p-
estradiol and bezafibrate presented high risks for all matrices. In a study by Li et al. (2021) the
PhACs diclofenac and 17pB-estradiol were also classified as high risk and considered as
prioritize since may pose a great risk in the aquatic environment. Naproxen and ofloxacin were
classified as high acute risk and were among the first in the lists of pharmaceutical compounds
to be prioritized, due to the dangers they can pose to the aquatic environment (JI et al., 2015;
GUO et al., 2016; GUO et al., 2021). Erythromycin has also been among the top 10 in the
ranking of compounds that deserve greater attention due to risks, in a study carried out in the
Mediterranean rivers (LLORENS et al., 2020). In contrast, ketoprofen has been classified as
low or negligible risk in some studies (GHEORGHE et al., 2016; VYMAZAL et al., 2017).
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Figure 12 — Environmental risk acute (a) and chronic (b) for selected PhACs (Red area —
High risk; Orange area — Medium risk; Yellow area — Low risk; Blue area — Negligible risk).

Some PhACs did not present high acute risk but were classified as high chronic risk, such as
propanolol, bezafibrate and oxazepam, which indicates that the risk is associated with longer
periods of exposure. In contrast, ketoprofen, sulfamethoxazale, sulfadiazine, ofloxacin,
loratadine, fenofibrate and fluoxetine had a high acute risk for certain matrices but did not

present a high chronic risk, which may be related to the difference in organisms sensitivity or
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the criteria evaluated for acute and chronic toxicity in literature data. Ketoprofen for example,
had a high acute risk, that was calculated from the toxicity value for the organism P.
subcapitata, while the chronic risk, calculated from the toxicity for the organism D. rerio, was
low. Calculating acute risk also for the organism D. rerio, with LCso of 632 mg L' for
ketoprofen (Table 10), the acute risk would be classified as negligible for all matrices. However,
it is important to calculate the risks considering the most critical cases, that is, the organisms

most sensitive to PhACs.

In general, the highest risks were determined for raw wastewater, which was expected, since
the highest concentrations of PhACs are in this matrix. However, risk assessment reinforced
the importance of not only reducing or eliminating micropollutants but also the toxicity related
to them. For 17p-estradiol, for example, low concentrations were found in all aquatic matrices,
however, the hormone presented high acute and chronic risks for surface water, raw and treated
wastewater, due to its high toxic potential. Du et al. (2020) also evaluated the risks of 17f-
estradiol in surface water and treated wastewater and showed that the hormone presented a high
risk for the aquatic environment in several locations around the world. In contrast, for some
PhACs such as ofloxacin, 17p-estradiol and oxazepam, the risk for treated wastewater was
greater than for raw wastewater. From this it is evident that in some cases the wastewater
treatments do not reduce the risks related to PhACs and may even increase them, which may
be due, for example, to the formation of toxic by-products in treatment plants (GARCIA-
GALAN et al., 2016).

Finally, only 17a-ethinylestradiol was classified as a high risk for human health and 17p-
estradiol presented a medium risk, while other PhACs presented negligible risk (Figure 13).
Even at low concentrations in drinking water, these hormones can promote high risks to human
health, since these compounds are endocrine disruptors, and can cause immune effects,
metabolic effects, reproductive abnormalities, behavioral changes, diabetes, obesity,
cardiovascular diseases, neurological disorders, disrupted fetal development and growth, and a
wide variety of cancers (WEE and ARIS, 2017). However, studies that evaluate the effects of
endocrine disruptors on human health still have some gaps, since it must be evaluated in the
long term and can have interference by several variables (KIYAMA and WADA-KIYAMA,
2015). Anyway, it is essential that these compounds are not present in drinking water due to
their attributed risks.
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To represent the interaction of PhACs in the environment, the cumulative risks were estimated
for studies that reported the presence of several PhACs in surface waters of certain locations
(Table S1). The risk of the mixture was calculated from the hazard index (HI), which represents
the sum of the risks found for each PhAC in the evaluated locations (US EPA, 2000). The acute
or chronic HI in different places of the world, like Egypt, Canada, Portugal, Spain, India,
Mexico, and Brazil were considered high, while isolated compounds had low or negligible risks
(Figure 14). However, despite showing that the risk of the mixture is usually greater than the
risks of isolated PhACs, this model does not yet represent what actually occurs in the
environment. For the HI calculation only reported PhACs were considered, however, other
PhACs and compounds such as pesticides, metals, endocrine disruptors and several classes of

pollutants may be present in surface waters (DI POl et al., 2018).
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Figure 13 — Human health risk for selected PhACs (Red area — High risk; Orange area —

Medium risk; Yellow area — Low risk; Blue area — Negligible risk).

Erythromycin contributes considerably to a high HI in Egypt, Canada, and Spain. Studies show
that the removal of erythromycin in the wastewater treatment systems used in these countries
was low or did not occur (Petrovic et al., 2006; Guerra et al., 2014; Abdallah et al., 2019), which
is indicative that the removal of this PhAC should be prioritized in these places. In Portugal,
India, Mexico, and Brazil, the PhACs ketoprofen and diclofenac were the main contributors for
the HI classified as high. These PhACs are widely detected in these countries’ water bodies
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(Palma et al., 2020; Sharma et al., 2019; Rivera-Jaimes et al., 2018; Reis et al., 2019), which is
aggravated by the high and increasing consumption of anti-inflammatories in the world
(PHOON et al., 2020). Among the countries evaluated, only China did not show high HI, which
may be related to investments in the environmental sector and the wastewater treatment systems
adopted in the country. According to Qu et al., (2019), China possesses the world’s largest
municipal wastewater infrastructure and the world’s largest research team in the water and

wastewater treatment.
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Figure 14 — Hazard index (HI) for selected PhACs in surface water from China (a), Egypt (b),
Canada (c), Portugal (d), Spain (e), India (f), Mexico (g) and Brasil (h). (Red area — High risk;

Orange area — Medium risk; Yellow area — Low risk; Blue area — Negligible risk)
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3.6 Conclusion

PhACs are present in raw wastewater, treated wastewater, surface water and drinking water
worldwide. Knowing concentrations of these compounds in the aquatic matrices as well as the
toxicity related to them is essential to measure environmental and human health risks. The
concentrations of PhACs in the aquatic matrices can be relatively low, in the range of ng L
and ug L%, however, even in low concentrations these micropollutants can be toxic to aquatic
organisms, causing several adverse effects to the ecosystem and promoting high environmental
risks. Several PhACs were classified as a high environmental risk, however, in the environment
there is the interaction of PhACs with several compounds that were not considered, thus, the

risks can be even greater.

The risk assessment showed that diclofenac, naproxen, erythromycin, roxithromycin, and 17f-
estradiol presented a high acute and chronic risk to the environment, while 17a-ethinylestradiol
presented a high risk to human health. For hazard index, erythromycin contributes considerably
to a high risk in Egypt, Canada, and Spain, while in Portugal, India, Mexico, and Brazil, the
PhACs ketoprofen and diclofenac were the main contributors for the HI classified as high.

This shows the potential of these PhACs to cause adverse effects to the ecosystem and humans
and establishes the priority of their removal. Thus, for environmental risk reduction, the use of
efficient technologies to remove micropollutants and toxicity is essential. In this sense,
membrane bioreactors have been efficient in removing PhACs, with removals reported in the
literature in the range of 81.36-100%. In addition to assessing the removal of PhACs in treated
wastewater, ecotoxicological tests are essential to assess whether adverse effects on aquatic

organisms have also been eliminated by treatment.
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CHAPTER 4

FINAL CONSIDERATIONS

In this study an anaerobic osmotic membrane bioreactor with membrane distillation was

evaluated to treat municipal sewage with 7 PhACs, achieving overall removal efficiency for
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COD, P-POs* and N-NH4* of 90.07, 99.99, 93.01%, respectively. Toxicity removal for A.
fischeri was complete in the distillate, while for D. similis it was 89.6%. In contrast, there was
no removal of chronic toxicity for R. subcapitata, which may be due to the presence of
magnesium in the distillate, since the compound can be toxic to this organism. This shows the

importance of toxicity studies for the solute choice in osmotic bioreactors.

The feed solution fortified with a mixture of seven PhACs at a concentration of 2 ug L™ each,
was not toxic for any of the evaluated organisms, showing that this concentration of PhACs
mixed in the synthetic sewage did not cause adverse effects. However, a more detailed approach
is needed regarding PhACs toxicity and concentrations that can cause adverse effects on aquatic
organisms. Therefore, a more in-depth study was carried out regarding the toxicity of the
micropollutants used in the membrane bioreactor and also of other PhACs, in order to assess

the risks of these compounds to aquatic organisms.

For this, was carried out a lirerature review thah evaluated 39 PhACs from 8 different
therapeutic classes. The selected PhACs are found in the aquatic environment with an average
concentration of 10 ng L™ for drinking water, 1,544 ng L* for surface water, 5,6970 ng L™ for
raw wastewater, and 3,271 ng L for treated wastewater. The study showed that even in
concentrations range ng L™ and pug L™ some these micropollutants can be toxic to aquatic
organisms, causing several adverse effects on the ecosystem, like reproduction inhibition,

immobilization, luminescence inhibition, growth inhibition, and even mortality.

Thus, the PhACs diclofenac, naproxen, erythromycin, roxithromycin, and 17f-estradiol
presented a high acute and chronic risk to the environment and 17a-ethinylestradiol presented
a high risk to human health. This shows the potential of these PhACs to cause adverse effects
on the ecosystem and humans and determines the priority of their removal through advanced

technologies.

To represent the interaction of PhACs in the environment, the cumulative risks were also
estimated. The acute or chronic risk of the mixture in different places like Egypt, Canada,
Portugal, Spain, India, Mexico, and Brazil were considered high, while isolated compounds had
low or negligible risks. However, in the environment, there is the interaction of PhACs with

several compounds that were not considered, therefore, the risks can be even greater.

Despite the mixture of PhACs (17a-ethinylestradiol, ketoprofen, fenofibrate, fluconazole,
loratadine, prednisone, and betamethasone) at a concentration of 2 ug L™ used in the first

chapter was not toxic for any organism evaluated, the review in the second chapter showed that
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ketoprofen and 17a-ethinylestradiol presented a high acute or chronic environmental risk.
Specifically in Brazil, ketoprofen and loratadine were also at high risk. This shows that although
the mixture used in chapter 1 was not toxic under the conditions tested, it does not guarantee
that these PhACs are free from environmental risks, in other concentrations and for different

organisms.

The review also showed that wastewater treatment plants can be a distribution source of PhACs
to the environment since conventional technologies do not entirely remove these compounds.
Therefore, membrane bioreactors have been efficient in removing PhACs, with removals
reported in the literature range of 81.36-100%.

In this study, the importance of ecotoxicological tests was shown to measure the risk of PhACs
in the environment and to evaluate the wastewater treatment in the removal of toxicity, since
even with satisfactory efficiencies for removal of physical-chemical parameters and even
micropollutants, the effluent can be still toxic to aquatic organisms and cause disturbances in
the aquatic environment. It is essential to highlight the need to include toxicity studies in
selecting solutes and their respective concentrations for the draw solution of osmotic
bioreactors. Operations with a lower concentration of MgCl> could reduce the impact caused

by this compound.

REFERENCES

ABNT. NBR 15411-3: Ecotoxicologia Aquatica — Determinacgao do efeito inibitorio de
amostras de agua sobre a emissao de luz de Vibrio Fischeri. Rio de Janeiro, 2006.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



79

ABNT. NBR 12713: Ecotoxicologia Aquética — Toxicidade aguda — Método de ensaio com
Daphnia spp (Crustacea, Cladocera). Rio de Janeiro, 2016.

ABNT. NBR 12648: Ecotoxicologia Aquatica — Toxicidade cronica — Método de ensaio com
algas (Chlorophyceae). Rio de Janeiro, 2011.

ABDALLAH, M.; NGUYEN, K. H.; EBELE, A. J.; ATIA, N. N.; ALI, H. R. H.; HARRAD,
S. A single run, rapid polarity switching method for determination of 30 pharmaceuticals and
personal care products in waste water using Q-Exactive Orbitrap high resolution accurate
mass spectrometry. Journal of Chromatography A, [s. I.], v. 1588, p. 68-76, 2019.

ABRAHAM, J. Pharmaceuticalization of society in context: Theoretical, empirical and health
dimensions. Sociology, v. 44, n. 4, p. 603-622, 2010.

ACHILLI A.,,CATHT. Y., CHILDRESS A. E. Selection of inorganic-based draw solutions
for forward osmosis applications, Journal of Membrane Science, v. 364, p.233-241, 2010.

AGUIRRE-MARTINEZ, G. V.; BURATTI, S.; FABBRI, E.; DEL VALLS, T. A.; MARTIN-
DIAZ, M. L. Stability of lysosomal membrane in Carcinus maenas acts as a biomarker of
exposure to pharmaceuticals. Environmental Monitoring and Assessment, v. 185, n. 5, p.
3783-3793, 2013.

ALITALO, P., KRUGLOVA, A., MIKOLA, A., VAHALA, R. Toxicological impacts of anti-
biotics on aquatic micro-organisms: a mini-review. Int. J. Hyg Environ. Health, 2017.
220,558-569.

ANDO, T.; NAGASE, H.; EGUCHI, K.; HIROOKA, T.; NAKAMURA, T.; MIYAMOTO,
K.; HIRATA, K. A novel method using cyanobacteria for ecotoxicity test of veterinary
antimicrobial agents. Environmental Toxicology and Chemistry, v. 26, n. 4, p. 601-606, 2007.

ANDRADE, B. G.; ANDRADE, V. T.; COSTA, B.R. S.; CAMPOS, J. C.; DEZOTTI, M.
Distillation of oil field produced water for reuse on irrigation water: Evaluation of pollutants
removal and ecotoxicity. Journal of Water Reuse and Desalination, [s. 1], v. 1, n. 4, p. 224—
236, 2011.

ANSARI AJ., HAI F.l., GUO W., NGO H.H., PRICE W.E., NGHIEM L.D. Selection of
forward osmosis draw solutes for subsequent integration with anaerobic treatment to facilitate
resource recovery from wastewater, Bioresource Technology, v. 191, p.30-36, 2015.

APHA, Standard Methods for the Examination of Water and Wastewater, 23rd ed., APHA,
AWWA, WPCF, New York, 2017.

AQUINO S. F.,, BRANDT E. M. F., CHERNICHARO C. A. L. Remocao de farmacos e
desreguladores enddcrinos em estacGes de tratamento de esgoto: revisao da literatura,
Engenharia Sanitaria e Ambiental, v. 18 p.187-204, 2013.

ARAUJO, C. V.M.; MOREIRA-SANTOS, M.; RIBEIRO, R. Active and passive spatial
avoidance by aquatic organisms from environmental stressors: A complementary perspective
and a critical review. Environment International, v. 92-93, p. 405-415, 2016.

ARCANJO G.S., COSTA F.C.R., RICCI B.C., MOUNTEER A.H., MELO E.N.M.L.,
CAVALCANTE B.F., ARAUJO A.V., FARIA C.V., AMARAL M.C.S.. Draw solution
solute selection for a hybrid forward osmosis-membrane distillation module: Effects on trace
organic compound rejection, water flux and polarization, Chemical Engineering Journal, v.
400, p.125857, 2020.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



80

ASIF, M. B.; HOU, J.; PRICE, W. E.; CHEN, V.; HAI, F. I. Removal of trace organic
contaminants by enzymatic membrane bioreactors: Role of membrane retention and
biodegradation. Journal of Membrane Science, v. 611, n. June, p. 118345, 2020. a.

ASIF, M. B.; REN, B.; LI, C.; MAQBOOL, T.; ZHANG, X.; ZHANG, Z. Powdered activated
carbon — Membrane bioreactor (PAC-MBR): Impacts of high PAC concentration on
micropollutant removal and microbial communities. Science of the Total Environment, v. 745,
p. 141090, 2020. b.

AUS DER BEEK T., WEBER F. A., BERGMANN A., GRUTTNER G., CARIUS, A.
Pharmaceuticals in the environment: Global occurrence and potential cooperative action
under the Strategic Approach to International Chemicals Management (SAICM),
Umweltbundesamt, 2016.

BACAKSIZ A.M., KAYA Y., AYDINER C.. Techno-economic preferability of
cost—performance effective draw solutions for forward osmosis and osmotic anaerobic

bioreactor applications, Chemical Engineering Journal, p. 127535, 2020.

BAEK, I. H.; KIM, Y.; BAIK, S.; KIM, J. Investigation of the synergistic toxicity of binary
mixtures of pesticides and pharmaceuticals on AliiVibrio fischeri in major river basins in
South Korea. International Journal of Environmental Research and Public Health, v. 16, n. 2,
2019.

BAGHERI, M.; AKBARI, A.; MIRBAGHERI, S. A. Advanced control of membrane fouling
in filtration systems using artificial intelligence and machine learning techniques: A critical
review. Process Safety and Environmental Protection, p. 229-252, 20109.

BAGHERI, M.; MIRBAGHERI, S. A. Critical review of fouling mitigation strategies in
membrane bioreactors treating water and wastewater. Bioresource Technology, v. 258, p.
318-334, 2018.

BAKER R. W., Membrane Technology, Wiley Online Library, 2000.

BARCELO, D.; ZONJA, B.; GINEBREDA, A. Toxicity tests in wastewater and drinking
water treatment processes: A complementary assessment tool to be on your radar. Journal of
Environmental Chemical Engineering, v. 8, n. 5, p. 104262, 2020.

BECK I.C., BRUHN R., GANDRASS J.. Analysis of estrogenic activity in coastal surface
waters of the Baltic Sea using the yeast estrogen screen, Chemosphere, v. 63, p. 1870-1878,
2006.

BERETSOU, V. G.; MICHAEL-KORDATOU, I.; MICHAEL, C.; SANTORO, D.; EL-
HALWAGY, M.; JAGER, T.; BESSELINK, H.; SCHWARTZ, T.; FATTA-KASSINOS, D.
A chemical, microbiological and (eco)toxicological scheme to understand the efficiency of
UV-C/H202 oxidation on antibiotic-related microcontaminants in treated urban wastewater.
Science of the Total Environment, v. 744, p. 140835, 2020.

BERGMAN A., HEINDEL J. J, JOBLING S., KIDD J. A., ZOELLER R. T. State of the
science of endocrine disrupting chemicals - 2012 an assessment of the state of the science of
endocrine disruptors, WHO ; UNEP, Geneva, 2013.

BIALK-BIELINSKA, A.; STOLTE, S.; ARNING, J.; UEBERS, U.; BOSCHEN, A_;
STEPNOWSKI, P.; MATZKE, M. Ecotoxicity evaluation of selected sulfonamides.
Chemosphere, v. 85, n. 6, p. 928-933, 2011.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



81

BILA D., MONTALVAO A.F., AZEVEDO D.A., DEZOTTI, M. Estrogenic activity removal
of 17B-estradiol by ozonation and identification of by-products. Chemosphere, v. 69 p. 736—
746, 2007.

BOTTONI, P.; CAROLLI, S.; CARACCIOLO, A. B. Pharmaceuticals as priority water
contaminants, 2010.

BRASIL. CONAMA. Resolugéo 430, de 13 de maio de 2011. Dispde sobre as condicdes e
padrdes de lancamento de efluentes, complementa e altera a Resolucéo n° 357, de 17 de
marco de 2005, do Conselho Nacional do Meio Ambiente - CONAMA. Diério Oficial [da]
Republica Federativa do Brasil, Ministério do Meio Ambiente, Brasilia, DF, 13 de maio de
2011.

BRUN, G. L.; BERNIER, M.; LOSIER, R.; DOE, K.; JACKMAN, P.; LEE, H. B.
Pharmaceutically active compounds in Atlantic Canadian sewage treatment plant effluents
and receiving waters, and potential for environmental effects as measured by acute and
chronic aquatic toxicity. Environmental Toxicology and Chemistry, v. 25, n. 8, p. 2163-2176,
2006.

BUSFIELD, J. Assessing the overuse of medicines. Social Science and Medicine, v. 131, p.
199-206, 2015.

BYEON, E.; PARK, J. C.; HAGIWARA, A.; HAN, J.; LEE, J. S. Two antidepressants
fluoxetine and sertraline cause growth retardation and oxidative stress in the marine rotifer
Brachionus koreanus. Aquatic Toxicology, v. 218, p. 105337, 2020.

CALABRESE, E. J. Hormesis : why it is important to toxicology and toxicologists.
Environmental Toxicology, [s. I.], v. 27, n. 7, p. 1451-1474, 2010.

CALISTO, V.; ESTEVES, V. I. Psychiatric pharmaceuticals in the environment, 20009.

CALIFORNIA EPA. Expedited Cancer Potency Values and Proposed Regulatory levels for
certain proposition 65 carcinogens. Reproductive and cancer hazard assessment section,
1992.

CAMACHO-MUNOZ, D.; MARTIN, J.; SANTOS, J. L.; APARICIO, I.; ALONSO, E.
Concentration evolution of pharmaceutically active compounds in raw urban and industrial
wastewater. Chemosphere, v. 111, p. 70-79, 2014.

CAOQO, S.S.,; DUAN, Y.P.; TU, Y. J.; TANG, Y.; LIU, J.; ZHI, W. Di; DAI, C.
Pharmaceuticals and personal care products in a drinking water resource of Yangtze River
Delta Ecology and Greenery Integration Development Demonstration Zone in China:
Occurrence and human health risk assessment. Science of the Total Environment, v. 721, p.
137624, 2020.

CARBAJO, J. B.; PETRE, A. L.; ROSAL, R.; HERRERA, S.; LETON, P.; GARCIA-
CALVO, E.; FERNANDEZ-ALBA, A. R.; PERDIGON-MELON, J. A. Continuous
ozonation treatment of ofloxacin: Transformation products, water matrix effect and aquatic
toxicity. Journal of Hazardous Materials, v. 292, p. 34-43, 2015.

CAPORASO J.G., KUCZYNSKI J., STOMBAUGH J., BITTINGER K., BUSHMAN F.D.,
COSTELLO E.K., FIERER N., PENA A.G., GOODRICH J.K., GORDON J.I., HUTTLEY
G.A,, KELLEY S.T., KNIGHTS D., KOENIG J.E., LEY R.E., LOZUPONE C.A.,
MCDONALD D., MUEGGE B.D., PIRRUNG M., REEDER J., SEVINSKY J.R.,

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



82

TURNBAUGH P.J., WALTERS W.A., WIDMANN J., YATSUNENKO T., ZANEVELD J.,
KNIGHT, R. QIIME allows analysis of high-throughput community sequencing data, Nature
Methods, v. 7, p.335-336, 2010.

CASTIGLIONI, S.; BAGNATI, R.; CALAMARI, D.; FANELLI, R.; ZUCCATO, E. A
multiresidue analytical method using solid-phase extraction and high-pressure liquid
chromatography tandem mass spectrometry to measure pharmaceuticals of different
therapeutic classes in urban wastewaters. Journal of Chromatography, v. 1092, n. 2, p. 206—
215, 2005.

CASTRO, F. J.; DOS SANTOS, D. R. A.; BUONGERMINO, C.R. P.; CORTEZ, F. S;;
PEREIRA, C. D. S.; CHOERI, R. B.; CESAR, A. Ecotoxicological assessment of four
pharmaceuticals compounds through acute toxicity tests. Mundo da Saude, [s. I.], v. 38, n. 1,
p. 51-55, 2014,

CATH, T.Y.; CHILDRESS, A. E.; ELIMELECH, M.. Forward osmaosis: Principles,
applications, and recent developments. Journal of Membrane Science, v. 281, n. 1-2, p. 70-87,
2006.

CAVAS, T.; ERGENE-GOZUKARA, S. Induction of micronuclei and nuclear abnormalities
in Oreochromis niloticus following exposure to petroleum refinery and chromium processing
plant effluents. Aquatic Toxicology, v. 74, n. 3, p. 264-271, 2005.

CAYMAN CHEMICAL COMPANY, Safety data sheet — Prednisone. <
https://www.caymanchem.com/msdss/20677m.pdf>. (accessed Jan 13, 2020).

CHAPMAN, P. M. Ecological risk assessment (ERA) and hormesis. Science of the Total
Environment, [s. I.], v. 288, n. 1-2, p. 131-140, 2002.

CHEN, Y.; VYMAZAL, J.; BREZINOVA, T.; KOZELUH, M.; KULE, L.; HUANG, J.;
CHEN, Z. Occurrence, removal and environmental risk assessment of pharmaceuticals and
personal care products in rural wastewater treatment wetlands. Science of the Total
Environment, v. 566-567, p. 1660-1669, 2016.

CHIFFRE, A.; CLERANDEAU, C.; DWOINIKOFF, C.; LE BIHANIC, F.; BUDZINSKI, H.;
GERET, F.; CACHQOT, J. Psychotropic drugs in mixture alter swimming behaviour of
Japanese medaka (Oryzias latipes) larvae above environmental concentrations. Environmental
Science and Pollution Research, v. 23, n. 6, p. 4964-4977, 2016.

CHOUARIR., LE PASLIER D., DAEGELEN P., GINESTET P., WEISSENBACH J.,
SGHIR A. Molecular Evidence for Novel Planctomycete Diversityin a Municipal Wastewater
Treatment Plant, AEM, v. 69, p.7354-7363, 2003.

CHRISTENSEN, A. M.; FAABORG-ANDERSEN, S.; INGERSLEV, F.; BAUN, A. Mixture
and single-substance toxicity of selective serotonin reuptake inhibitors toward algae and
crustaceans. Environmental Toxicology and Chemistry, v. 26, n. 1, p. 85-91, 2007.

CLEUVERS, M. Aquatic ecotoxicity of pharmaceuticals including the assessment of
combination effects. Toxicology Letters, v. 142, n. 3, p. 185-194, 2003.

CLEUVERS, M. Mixture toxicity of the anti-inflammatory drugs diclofenac, ibuprofen,
naproxen, and acetylsalicylic acid. Ecotoxicology and Environmental Safety, v. 59, n. 3, p.
309-315, 2004.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



83

CLEUVERS, M. Initial risk assessment for three B-blockers found in the aquatic
environment. Chemosphere, v. 59, n. 2, p. 199-205, 2005.

CLUBBS, R. L.; BROOKS, B. W. Daphnia magna responses to a vertebrate strogen receptor
agonist and a antagonist: A multigenerational study. Ecotoxicology and Environmental Satefy,
v. 67, p. 385-398, 2007.

CONNON, R. E.; GEIST, J.; WERNER, I. Effect-based tools for monitoring and predicting the
ecotoxicological effects of chemicals in the aquatic environment. Sensors (Switzerland), [s. I.],
v.12,n.9, p. 1274112771, 2012.

CONSTANTINE, L. A.; GREEN, J. W.; SCHNEIDER, S. Z. Ibuprofen: Fish Short-Term
Reproduction Assay with Zebrafish (Danio rerio) Based on an Extended OECD 229 Protocol.
Environmental Toxicology and Chemistry, v. 39, n. 8, p. 1534-1545, 2020.

CORTEZ, F.S.; SOUZA, L. da S.: GUIMARAES, L. L.; ALMEIDA, J. E.; PUSCEDDU, F.
H.; MARANHO, L. A.; MOTA, L. G.; NOBRE, C. R.; MORENO, B. B.; ABESSA, D. M. de
S.; CESAR, A.; SANTOS, A. R.; PEREIRA, C. D. S. Ecotoxicological effects of losartan on
the brown mussel Perna perna and its occurrence in seawater from Santos Bay (Brazil).
Science of the Total Environment, v. 637-638, p. 1363-1371, 2018.

COSTA, A. M.; DA COSTA E SILVA, C. A. M.; ALVES DAFLON, S. D.; QUINTAES, B.
R.; FERREIRA, J. A.; CAMPQS, J. C. Evaluation of toxic potential of leachate originating
from experimental landfill cells containing household waste and healthcare waste. Waste
Management and Research, [s. I.], v. 37, n. 10, p. 1003-1011, 2019.

COUTO, C. F.; LANGE, L. C.; AMARAL, M. C. S. Occurrence, fate and removal of
pharmaceutically active compounds (PhACs) in water and wastewater treatment plants—A
review. Journal of Water Process Engineering, v. 32, n. April, p. 100927, 2019.

CRYER, B.; BARNETT, M. A.; WAGNER, J.; WILCOX, C. M. Overuse and
Misperceptions of Nonsteroidal Anti-inflammatory Drugs in the United States. American
Journal of the Medical Sciences, v. 352, n. 5, p. 472-480, 2016.

CZAJKA C.P., LONDRY K.L. Anaerobic biotransformation of estrogens, Science of The
Total Environment, v. 367, p.932-941, 2006.

DAUGHTON, C. G.; TERNES, T. A.; DAUGHTONZI, C. G.; TERNESZ2, T. A. This content
downloaded from 195.34.79.223 on WedEnvironmental Health Perspectives., 1999.

DEFOREST, D. K.; BRIX, K. V.; TEAR, L. M.; ADAMS, W. J. Multiple linear regression
models for predicting chronic aluminum toxicity to freshwater aquatic organisms and
developing water quality guidelines. Environmental Toxicology and Chemistry, [s. I.], v. 37,
n. 1, p. 80-90, 2018.

DE LIGUORO, M.; DI LEVA, V.; DALLA BONA, M.; MERLANTI, R.; CAPORALE, G
RADAELLLI, G. Sublethal effects of trimethoprim on four freshwater organisms.
Ecotoxicology and Environmental Safety, v. 82, p. 114-121, 2012.

DE ORTE, M. R.; CARBALLEIRA, C.; VIANA, I. G.; CARBALLEIRA, A. Assessing the
toxicity of chemical compounds associated with marine land-based fish farms: The use of
mini-scale microalgal toxicity tests. Chemistry and Ecology, v. 29, n. 6, p. 554-563, 2013.

DELLAGRECA, M.; BRIGANTE, M.; ISIDORI, M.; NARDELLI, A.; PREVITERA, L.;

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



84

RUBINO, M.; TEMUSSI, F. Phototransformation and ecotoxicity of the drug Naproxen-Na.
Environmental Chemistry Letters, v. 1, n. 4, p. 237-241, 2003.

DELORENZO, M. E.; FLEMING, J. Individual and mixture effects of selected
pharmaceuticals and personal care products on the marine phytoplankton species Dunaliella
tertiolecta. Archives of Environmental Contamination and Toxicology, v. 54, n. 2, p. 203-210,
2008.

DES MES T.Z.D., KUIJAWA-ROELEVELD K., ZEEMAN G., LETTINGA G. Anaerobic
biodegradation of estrogens—hard to digest, Water Science and Technology, v. 57, p.1177—
1182, 2008.

DIAS, D. F. C., PASSOS, R. G., RODRIGUES, V. A. J., DE MATOS, M. P., SANTQOS, C.
R. S., VON SPERLING, M. Performance evaluation of a natural treatment system for small
communities, composed of a UASB reactor, maturation ponds (baffled and unbaffled) and a
granular rock filter in series. Environmental Technology, v. 39, p. 490-502, 2017.

DI NICA, V.; VILLA, S.; FINIZIO, A. Toxicity of individual pharmaceuticals and their
mixtures to Aliivibrio fischeri: Evidence of toxicological interactions in binary combinations.
Environmental Toxicology and Chemistry, v. 36, n. 3, p. 815-822, 2017.

DI POI, C.; COSTIL, K.; BOUCHART, V.; HALM-LEMEILLE, M. P. Toxicity assessment
of five emerging pollutants, alone and in binary or ternary mixtures, towards three aquatic
organisms. Environmental Science and Pollution Research, v. 25, n. 7, p. 61226134, 2018.

DU, B.; FAN, G.; YU, W.; YANG, S.; ZHOU, J.; LUOQ, J. Occurrence and risk assessment of
steroid estrogens in environmental water samples: A five-year worldwide perspective.
Environmental Pollution, v. 267, p. 115405, 2020.

DUARTE, I. A;; REIS-SANTOS, P.; NOVAIS, S. C.; RATO, L. D.; LEMOS, M. F. L.;
FREITAS, A.; POUCA, A. S. V.; BARBOSA, J.; CABRAL, H. N.; FONSECA, V. F.
Depressed, hypertense and sore: Long-term effects of fluoxetine, propranolol and diclofenac
exposure in a top predator fish. Science of the Total Environment, v. 712, 2020.

EGUCHI, K.; NAGASE, H.; OZAWA, M.; ENDOH, Y. S.; GOTO, K.; HIRATA, K;;
MIYAMOTO, K.; YOSHIMURA, H. Evaluation of antimicrobial agents for veterinary use in
the ecotoxicity test using microalgae. Chemosphere, v. 57, n. 11, p. 1733-1738, 2004.

EUROPEAN COMMISSION. Technical guidance document in support of Commission
directive on risk assessment for new notified substances and Commission regulation (EC) no.
1488 94 on risk assessment for existing substances., Office for Official Publ. of the European
Communities, Luxembourg, 1996.

EVGENIDOU, E. N.; KONSTANTINOU, I. K.; LAMBROPOULOQU, D. A. Occurrence and
removal of transformation products of PPCPs and illicit drugs in wastewaters: A review.
Science of the Total Environment, v. 505, p. 905-926, 2015.

FARIA, C. V.; RICCI, B. C,; SILVA, A. F. R;; AMARAL, M. C. S.; FONSECA, F. V.
Removal of micropollutants in domestic wastewater by expanded granular sludge bed
membrane bioreactor. Process Safety and Environmental Protection, v. 136, p. 223-233,
2020.

FASS.SE., Environmental drug information reports (2020).
<https://www.fass.se/LIF/startpage?userType=0>. (accessed May 25, 2020).

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



85

FENT K., ESCHER C., CAMINADA D. Estrogenic activity of pharmaceuticals and
pharmaceutical mixtures in a yeast reporter gene system, Reproductive Toxicology, v.22
p.175-185, 2006.

FERRARI, B.; MONS, R.; VOLLAT, B.; FRAYSSE, B.; PAXEUS, N.; LO GIUDICE, R ;
POLLIO, A.; GARRIC, J. Environmental risk assessment of six human pharmaceuticals: Are
the current environmental risk assessment procedures sufficient for the protection of the
aquatic environment? Environmental Toxicology and Chemistry, v. 23, n. 5, p. 1344-1354,
2004.

FERRARI, B.; PAXEUS, N.; GIUDICE, R. Lo; POLLIO, A.; GARRIC, J. Ecotoxicological
impact of pharmaceuticals found in treated wastewaters: Study of carbamazepine, clofibric
acid, and diclofenac. Ecotoxicology and Environmental Safety, v. 55, n. 3, p. 3569-370, 2003.

FILHO, J. L.; TONETTI, A. L.; GUIMARAES, M. T.; SILVA, D. Nutrient recovery from
airplanewastewater: Composition, treatment and ecotoxicological assay. Water Science and
Technology, [s. I.], v. 75, n. 8, p. 1952-1960, 2017.

FOLMAR L. C., HEMMER M. J., DENSLOW N. D., KROLL K., CHEN J., CHEEK A.,
RICHMAN H., MEREDITH H., GRAU E. G. A comparison of the estrogenic potencies of
estradiol, ethynylestradiol, diethylstilbestrol, nonylphenol and methoxychlor in vivo and in
vitro, Aquatic Toxicology, v. 60, p. 101-110, 2002.

FONSECA, T. G.; MORAIS, M. B.; ROCHA, T.; ABESSA, D. M. S.; AURELIANO, M.;
BEBIANNO, M. J. Ecotoxicological assessment of the anticancer drug cisplatin in the
polychaete Nereis diversicolor. Science of the Total Environment, v. 575, p. 162-172, 2017.

FORFAIT-DUBUC, C.; CHARLES, S.; BILLOIR, E.; DELIGNETTE-MULLER, M. L.
Survival data analyses in ecotoxicology: Critical effect concentrations, methods and models.
What should we use? Ecotoxicology, v. 21, n. 4, p. 1072-1083, 2012.

FOUREAUX, A. F. S.; REIS, E. O.; LEBRON, Y.; MOREIRA, V.; SANTOS, L. V,;
AMARAL, M. S.; LANGE, L. C. Rejection of pharmaceutical compounds from surface water
by nanofiltration and reverse osmosis. Separation and Purification Technology, v. 212, p.
171-179, 2019.

FRAYSSE, B.; GARRIC, J. Prediction and experimental validation of acute toxicity of -
blockers in Ceriodaphnia dubia. Environmental Toxicology and Chemistry, v. 24, n. 10, p.
2470-2476, 2005.

FUERST J.A., SAGULENKO E. Beyond the bacterium: planctomycetes challenge our
concepts of microbial structure and function, Nat Rev Microbiol, v. 9, p.403-413, 2011.

FURUHAGEN, S.; FUCHS, A.; BELLEZA, E. L.; BREITHOLTZ, M.; GOROKHOVA, E.
Are pharmaceuticals with evolutionary conserved molecular drug targets more potent to cause
toxic effects in non-target organisms? PLoS ONE, v. 9, n. 8, 2014.

GARCIA-GALAN, J. J.; ANFRUNS, A.; GONZALEZ-OLMOS, R.; RODRIGUEZ-
MOZAZ, S.; COMAS, J. UV/H202degradation of the antidepressants venlafaxine and O-
desmethylvenlafaxine: Elucidation of their transformation pathway and environmental fate.
Journal of Hazardous Materials, v. 311, p. 70-80, 2016.

GHEORGHE, S.; PETRE, J.; LUCACIU, I.; STOICA, C.; NITA-LAZAR, M. Risk screening
of pharmaceutical compounds in Romanian aquatic environment. Environmental Monitoring

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



86

and Assessment, v. 188, n. 6, 2016.

GOBEL, A.; THOMSEN, A.; MCARDELL, C. S.; JOSS, A.; GIGER, W. Occurrence and
sorption behavior of sulfonamides, macrolides, and trimethoprim in activated sludge
treatment. Environmental Science and Technology, v. 39, n. 11, p. 3981-3989, 2005.

GONZALEZ-PLEITER, M.; GONZALDO, S.; RODEA-PALOMARES, I.; LEGANES, F.;
ROSAL, R.; BOLTES, K.; MARCO, E.; FERNANDEZ-PINAS, F. Toxicity of five
antibiotics and their mixtures towards photosynthetic aquatic organisms: Implications for
environmental risk assessment. Water Research, v. 47, n. 6, p. 2050-2064, 2013.

GUEDESMANIERO M., MAIABILA D., DEZOTTI M., Degradation and estrogenic activity
removal of 17B-estradiol and 17a-ethinylestradiol by ozonation and O3/H202, Science of The
Total Environment, v. 407, p.105-115, 2008.

GUERRA, P.; KIM, M.; SHAH, A.; ALAEE, M.; SMYTH, S. A. Occurrence and fate of
antibiotic, analgesic/anti-inflammatory, and antifungal compounds in five wastewater
treatment processes. Science of the Total Environment, v. 473-474, p. 235-243, 2014.

GUOQ, J,; LIU, S.; ZHOU, L.; CHENG, B.; LI, Q. Prioritizing pharmaceuticals based on
environmental risks in the aquatic environment in China. Journal of Environmental
Management, v. 278, n. September 2020, 2021.

GUQ, J.; SINCLAIR, C. J.; SELBY, K.; BOXALL, A. B. A. Toxicological and
ecotoxicological risk-based prioritization of pharmaceuticals in the natural environment.
Environmental Toxicology and Chemistry, v. 35, n. 6, p. 1550-1559, 2016.

HALLING-SORENSEN, B.; HOLTEN LUTZHOFT, H. C.; ANDERSEN, H. R,;
INGERSLEV, F. Environmental risk assessment of antibiotics: Comparison of mecillinam,
trimethoprim and ciprofloxacin. Journal of Antimicrobial Chemotherapy, v. 46, n. SUPPL. 1,
p. 53-58, 2000.

HAN, S.; CHOI, K.; KIM, J.; JI, K.; KIM, S.; AHN, B.; YUN, J.; CHOI, K.; KHIM, J. S.;
ZHANG, X.; GIESY, J. P. Endocrine disruption and consequences of chronic exposure to
ibuprofen in Japanese medaka (Oryzias latipes) and freshwater cladocerans Daphnia magna
and Moina macrocopa. Aquatic Toxicology, v. 98, n. 3, p. 256264, 2010.

HAO L., BIZE A., CONTEAU D., CHAPLEUR O., COURTOIS S., KROFF P.,
DESMOND-LE QUEMENER E., BOUCHEZ T., MAZEAS L.. New insights into the key
microbial phylotypes of anaerobic sludge digesters under different operational conditions,
Water Research, v. 102, p.158-169, 2016.

HECKMANN, L. H.; CALLAGHAN, A.; HOOPER, H. L.; CONNON, R.; HUTCHINSON,
T.H.; MAUND, S. J.; SIBLY, R. M. Chronic toxicity of ibuprofen to Daphnia magna: Effects
on life history traits and population dynamics. Toxicology Letters, v. 172, n. 3, p. 137-145,
2007.

HENSCHEL, K. P.; WENZEL, A.; DIEDRICH, M.; FLIEDNER, A. Environmental hazard
assessment of pharmaceuticals. Regulatory Toxicology and Pharmacology, v. 25, n. 3, p.
220-225, 1997.

HOGAN, A. C.; TRENFIELD, M. A.; HARFORD, A. J.; VAN DAM, R. A. Toxicity of
magnesium pulses to tropical freshwater species and the development of a duration-based
water quality guideline. Environmental Toxicology and Chemistry, [s. I.], v. 32, n. 9, p. 1969—

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



87

1980, 2013.

HOLLOWAY, R. W. The osmotic membrane bioreactor: a critical review. Environmental
Science: Water Research & Technology, v. 1, n. 5, p. 581-605, 2015.

HOLTEN LUTZH@FT, H. C.; HALLING-S@RENSEN, B.; JGRGENSEN, S. E. Algal
toxicity of antibacterial agents applied in Danish fish farming. Archives of Environmental
Contamination and Toxicology, v. 36, n. 1, p. 1-6, 1999.

HONGXIA, Y.; JING, C.; YUXIA, C.; HUIHUA, S.; ZHONGHAI, D.; HONGJUN, J.
Application of toxicity identification evaluation procedures on wastewaters and sludge from a
municipal sewage treatment works with industrial inputs. Ecotoxicology and Environmental
Safety, [s. I.], v. 57, n. 3, p. 426-430, 2004.

HUARACHI-OLIVERA, R.; YAPO, U.; DUENAS-GONZA, A.; ROMERO-UGARTE, M.;
MENDOZA, G.; SILVA-PAREDES, W.; LAZARTE-RIVERA, A.; ESPARZA, M.
Bioensayos Ecotoxicoldgicos con la microalga Pseudokirchneriella subcapitata para medir el
impacto de los metales en ecosistemas I6ticos utilizando técnicas de microscopia confocal de
fluorescencia. TIP Revista Especializada en Ciencias Quimico-Biologicas, [s. I.], v. 22, p. 1-
14, 20109.

HUERTA-FONTELA, M.; GALCERAN, M. T.; VENTURA, F. Fast liquid chromatography-
quadrupole-linear ion trap mass spectrometry for the analysis of pharmaceuticals and
hormones in water resources. Journal of Chromatography, v. 1217, n. 25, p. 42124222,
2010.

HUGGETT, D. B.; BROOKS, B. W.; PETERSON, B.; FORAN, C. M.; SCHLENK, D.
Toxicity of select beta adrenergic receptor-blocking pharmaceuticals (B-blockers) on aquatic
organisms. Archives of Environmental Contamination and Toxicology, v. 43, n. 2, p. 229-235,
2002.

HUNGIN, A. P. S.; KEAN, W. F. Nonsteroidal anti-inflammatory drugs: Overused or
underused in osteoarthritis? American Journal of Medicine, v. 110, n. 1 SUPPL. 1, p. S8-S11,
2001.

IESCE, M. R; LAVORGNA, M; RUSSO, C; Ecotoxic effects of loratadine and its metabolic
and light-induced derivatives. Ecotoxicology and Environmental Safety, v. 170, p. 664-672,
2019.

ISIDORI, M.; LAVORGNA, M.; NARDELLI, A.; PARRELLA, A.; PREVITERA, L.;
RUBINO, M. Ecotoxicity of naproxen and its phototransformation products. Science of the
Total Environment, v. 348, n. 1-3, p. 93-101, 2005.

ISIDORI M., BELLOTTA M., CANGIANO M., PARRELLA A. Estrogenic activity of
pharmaceuticals in the aquatic environment, Environment International, v.35, p.826-829,
2009.

ISLAS-FLORES, H.; MANUEL GOMEZ-OLIVAN, L.; GALAR-MARTINEZ, M.;
MICHELLE SANCHEZ-OCAMPO, E.; SANJUAN-REYES, N.; ORTIZ-REYNOSO, M.;
DUBLAN-GARCIA, O. Cyto-genotoxicity and oxidative stress in common carp (Cyprinus
carpio) exposed to a mixture of ibuprofen and diclofenac. Environmental Toxicology, v. 32, n.
5, p. 1637-1650, 2017.

JACOB, R. S.; DE SOUZA SANTOS, L. V.; D’AURIOL, M.; LEBRON, Y. A. R;

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG


https://www.researchgate.net/journal/Ecotoxicology-and-Environmental-Safety-1090-2414

88

MOREIRA, V. R.; LANGE, L. C. Diazepam, metformin, omeprazole and simvastatin: a full
discussion of individual and mixture acute toxicity. Ecotoxicology, v. 29, n. 7, p. 1062-1071,
2020.

JACOB, R. S.; SANTOS, L. V. S.; SOUZA, A. F. R.; LANGE, L. C. A toxicity assessment of
30 pharmaceuticals using Aliivibrio fischeri: a comparison of the acute effects of different
formulations. Environmental Technology (United Kingdom), v. 37, n. 21, p. 2760-2767, 2016.

JACOB, R.S.; ARAUJO, C. V. M.; SANTOS, L. V. S; MOREIRA, V. R.; LEBRON, Y. A.
R.; LANGE, L. C. The environmental risks of pharmaceuticals beyond traditional toxic
effects: Chemical differences that can repel or entrap aquatic organisms. Environmental
Pollution, v. 268, 2021.

JELIC, A.; GROS, M.; GINEBREDA, A.; CESPEDES-SANCHEZ, R.; VENTURA, F.;
PETROVIC, M.; BARCELO, D. Occurrence, partition and removal of pharmaceuticals in
sewage water and sludge during wastewater treatment. Water Research, , v. 45, n. 3, p. 1165—
1176, 2011.

JI, K.; KIM, S.; HAN, S.; SEO, J.; LEE, S.; PARK, Y.; CHOI, K.; KHO, Y. L.; KIM, P. G.;
PARK, J.; CHOI, K. Risk assessment of chlortetracycline, oxytetracycline, sulfamethazine,
sulfathiazole, and erythromycin in aquatic environment: Are the current environmental
concentrations safe? Ecotoxicology, v. 21, n. 7, p. 2031-2050, 2012.

JIANG, S.; LI, Y.; LADEWIG, B. P. A review of reverse osmosis membrane fouling and
control strategies. Science of the Total Environment, v. 595, p. 567-583, 2017.

JOHNSON, D.J., SUWAILEH, W.A., MOHAMMED, A.W., HILAL, N. Osmotic’s potential:
An overview of draw solutes for forward osmosis. Desalination, v.434, p. 100-120, 2018.

JOSS, A.; KELLER, E.; ALDER, A. C.; GOBEL, A.; MCARDELL, C. S.; TERNES, T ;
SIEGRIST, H. Removal of pharmaceuticals and fragrances in biological wastewater
treatment. Water Research, v. 39, n. 14, p. 3139-3152, 2005.

JUDD S., JUDD C. The MBR book: principles and applications of membrane bioreactors in
water and wastewater treatment, 1st ed, Elsevier, Amsterdam ; Boston, 2006.

KABIR E. R., RAHMAN M. S., RAHMAN 1. A review on endocrine disruptors and their
possible impacts on human health, Environmental Toxicology and Pharmacology, v. 40, p.
241-258, 2015.

KAIRIGO, P.; NGUMBA, E.; SUNDBERG, L. R.; GACHANJA, A.; TUHKANEN, T.
Occurrence of antibiotics and risk of antibiotic resistance evolution in selected Kenyan
wastewaters, surface waters and sediments. Science of the Total Environment, v. 720, p.
137580, 2020.

KALCIKOVA, G.; ZUPANCIC, M.; LEVEL E. A.; MICLEAN, M.; ENGLANDE, A. J ;
ZGAJNAR GOTVAIJN, A. Application of multiple toxicity tests in monitoring of landfill
leachate treatment efficiency. Environmental Monitoring and Assessment, [s. I.], v. 187, n. 8,
2015.

KANDA R., CHURCHLEY J. Removal of endocrine disrupting compounds during
conventional wastewater treatment, Environmental Technology, v. 29, p.315-323, 2008.

KAPP H. Schlammfaulung mit hohem Feststoffgehalt, Kommissionsverlag Oldenbourg, 1984.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



89

KAUSHIK, G.; THOMAS, M. A. The potential association of psychoactive pharmaceuticals
in the environment with human neurological disorders. Sustainable Chemistry and Pharmacy,
v. 13, 20109.

KEY, P. B.; HOGUET, J.; CHUNG, K. W.; VENTURELLA, J. J.; PENNINGTON, P. L,;
FULTON, M. H. Lethal and sublethal effects of simvastatin, irgarol, and PBDE-47 on the
estuarine fish, Fundulus heteroclitus. Journal of Environmental Science and Health - Part B
Pesticides, Food Contaminants, and Agricultural Wastes, v. 44, n. 4, p. 379-382, 2009.

KIBUYE, F. A.; GALL, H. E.; ELKIN, K. R.; AYERS, B.; VEITH, T. L.; MILLER, M.;
JACOB, S.; HAYDEN, K. R.; WATSON, J. E.; ELLIOTT, H. A. Fate of pharmaceuticals in a
spray-irrigation system: From wastewater to groundwater. Science of the Total Environment,
v. 654, p. 197-208, 2019.

KIBUYE, F. A;; GALL, H. E.; VEITH, T. L.; ELKIN, K. R.; ELLIOTT, H. A.; HARPER, J.
P.; WATSON, J. E. Influence of hydrologic and anthropogenic drivers on emerging organic
contaminants in drinking water sources in the Susquehanna River Basin. Chemosphere, v.
245, p. 125583, 2020.

KIMY. LIS. CHEKLI L., WOOY.C., WEIC. H.,, PHUNTSHO S., GHAFFOUR N.,
LEIKNES T., SHON H. K. Assessing the removal of organic micro-pollutants from anaerobic
membrane bioreactor effluent by fertilizer-drawn forward osmosis, Journal of Membrane
Science, v. 533, p. 84-95, 2017.

KIM, J. W.; ISHIBASHI, H.; YAMAUCH]I, R.; ICHIKAWA, N.; TAKAQO, Y.; HIRANO,
M.; KOGA, M.; ARIZONO, K. Acute toxicity of pharmaceutical and personal care products
on freshwater crustacean (Thamnocephalus platyurus) and fish (Oryzias latipes). Journal of
Toxicological Sciences, v. 34, n. 2, p. 227-232, 20009.

KIYAMA, R.; WADA-KIYAMA, Y. Estrogenic endocrine disruptors: Molecular
mechanisms of action. Environment International, v. 83, p. 11-40, 2015.

KLINDWORTH A., PRUESSE E., SCHWEER T., PEPLIES J., QUAST C., HORN M.,
GLOCKNER F.O. Evaluation of general 16S ribosomal RNA gene PCR primers for classical
and next generation sequencing based diversity studies, Nucleic Acids Res., v. 41, 2013.

KOSMA, C. I.; LAMBROPOULOU, D. A.; ALBANIS, T. A. Investigation of PPCPs in
wastewater treatment plants in Greece: Occurrence, removal and environmental risk
assessment. Science of the Total Environment, v. 466467, p. 421-438, 2014.

KUMAR, R.; SARMAH, A. K.; PADHYE, L. P. Fate of pharmaceuticals and personal care
products in a wastewater treatment plant with parallel secondary wastewater treatment train.
Journal of Environmental Management, v. 233, n. March 2018, p. 649-659, 2019.

KUNDU K., SHARMA S., SREEKRISHNAN T.R.. Effect of operating temperatures on the
microbial community profiles in a high cell density hybrid anaerobic bioreactor, Bioresource
Technology, v. 118, p. 502-511, 2012.

KUSTER, A.; ALDER, A. C.; ESCHER, B. I.; DUIS, K.; FENNER, K.; GARRIC, J.;
HUTCHINSON, T. H.; LAPEN, D. R.; PERY, A.; ROMBKE, J.; SNAPE, J.; TERNES, T.;
TOPP, E.; WEHRHAN, A.; KNACKERK, T. Environmental risk assessment of human
pharmaceuticals in the European union: A case study with the B-blocker atenolol. Integrated
Environmental Assessment and Management, v. 6, n. SUPPL. 1, p. 514-523, 2010.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



90

LACEY, C.; BASHA, S.; MORRISSEY, A.; TOBIN, J. M. Occurrence of pharmaceutical
compounds in wastewater process streams in Dublin, Ireland. Environmental Monitoring and
Assessment, v. 184, n. 2, p. 1049-1062, 2012.

LASTRE-ACOSTA, A. M.; PALHARIM, P. H.; BARBOSA, |. M.; MIERZWA, J. C.;
SILVA COSTA TEIXEIRA, A. C. Removal of sulfadiazine from simulated industrial
wastewater by a membrane bioreactor and ozonation. Journal of Environmental Management,
v. 271, n. June, 2020.

LAVILLE, N.; AIT-ASSA, S.; GOMEZ, E.; CASELLAS, C.; PORCHER, J. M. Effects of
human pharmaceuticals on cytotoxicity, EROD activity and ROS production in fish
hepatocytes. Toxicology, [s. I.], v. 196, n. 1-2, p. 41-55, 2004.

LEBRON Y., MOSER P.B, MOREIRA V.R, SILVA G.R.A, SOUZA A.S.B.P, PAULAE.C,,
AMARAL, M,C,S. Osmotic membrane bioreactor (OMBR) in refinery wastewater treatment:
The impact of a draw solute with lower diffusivity in the process performance, Chemical
Engineering Journal, v. 406 p.127074, 2021.

LEUSCH F.D.L., JAGER C., LEVI Y., LIM R., PUUJKER L., SACHER F., TREMBLAY
L.A., WILSON V.S. Chapman, Comparison of Five in Vitro Bioassays to Measure Estrogenic
Activity in Environmental Waters, Environmental Science & Technology, v. 44, p. 3853~
3860, 2010.

LIU, Q. T.; WILLIAMS, T. D.; CUMMING, R. |.; HOLM, G.; HETHERIDGE, M. J.;
MURRAY-SMITH, R. Comparative aquatic toxicity of propranolol and its photodegraded
mixtures: Algae and rotifer screening. Environmental Toxicology and Chemistry,, v. 28, n. 12,
p. 2622-2631, 2009.

LIU, Q. et al. Integrated forward osmosis-membrane distillation process for human urine
treatment. Water Research, v. 91, p. 45-54, 2016.

LLORENS, E.; GINEBREDA, A.; LA FARRE, M.; INSA, S.; GONZALEZ-TRUJILLO, J.
D.; MUNNE, A.; SOLA, C.; FLO, M.; VILLAGRASA, M.; BARCELO, D.; SABATER, S.
Occurrence of regulated pollutants in populated Mediterranean basins: Ecotoxicological risk
and effects on biological quality. Science of the Total Environment, v. 747, p. 141224, 2020.

LUQ, Y.; GUO, W.; NGO, H. H.; NGHIEM, L. D.; HAIL F. I.; ZHANG, J.; LIANG, S;
WANG, X. C. A review on the occurrence of micropollutants in the aquatic environment and
their fate and removal during wastewater treatment. Science of the Total Environment, v. 473—
474, p. 619-641, 2014,

LUO W., HAI F.1., PRICE W.E., GUO W., NGO H.H., YAMAMOTO K., NGHIEM L.D.
Phosphorus and water recovery by a novel osmotic membrane bioreactor—reverse 0smosis
system, Bioresource Technology, v. 200, p.297-304, 2016.

MAHAT, S. B.; OMAR, R.; IDRIS, A.; KAMAL, S. M. M.,; IDRIS, A. I. M. Dynamic
membrane applications in anaerobic and aerobic digestion for industrial wastewater: A mini
review. Food and Bioproducts Processing, v. 112, p. 150-168, 1 nov. 2018.

MARANHO, L. A.; BAENA-NOGUERAS, R. M.; LARA-MARTIN, P. A;; DELVALLS, T.
A.: MARTIN-DIAZ, M. L. Bioavailability, oxidative stress, neurotoxicity and genotoxicity of
pharmaceuticals bound to marine sediments. The use of the polychaete Hediste diversicolor as
bioindicator species. Environmental Research, v. 134, p. 353-365, 2014.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



91

MARIA TERESA O.L.V., JESSICA A.L., ISAURA Y.N. Assessing the Estrogenic Activity
of EDCs and Human Risks of Groundwater after Ozonation and Chlorination, Ozone, Science
& Engineering, v.42, p. 244-254, 2020.

MARTIN-DE-LUCIA, I.; GONGALVES, S. F.; LEGANES, F.; FERNANDEZ-PINAS, F.;
ROSAL, R.; LOUREIRO, S. Combined toxicity of graphite-diamond nanoparticles and
thiabendazole to Daphnia magna. Science of the Total Environment, v. 688, p. 1145-1154,
2019.

MARTINEZ-DIEZ, L., VAZQUEZ-GONZALEZ, M.1. Temperature and concentration
polarization in membrane distillation of aqueous salt solutions. Journal of Membrane Science,
v. 156, p. 265-273, 1999.

MARTINS, N.; PEREIRA, R.; ABRANTES, N.; PEREIRA, J.; GONCALVES, F,;
MARQUES, C. R. Ecotoxicological effects of ciprofloxacin on freshwater species: Data
integration and derivation of toxicity thresholds for risk assessment. Ecotoxicology, v. 21, n.
4, p. 1167-1176, 2012.

MATSUBARA, M. E.; HELWIG, K.; HUNTER, C.; ROBERTS, J.; SUBTIL, E. L.;
COELHO, L. H. G. Amoxicillin removal by pre-denitrification membrane bioreactor (A/O-
MBR): Performance evaluation, degradation by-products, and antibiotic resistant bacteria.
Ecotoxicology and Environmental Safety, v. 192, n. September 2019, p. 110258, 2020.

MCLACHLAN J.A., SIMPSON E., MARTIN M. Endocrine disrupters and female
reproductive health, Best Practice & Research Clinical Endocrinology & Metabolism, v. 20 p.
63-75, 2006.

MENNILLO, E.; ARUKWE, A.; MONNI, G.; MEUCCI, V.; INTORRE, L.; PRETTI, C.
Ecotoxicological properties of ketoprofen and the S(+)-enantiomer (dexketoprofen):
Bioassays in freshwater model species and biomarkers in fish PLHC-1 cell line.
Environmental Toxicology and Chemistry, v. 37, n. 1, p. 201-212, 2018.

MESQUITA, S. R.; GUILHERMINO, L.; GUIMARAES, L. Biochemical and locomotor
responses of Carcinus maenas exposed to the serotonin reuptake inhibitor fluoxetine.
Chemosphere, v. 85, n. 6, p. 967-976, 2011.

MEZZELANI, M.; GORBI, S.; REGOLLI, F. Pharmaceuticals in the aquatic environments:
Evidence of emerged threat and future challenges for marine organisms. Marine
Environmental Research, v. 140, p. 41-60, 2018.

MOCKAITIS G., PANTOJA L. R.,, RODRIGUES J. A. D., FOREST E., ZAIAT, M.
Continuous anaerobic bioreactor with a fixed-structure bed (ABFSB) for wastewater
treatment with low solids and low applied organic content, Bioprocess Biosyst Eng., v. 37,
p.1361-1368, 2013.

MONTEOLIVA-GARCIA, A.; MARTIN-PASCUAL, J.; MUNIO, M. M.; POYATOS, J. M.
Effects of carrier addition on water quality and pharmaceutical removal capacity of a
membrane bioreactor — Advanced oxidation process combined treatment. Science of the Total
Environment, v. 708, 2020.

MORENO-GONZALEZ, R.; RODRIGUEZ-MOZAZ, S.; GROS, M.; PEREZ-CANOVAS,
E.; BARCELO, D.; LEON, V. M. Input of pharmaceuticals through coastal surface
watercourses into a Mediterranean lagoon (Mar Menor, SE Spain): Sources and seasonal
variations. Science of the Total Environment, v. 490, p. 59-72, 2014.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



92

MOREIRA-SANTOS, M.; RIBEIRO, R.; ARAUJO, C. V.M. What if aquatic animals move
away from pesticide-contaminated habitats before suffering adverse physiological effects? A
critical review. Critical Reviews in Environmental Science and Technology, v. 49, n. 11, p.
989-1025, 20109.

MORGAN, S. G. Prescription drug expenditures and population demographics. Health
Services Research, v. 41, n. 2, p. 411-428, 2006.

MOYA-LLAMAS, M. J.; TRAPOTE, A.; PRATS, D. Removal of micropollutants from
urban wastewater using a UASB reactor coupled to a MBR at different organic loading rates.
Urban Water Journal, v. 15, n. 5, p. 437444, 2018.

MUNOZ SIERRA J.D., WANG W., CERQUEDA-GARCIA D., OOSTERKAMP M.J,,
SPANJERS H., VAN LIER J.B. Temperature susceptibility of a mesophilic anaerobic
membrane bioreactor treating saline phenol-containing wastewater, Chemosphere, v.213,
p.92-102, 2018.

NALLANI, G. C.; PAULOS, P. M.; CONSTANTINE, L. A.; VENABLES, B. J.;
HUGGETT, D. B. Bioconcentration of ibuprofen in fathead minnow (Pimephales promelas)
and channel catfish (Ictalurus punctatus). Chemosphere, [s. I.], v. 84, n. 10, p. 1371-1377,
2011.

NANNOU, C.; OFRYDOPOULOU, A.; EVGENIDOU, E.; HEATH, D.; HEATH, E;
LAMBROPOULOQU, D. Antiviral drugs in aquatic environment and wastewater treatment
plants: A review on occurrence, fate, removal and ecotoxicity. Science of the Total
Environment, v. 699, p. 134322, 2020.

NARIHIRO T., NOBU M.K., BOCHER B.T.W., MEI R., LIU, W.T. Co-occurrence network
analysis reveals thermodynamics-driven microbial interactions in methanogenic bioreactors:
Thermodynamics-driven microbial interactions, Environmental Microbiology Reports, v.10 p.
673-685, 2018.

NASCIMENTO M.T.L., SANTOS A.D. O., FELIX L.C., GOMES G., SA M. O.E, CUNHA
D.L., VIEIRA N., HAUSER-DAVIS R.A., BAPTISTA NETO J.A. D.M. BILA.
Determination of water quality, toxicity and estrogenic activity in a nearshore marine
environment in Rio de Janeiro, Southeastern Brazil, Ecotoxicology and Environmental Safety,
v. 149, p.197-202, 2019.

NOVAK, M.; BAEBLER, S.; ZEGURA, B.; ROTTER, A.; GAJSKI, G.; GERIC, M.;
GARAJ-VRHOVAC, V.; BAKOS, K.; CSENKI, Z.; KOVACS, R.; HORVATH, A.; GAZSI,
G.; FILIPIC, M. Deregulation of whole-transcriptome gene expression in zebrafish (Danio
rerio) after chronic exposure to low doses of imatinib mesylate in a complete life cycle study.
Chemosphere, v. 263, 2021.

NUNES, B.; CARVALHO, F.; GUILHERMINO, L. Acute toxicity of widely used
pharmaceuticals in aquatic species: Gambusia holbrooki, Artemia parthenogenetica and
Tetraselmis chuii. Ecotoxicology and Environmental Safety, v. 61, n. 3, p. 413-419, 2005.

OH, S. J.; PARK, J.; LEE, M. J.,; PARK, S. Y.; LEE, J. H.; CHOI, K. Ecological hazard
assessment of major veterinary benzimidazoles: Acute and chronic toxicities to aquatic
microbes and invertebrates. Environmental Toxicology and Chemistry, v. 25, n. 8, p. 2221
2226, 2006.

OHE, T.; WATANABE, T.; WAKABAYASHI, K. Mutagens in surface waters: A review.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



93

Mutation Research - Reviews in Mutation Research, v. 567, n. 2- 3 SPEC. ISS., p. 109-149,
2004.

OLIVEIRA, R.; MCDONOUGH, S.; LADEWIG, J. C. L.; SOARES, A. M. V. M,;
NOGUEIRA, A.J. A.; DOMINGUES, I. Effects of oxytetracycline and amoxicillin on
development and biomarkers activities of zebrafish (Danio rerio). Environmental Toxicology
and Pharmacology, v. 36, n. 3, p. 903-912, 2013.

OOSTERHUIS, M.; SACHER, F.; TER LAAK, T. L. Prediction of concentration levels of
metformin and other high consumption pharmaceuticals in wastewater and regional surface
water based on sales data. Science of the Total Environment, v. 442, p. 380-388, 2013.

ORIAS, F.; PERRODIN, Y. Characterisation of the ecotoxicity of hospital effluents: A
review. Science of the Total Environment, v. 454-455, p. 250-276, 2013.

OROZCO-HERNANDEZ, J. M.; GOMEZ OLIVAN, L. M.; HEREDIA-GARCIA, G.;
LUJA-MONDRAGON, M.; ISLAS-FLORES, H.; SANJUAN-REYES, N.; GALAR-
MARTINEZ, M.; GARCIA-MEDINA, S.; DUBLAN-GARCIA, O. Genotoxic and cytotoxic
alterations induced by environmentally-relevant concentrations of amoxicillin in blood cells
of Cyprinus carpio. Chemosphere, v. 236, 2019.

OUARDA, Y.; TIWARI, B.; AZAIS, A.; VAUDREUIL, M. A.; NDIAYE, S. D.; DROGUI,
P.; TYAGI, R. D.; SAUVE, S.; DESROSIERS, M.; BUELNA, G.; DUBE, R. Synthetic
hospital wastewater treatment by coupling submerged membrane bioreactor and
electrochemical advanced oxidation process: Kinetic study and toxicity assessment.
Chemosphere, [s. I.], v. 193, p. 160-169, 2018.

PALMA, P.; FIALHO, S.; LIMA, A.; NOVAIS, M. H.; COSTA, M. J.; MONTEMURRO,
N.: PEREZ, S.; DE ALDA, M. L. Pharmaceuticals in a Mediterranean Basin: The influence of
temporal and hydrological patterns in environmental risk assessment. Science of the Total
Environment, [s. 1.], v. 709, 2020.

PAPAGEORGIOU, M.; KOSMA, C.; LAMBROPOULOU, D. Seasonal occurrence, removal,
mass loading and environmental risk assessment of 55 pharmaceuticals and personal care
products in a municipal wastewater treatment plant in Central Greece. Science of the Total
Environment, v. 543, p. 547-569, 2016.

PAQUET, N.; INDIKETI, N.; DALENCOURT, C.; LARIVIERE, D.; ROBERGE, S.;
GRUYER, N.; TRIFFAULT-BOUCHET, G.; FORTIN, C. Toxicity of tailing leachates from
a niobium mine toward three aquatic organisms. Ecotoxicology and Environmental Safety, [s.
I.], v. 176, n. December 2018, p. 355-363, 2019.

PARK, S.; CHOI, K. Hazard assessment of commonly used agricultural antibiotics on aquatic
ecosystems. Ecotoxicology, v. 17, n. 6, p. 526-538, 2008.

PARRELLA, A.; LAVORGNA, M.; CRISCUOLDO, E.; RUSSO, C.; ISIDORI, M. Eco-
genotoxicity of six anticancer drugs using comet assay in daphnids. Journal of Hazardous
Materials, v. 286, p. 573-580, 2015.

PERSOONE, G.; MARSALEK, B.; BLINOVA, I.; TOROKNE, A.; ZARINA, D ;
MANUSADZIANAS, L.; NALECZ-JAWECKI, G.; TOFAN, L.; STEPANOVA, N.;
TOTHOVA, L.; KOLAR, B. A practical and user-friendly toxicity classification system with
microbiotests for natural waters and wastewaters. Environmental Toxicology, [s. I.], v. 18, n.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



94

6, p. 395402, 2003.

PETERSEN, K.; HEIAAS, H. H.; TOLLEFSEN, K. E. Combined effects of pharmaceuticals,
personal care products, biocides and organic contaminants on the growth of Skeletonema
pseudocostatum. Aquatic Toxicology, v. 150, p. 450-454, 2014.

PETROVIC, M.; GROS, M.; BARCELO, D. Multi-residue analysis of pharmaceuticals in
wastewater by ultra-performance liquid chromatography-quadrupole-time-of-flight mass
spectrometry. Journal of Chromatography A, v. 1124, n. 1-2, p. 68-81, 2006.

PHOON, B. L.; ONG, C. C.; MOHAMED SAHEED, M. S.; SHOW, P. L.; CHANG, J. S;
LING, T.C.; LAM, S. S.; JUAN, J. C. Conventional and emerging technologies for removal
of antibiotics from wastewater. Journal of Hazardous Materials, v. 400, p. 122961, 2020.

PIVATO, A.; GASPARI, L. Acute toxicity test of leachates from traditional and sustainable
landfills using luminescent bacteria. Waste Management, [s. 1], v. 26, n. 10, p. 1148-1155,
2006.

PRADO, M.; BOREA, L.; CESARO, A,; LIU, H.; NADDEO, V.; BELGIORNO, V,;
BALLESTEROS, F. Removal of emerging contaminant and fouling control in

membrane bioreactors by combined ozonation and sonolysis. International Biodeterioration
and Biodegradation, [s. I.], v. 119, p. 577-586, 2017.

PRASERTKULSAK, S.; CHIEMCHAISRI, C.; CHIEMCHAISRI, W.; ITONAGA, T ;
YAMAMOTO, K. Removals of pharmaceutical compounds from hospital wastewater in
membrane bioreactor operated under short hydraulic retention time. Chemosphere, [s. 1], v.
150, p. 624-631, 2016.

PRASKOVA, E., VOSLAROVA, E., SIROKA, Z., MACOVA, S., PLHALOVA, L.,
BEDANOVA, |., MARSALEK, P., PISTEKOVA, V., AND SVOBODOVA, Z. Comparison
of acute toxicity of ketoprofen to juvenile and embryonic stages of Danio rerio. Neuro
endocrinology letters, v. 32, p.117-120, 2011.

PRETALLI, L.; MARASCHI, F.; CANTALUPI, A.; ALBINI, A.; STURINI, M. Water
depollution and photo-detoxification by means of TiO2: Fluoroquinolone antibiotics as a case
study. Catalysts, v. 10, n. 6, p. 1-23, 2020.

PYLRO V.S., ROESCH L.F.W., ORTEGA J.M., AMARAL A.M., TOTOLA M.R., HIRSCH
P.R., ROSADO A.S., GOES-NETO A., COSTA DA SILVA A.L., ROSA C.A., MORAIS
D.K., ANDREOTE F.D., DUARTE G.F., DE MELO I.S., SELDIN L., LAMBAIS M.R.,
HUNGRIA M., PEIXOTO R.S., KRUGER R.H., TSAI S.M., AZEVEDO V. The Brazilian
Microbiome Project Organization Committee, Brazilian Microbiome Project: Revealing the
Unexplored Microbial Diversity—Challenges and Prospects, Microb Ecol., v. 67, p. 237-241,
2014,

QIU G., ZHANG S,, SRINIVASA R.D.S., DAS S., TING, Y.P. The potential of hybrid
forward osmosis membrane bioreactor (FOMBR) processes in achieving high throughput
treatment of municipal wastewater with enhanced phosphorus recovery, Water Research, v.
105, p.370-382, 2016.

QU, J.; WANG, H.; WANG, K.; YU, G,; KE, B.; YU, H. Q.; REN, H.; ZHENG, X; LI, J;
LI, W. W.; GAO, S.; GONG, H. Municipal wastewater treatment in China: Development
history and future perspectives. Frontiers of Environmental Science and Engineering, [s. I.],
v. 13, n. 6, 2019.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



95

RAMEZANIANPOUR M., SIVAKUMAR M.. An analytical flux decline model for
membrane distillation, Desalination, v. 345, p.1-12, 2014.

REIS, E. O.; FOUREAUX, A. F. S.; RODRIGUES, J. S.; MOREIRA, V. R.; LEBRON, Y. A.
R.; SANTOS, L. V. S.; AMARAL, M. C. S.; LANGE, L. C. Occurrence, removal and
seasonal variation of pharmaceuticals in Brasilian drinking water treatment plants.
Environmental Pollution, p. 773-781, 2019.

REIS, B. G.; SILVEIRA, A. L.; LEBRON, Y. A.R.; MOREIRA, V.R.; TEIXEIRA,L.P. T,
OKUMA, A. A.;; AMARAL, M. C. S.; LANGE, L. C. Comprehensive investigation of
landfill leachate treatment by integrated Fenton/microfiltration and aerobic membrane
bioreactor with nanofiltration. Process Safety and Environmental Protection, [s. I.], v. 143, p.
121-128, 2020.

RICCI B.C., SKIBINSKI B., KOCH K., MANCEL C., CELESTINO C.Q., CUNHA I|.L.C.,
SILVA M.R., ALVIM C.B., FARIA C.V., ANDRADE L.H., LANGE L.C., AMARAL
M.C.S. Critical performance assessment of a submerged hybrid forward osmosis - membrane
distillation system, Desalination, v. 468, p. 114082, 2019.

RICCI, B.; SANTOS ARCANJO, G.; REZENDE MOREIRA, V.; ABNER ROCHA
LEBRON, Y.; KOCH, K.; CRISTINA RODRIGUES COSTA, F.; PAULINELLI
FERREIRA, B.; LUIZA COSTA LISBOA, F.; DINIZ MIRANDA, L.; VIEIRA DE FARIA,
C.; CELINA LANGE, L.; CRISTINA SANTOS AMARAL, M. A novel submerged
anaerobic osmotic membrane bioreactor coupled to membrane distillation for water
reclamation from municipal wastewater. Chemical Engineering Journal, [s. |.], v. 414, n.
January, p. 128645, 2021.

RICHTER, E.; ROLLER, E.; KUNKEL, U.; TERNES, T. A.; COORS, A. Phytotoxicity of
wastewater-born micropollutants - Characterisation of three antimycotics and a cationic
surfactant. Environmental Pollution, v. 208, p. 512-522, 2016.

RIVAF., CASTIGLIONI S., FATTORE E., MANENTI A., DAVOLI E., ZUCCATO E.,
Monitoring emerging contaminants in the drinking water of Milan and assessment of the
human risk, International Journal of Hygiene and Environmental Health, v. 221, p.451-457,
2018.

RIVERA-JAIMES, J. A.; POSTIGO, C.;: MELGOZA-ALEMAN, R. M.; ACENA, J.;
BARCELO, D.; LOPEZ DE ALDA, M. Study of pharmaceuticals in surface and wastewater
from Cuernavaca, Morelos, Mexico: Occurrence and environmental risk assessment. Science
of the Total Environment, v. 613-614, p. 1263-1274, 2018.

ROBINSON, A. A.; BELDEN, J. B.; LYDY, M. J. Toxicity of fluoroquinolone antibiotics to
aquatic organisms. Environmental Toxicology and Chemistry, v. 24, n. 2, p. 423-430, 2005.

ROSE, J.; HOLBECH, H.; LINDHOLST, C.; NORUM, U.; POVLSEN, A.; KORSGAARD,
B.; BJERREGAARD, P. Vitellogenin induction by 173-estradiol and 17a-ethinylestradiol in
male zebrafish (Danio rerio). Comparative Biochemistry and Physiology - C Toxicology and
Pharmacology, v. 131, n. 4, p. 531-539, 2002.

ROUTLEDGE E.J., SUMPTER, J.P. Estrogenic activity of surfactants and some of their
degradation products assessed using a recombinant yeast screen, Environmental Toxicology
and Chemistry, v.15, p. 241-248, 1996.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



96

RUTISHAUSER B.V., PESONEN M., ESCHER B.l., ACKERMANN G.E., AERNI H.-R.,
SUTER M.J.-F., EGGEN R.I.L. Comparative analysis of estrogenic activity in sewage
treatment plant effluents involving three in vitro assays and chemical analysis of steroids,
Environ Toxicol Chem, v. 23, p. 857, 2004.

SANDERSON H., JOHNSON C. J. WILSON C. J., BRAIN R. A., SOLOMON K. R.
Probabilistic hazard assessment of environmentally occurring pharmaceuticals toxicity to fish,
daphnids and algae by ECOSAR screening. Toxicology Letters, v. 144, p. 383-395, 2003.

SANTOS A.V., COUTO C.F., LEBRON Y.A., MOREIRA V.R., FOUREAUX A.F.S., REIS
E.O., SOUZA SANTOS L.V., ANDRADE L.H.,, AMARAL M.C.S., LANGE L.C.
Occurrence and risk assessment of pharmaceutically active compounds in water supply
systems in Brazil, Science of The Total Environment, p. 141011, 2020.

SEGNER H., NAVAS J.M., SCHAFERS C., WENZEL A. Potencies of estrogenic
compounds in in vitro screening assays and in life cycle tests with zebrafish in vivo,
Ecotoxicology and Environmental Safety, v. 54, p.315-322, 2003.

SEGURA, P. A;; TAKADA, H.; CORREA, J. A,; EL SAADI, K.; KOIKE, T.; ONWONA-
AGYEMAN, S.; OFOSU-ANIM, J.; SABI, E. B.; WASONGA, O. V.; MGHALU, J. M;
DOS SANTOS, A. M.; NEWMAN, B.; WEERTS, S.; YARGEAU, V. Global occurrence of
anti-infectives in contaminated surface waters: Impact of income inequality between
countries. Environment International, v. 80, p. 89-97, 2015.

SEKI, M.; YOKOTA, H.; MATSUBARA, H.; MAEDA, M.; TADOKORO, H.;
KOBAYASHI, K. Fish full life-cycle testing for androgen methyltestosterone on medaka
(Oryzias latipes). Environmental Toxicology and Chemistry, v. 23, n. 3, p. 774-781, 2004.

SHARMA, B. M.; BECANOVA, J.; SCHERINGER, M.; SHARMA, A.; BHARAT, G. K ;
WHITEHEAD, P. G.; KLANOVA, J.; NIZZETTO, L. Health and ecological risk assessment
of emerging contaminants (pharmaceuticals, personal care products, and artificial sweeteners)
in surface and groundwater (drinking water) in the Ganges River Basin, India. Science of the
Total Environment, [s. |.], v. 646, p. 1459-1467, 2019.

SHOW, K. Y.; LEE, D. J. Anaerobic Treatment Versus Aerobic Treatment. [S.l.]: Elsevier
B.V., 2017.

SIMON, A.; MCDONALD, J. A.; KHAN, S. J.; PRICE, W. E.; NGHIEM, L. D. Effects of
caustic cleaning on pore size of nanofiltration membranes and their rejection of trace organic
chemicals. Journal of Membrane Science, v. 447, p. 153-162, 2013.

SILVA P.R., MOUNTEER A.H., BENJAMIN L.A., ALMEIDA E.R., VITORINO F.B.,
ARCANJO G.S., PETERSEN V.R.S. Evaluation of toxicity and estrogenicity in UASB -
treated municipal sewage, Chemosphere, p. 128778, 2020.

SMITAL T., TERZIC S., ZAJAR., SENTA I., PIVCEVIC B., POPOVIC M., MIKAC 1.,
TOLLEFSEN K.E., THOMAS K.V., AHEL M. Assessment of toxicological profiles of the
municipal wastewater effluents using chemical analyses and bioassays, Ecotoxicology and
Environmental Safety, v. 74, p.844-851, 2011.

SOLE, M.; SHAW, J. P.; FRICKERS, P. E.; READMAN, J. W.; HUTCHINSON, T. H.
Effects on feeding rate and biomarker responses of marine mussels experimentally exposed to
propranolol and acetaminophen. Analytical and Bioanalytical Chemistry, v. 396, n. 2, p. 649—
656, 2010.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



97

STANLEY, J. K;; RAMIREZ, A. J.; CHAMBLISS, C. K.; BROOKS, B. W. Enantiospecific
sublethal effects of the antidepressant fluoxetine to a model aquatic vertebrate and
invertebrate. Chemosphere, v. 69, n. 1, p. 9-16, 2007.

STEPHENSON T., BRINDLE K., JUDD S., JEFFERSON B. Membrane Bioreactors for
Wastewater Treatment, 1st ed., IWA Publishing, London, UK, 2000.

SUBEDI, B.; KANNAN, K. Occurrence and fate of select psychoactive pharmaceuticals and
antihypertensives in two wastewater treatment plants in New York State, USA. Science of the
Total Environment, v. 514, p. 273-280, 2015. Disponivel em:
<http://dx.doi.org/10.1016/j.scitotenv.2015.01.098>

SWIACKA, K.; MACULEWICZ, J.; SMOLARZ, K.; SZANIAWSKA, A.; CABAN, M.
Mytilidae as model organisms in the marine ecotoxicology of pharmaceuticals - A review.
Environmental Pollution, v. 254, 2019.

SYMSARIS E.C., FOTIDIS I.A., STASINAKIS A.S., ANGELIDAKI I. Effects of triclosan,
diclofenac, and nonylphenol on mesophilic and thermophilic methanogenic activity and on
the methanogenic communities, Journal of Hazardous Materials, v.291, p.45-51, 2015.

TIWARI, B.; SELLAMUTHU, B.; OUARDA, Y.; DROGUI, P.; TYAGI, R. D.; BUELNA,
G. Review on fate and mechanism of removal of pharmaceutical pollutants from wastewater
using biological approach. Bioresource Technology, v. 224, p. 1-12, 2017.

TKACZYK, A.; BOWNIK, A.: DUDKA, J.; KOWAL, K.; SLASKA, B. Daphnia magna
model in the toxicity assessment of pharmaceuticals: A review. Science of the Total
Environment, [s. I.], v. 763, p. 143038, 2021.

US EPA. Supplementary Guidance for Conducting Health Risk Assessment of Chemical
Mixtures, 2000.

US EPA. Risk Assessment Guidance for Superfund (RAGS) Volume Il1: Part A, US EPA,
2015.

US EPA, Supplementary Guidance for Conducting Health Risk Assessment of Chemical
Mixtures, (2000). https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=20533 (accessed July
6, 2020).

VALLADARES LINARES, R. et al. Rejection of micropollutants by clean and fouled
forward osmosis membrane. Water Research, v. 45, n. 20, p. 6737-6744, 2011.

VAN DAM, R. A.; HOGAN, A. C.; MCCULLOUGH, C. D.; HOUSTON, M. A;;
HUMPHREY, C. L.; HARFORD, A. J. Aquatic toxicity of magnesium sulfate, and the
influence of calcium, in very low ionic concentration water. Environmental Toxicology and
Chemistry, [s. I.], v. 29, n. 2, p. 410421, 2010.

VAN BOECKEL, T. P.; GANDRA, S.; ASHOK, A.; CAUDRON, Q.; GRENFELL, B. T
LEVIN, S. A.; LAXMINARAY AN, R. Global antibiotic consumption 2000 to 2010: An
analysis of national pharmaceutical sales data. The Lancet Infectious Diseases, v. 14, n. 8, p.
742-750, 2014.

VAN DEN BELT K., BERCKMANS P., VANGENECHTEN C., VERHEYEN R.,
WITTERS H. Comparative study on the in vitro/in vivo estrogenic potencies of 17p-estradiol,
estrone, 17a-ethynylestradiol and nonylphenol, Aquatic Toxicology, v. 66, p.183-195, 2004.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



98

VERLICCHI, P., AL AUKIDY M., ZAMBELLO E. Occurrence of pharmaceutical
compounds in urban wastewater: Removal, mass load and environmental risk after a
secondary treatment—A review, Science of The Total Environment, v. 429, p. 123-155, 2012.

VESTEL, J.; CALDWELL, D. J.; CONSTANTINE, L.; D’ACO, V. J.; DAVIDSON, T.;
DOLAN, D. G.; MILLARD, S. P.; MURRAY-SMITH, R.; PARKE, N. J.; RYAN, J. J.;
STRAUB, J. O.; WILSON, P. Use of acute and chronic ecotoxicity data in environmental risk
assessment of pharmaceuticals. Environmental Toxicology and Chemistry, v. 35, n. 5, p.
1201-1212, 2016.

VOLPIN F., CHEKLI L., PHUNTSHO S., GHAFFOUR N., VROUWENVELDER J.S.,
SHON H.K. Optimisation of a forward osmosis and membrane distillation hybrid system for
the treatment of source-separated urine, Separation and Purification Technology, v. 212, p.
368-375, 20109.

VYMAZAL, J.; DVORAKOVA BREZINOVA, T.; KOZELUH, M.; KULE, L. Occurrence
and removal of pharmaceuticals in four full-scale constructed wetlands in the Czech Republic
— the first year of monitoring. Ecological Engineering, v. 98, p. 354-364, 2017.

WANG X., CHANG V.W.C., TANG C.Y. Osmotic membrane bioreactor (OMBR)
technology for wastewater treatment and reclamation: Advances, challenges, and prospects
for the future, Journal of Membrane Science, v. 504, p.113-132, 2016.

WANG S., HOU X., SU H. Exploration of the relationship between biogas production and
microbial community under high salinity conditions, Sci Rep, v. 7, p.1149, 2017.

WANG, H.; JIN, M.; MAO, W.; CHEN, C.; FU, L.; LI, Z.; DU, S.; LIU, H. Photosynthetic
toxicity of non-steroidal anti-inflammatory drugs (NSAIDs) on green algae Scenedesmus
obliquus. Science of the Total Environment, v. 707, p. 136176, 2020.

WANG, Y.; LI, Y.; HU, A,; RASHID, A.; ASHFAQ, M.; WANG, Y.; WANG, H.; LUO, H,;
YU, C. P.; SUN, Q. Monitoring, mass balance and fate of pharmaceuticals and personal care
products in seven wastewater treatment plants in Xiamen City, China. Journal of Hazardous
Materials, v. 354, n. April, p. 81-90, 2018.

WANG X., WANG C., TANG C.Y.,HU T., LI X., REN Y., Development of a novel
anaerobic membrane bioreactor simultaneously integrating microfiltration and forward
osmosis membranes for low-strength wastewater treatment, Journal of Membrane Science,
v.527, p.1-7, 2017.

WANG, C.; WANG, Y.; KIEFER, F.; YEDILER, A.; WANG, Z.; KETTRUP, A.
Ecotoxicological and chemical characterization of selected treatment process effluents of
municipal sewage treatment plant. Ecotoxicology and Environmental Safety, [s. I.], v. 56, n. 2,
p. 211-217, 2003.

WEE, S. Y.; ARIS, A. Z. Endocrine disrupting compounds in drinking water supply system
and human health risk implication. Environmental International, v. 106, n. April, p. 207-233,
2017.

WASAN, K. M. Formulation and physiological and biopharmaceutical issues in the
development of oral lipid-based drug delivery systems. Drug Development and Industrial
Pharmacy, v. 27, n. 4, p. 267-276, 2001.

WATANABE, H; TAMURA, |; ABE, R; TAKANOBU; H; NAKAMURA, A; SUZUKI, T;
HIROSE, A; NISHIMURA, T. Chronic toxicity of an environmentally relevant mixture of

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG


https://www.researchgate.net/profile/Haruna_Watanabe
https://www.researchgate.net/profile/Ikumi_Tamura
https://www.researchgate.net/profile/Ryoko_Abe
https://www.researchgate.net/profile/Hitomi_Takanobu
https://www.researchgate.net/profile/Ataru_Nakamura
https://www.researchgate.net/scientific-contributions/Toshinari-Suzuki-40083733
https://www.researchgate.net/profile/Akihiko_Hirose

99

pharmaceuticals to three aquatic organisms (alga, daphnid, and fish). Environmental Toxicology
and Chemistry, v. 34, 2016.

WEE, S. Y.; HARON, D. E. M.; ARIS, A. Z.; YUSOFF, F. M.; PRAVEENA, S. M. Active
pharmaceutical ingredients in Malaysian drinking water: consumption, exposure, and human
health risk. Environmental Geochemistry and Health, v. 42, n. 10, p. 3247-3261, 2020.

WEI C.H., HOPPE-JONES C., AMY G., LEIKNES, T. Organic micro-pollutants’ removal
via anaerobic membrane bioreactor with ultrafiltration and nanofiltration, Journal of Water
Reuse and Desalination, v. 6 p. 362-370, 2016.

WEL, S.; WANG, F.; CHEN, Y.; LAN, T.; ZHANG, S. The joint toxicity effect of five
antibiotics and dibutyl phthalate to luminescent bacteria (Vibrio fischeri). Environmental
Science and Pollution Research, v. 25, n. 26, p. 2650426511, 2018.

WHO. Guidelines for drinking-water quality, 4th ed., World Health Organization, Geneva,
2017.

WIECZERZAK, M.; NAMIESNIK, J.; KUDLAK, B. Genotoxicity of selected
pharmaceuticals, their binary mixtures, and varying environmental conditions—study with
human adenocarcinoma cancer HT29 cell line. Drug and Chemical Toxicology, v. 0, n. 0, p.
1-11, 2018.

WIECZERZAK M., KUDLAK B., YOTOVA G., NEDYALKOVA M., TSAKOVSKI S.,
SIMEONOV V., NAMIESNIK J.. Modeling of pharmaceuticals mixtures toxicity with
deviation ratio and best-fit functions models, Science of The Total Environment, v. 571,
p.259-268, 2016.

WILLE K., NOPPE H., VERHEYDEN K., VANDEN BUSSCHE J., WULF E., VAN
CAETER P., JANSSEN C.R., BRABANDER, L.H.F. VANHAECKE. Validation and
application of an LC-MS/MS method for the simultaneous quantification of 13
pharmaceuticals in seawater, Anal Bioanal Chem, v. 397, p.1797-1808, 2010.

WINTER, M. J.; LILLICRAP, A. D.; CAUNTER, J. E.; SCHAFFNER, C.; ALDER, A. C,;
RAMIL, M.; TERNES, T. A.; GILTROW, E.; SUMPTER, J. P.; HUTCHINSON, T. H.
Defining the chronic impacts of atenolol on embryo-larval development and reproduction in
the fathead minnow (Pimephales promelas). Aquatic Toxicology, v. 86, n. 3, p. 361-369,
2008.

WU, M.; XIANG, J.; QUE, C.; CHEN, F.; XU, G. Occurrence and fate of psychiatric
pharmaceuticals in the urban water system of Shanghai, China. Chemosphere, v. 138, p. 486—
493, 2015.

WU Y., WANG X., TAY M.Q.X, OH S., YANG L., TANG C., CAO B. Metagenomic
insights into the influence of salinity and cytostatic drugs on the composition and functional
genes of microbial community in forward osmosis anaerobic membrane bioreactors, Chemical
Engineering Journal, v. 326, p.462—-469, 2017.

XIE, M., NGHIEM, L.D., PRICE, W.E., ELIMELECH, M. Toward Resource Recovery from
Wastewater: Extraction of Phosphorus from Digested Sludge Using a Hybrid Forward
Osmosis—Membrane Distillation Process. Environmental Science & Technology Letters, v.1,
p.191-195, 2014.

YANG, L. H.; YING, G. G.; SU, H. C.; STAUBER, J. L.; ADAMS, M. S.; BINET, M. T.
Growth-inhibiting effects of 12 antibacterial agents and their mixtures on the freshwater

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG


https://www.researchgate.net/journal/Environmental-Toxicology-and-Chemistry-1552-8618
https://www.researchgate.net/journal/Environmental-Toxicology-and-Chemistry-1552-8618

100

microalga Pseudokirchneriella subcapitata. Environmental Toxicology and Chemistry, v. 27,
n. 5, p. 1201-1208, 2008.

YANG, Y. Y.; LIU, W.R,; LIU, Y. S.; ZHAO, J. L.; ZHANG, Q. Q.; ZHANG, M.; ZHANG,
J.N.; JJANG, Y. X.; ZHANG, L. J.; YING, G. G. Suitability of pharmaceuticals and personal
care products (PPCPs) and artificial sweeteners (ASs) as wastewater indicators in the Pearl
River Delta, South China. Science of the Total Environment, v. 590-591, p. 611-619, 2017.

YAO, M.; DUAN, L.; WEI, J.; QIAN, F.; HERMANOWICZ, S. W. Carbamazepine removal
from wastewater and the degradation mechanism in a submerged forward osmotic membrane
bioreactor. Bioresource Technology, v. 314, n. June, p. 123732, 2020.

YU, Y.; WU, L.; CHANG, A. C. Seasonal variation of endocrine disrupting compounds,
pharmaceuticals and personal care products in wastewater treatment plants. Science of the
Total Environment, v. 442, p. 310-316, 201

ZAYLESKA-RADZIWILL, MONIKA E. Environmental risk assessment of selected
pharmaceuticals present in surface waters in relation to animals. Archives of Environmental
Protection, v. 37, n. 3, p. 31-42, 2011.

ZHAO, D. Thermoresponsive copolymer-based draw solution for seawater desalination in a
combined process of forward osmosis and membrane distillation. Desalination, v. 348, p. 26—
32, 2014.

ZHAO, Z.-P., XU, L., SHANG, X., CHEN, K. Water regeneration from human urine by
vacuum membrane distillation and analysis of membrane fouling characteristics. Separation
and Purification Technology, v. 118, p. 369-376, 2013.

ZHAO, J.,, LI, Y.,PAN, S, TU, Q., DANG, E., WANG, Z. Effects of magnesium chloride on
the anaerobic digestion and the implication on forward osmosis membrane bioreactor for
sludge anaerobic digestion. Bioresource Technology, V. 268, p700-707, 2018.

ZHANG, X.; DAL, Y.; CHEN, C.; YANG, Y. Occurrence and removal of quinolone,
tetracycline, and macrolide antibiotics from urban wastewater in constructed wetlands.
Journal of Cleaner Production, v. 252, p. 119677, 2020.

ZOHRABIAN L., HANKINS N.P., FIELD R.W., Hybrid forward osmosis-membrane
distillation system: Demonstration of technical feasibility, Journal of Water Process
Engineering, v. 33 p.101042, 2020.

Programa de Pés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



SUPPLEMENTARY MATERIAL

101

Table S1 — Occurrence of PhACs in raw wastewater, treated wastewater, surface water, and drinking water, worldwide

Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
Analgesic Paracetamol 18.73 Surface water - China Xu et al. (2019)
136 Surface water - China Yang et al. (2017)
250 Surface water - Portugal Santos et al. (2013)
402.7 Surface water - Spain Robles-Molina et al (2014)
1289 Surface water - Spain Boleda et al. (2013)
42000 Surface water - Brazil Veras et al (2019)
3.6 Drinking water - Holland Houtman et al. (2014)
18 Drinking water - Spain Boleda et al. (2013)
1350 Raw wastewater - China Yang et al. (2017)
1996 Raw wastewater - Greece Papageorgiou et al. (2016)
25935.1 Raw wastewater - Portugal Pereira et al. (2015)
130000 Raw wastewater - Brazil Américo et al. (2012)
700000 Raw wastewater - Sweden Daouk et al. (2016)
17.3 Treated wastewater - China Yang et al. (2017)
26.9 Treated wastewater - Portugal Pereira et al. (2015)
95 Treated wastewater - Greece Papageorgiou et al. (2016)
Codeine 7.3 Surface water - Canada Petrovi¢ et al. (2014)
7.8 Surface water - Spain Moreno-Gonzalez et al. (2014)
21 Surface water - Egypt Abdallah et al. (2018)
26.7 Surface water - Spain Boleda et al. (2007)
40.4 Surface water - Spain Robles-Molina et al (2014)
56.12 Surface water - Portugal Palma et al. (2020)
119.7 Raw wastewater - Spain Boleda et al. (2007)
195 Raw wastewater - Spain Gallardo-Altamirano et al. (2018)
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753

Raw wastewater - New Zealand
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Kumar et al. (2018) a

Therapeutic class Compound Concentration (ng/L)

Environment - Contry

Reference

940
1500
104
146
260
397
466

492
1017
Morphine 0.3
6.3
41.6
96.7
223
445
18000
<25
81.1
590
Acetaminophen 4.17
96.5
173.91
954
3422
1.92
3
6.4
12.8

Raw wastewater - Canada
Raw wastewater - Sweden
Treated wastewater - New Zealand
Treated wastewater - Spain
Treated wastewater - Canada
Treated wastewater - Spain
Treated wastewater - Egypt
Treated wastewater - USA
Treated wastewater - Canada
Surface water - England
Surface water - Spain
Raw wastewater - China
Raw wastewater - Spain
Raw wastewater - New Zealand
Raw wastewater - Croatia
Raw wastewater - Sweden
Treated wastewater - Australia
Treated wastewater - Spain
Treated wastewater - USA
Surface water - India
Surface water - Spain
Surface water - Portugal
Surface water - Egypt
Surface water - Mexico
Drinking water - India
Drinking water - Taiwan
Drinking water - China
Drinking water - Spain
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Guerra et al. (2014)
Daouk et al. (2016)
Kumar et al. (2018) a
Gallardo-Altamirano et al. (2018)

Guerra et al. (2014)
Boleda et al. (2007)

Abdallah et al. (2018)
Scott et al. (2018)
Petrovi¢ et al. (2014)
Krizman-Matasic et al. (2018)
Boleda et al. (2007)

Du et al. (2019)
Boleda et al. (2007)
Kumar et al. (2019) a
Krizman-Matasic et al. (2018)
Daouk et al. (2016)
Busetti et al. (2009)
Boleda et al. (2007)
Scott et al. (2018)
Sharma et al. (2016)
Lopez-Serna et al. (2012)
Palma et al. (2020)
Abdallah et al. (2018)
Rivera-Jaimes et al. (2018)
Sharma et al. (2016)
Yang et al. (2014)

Lin et al. (2016)
Boleda et al. (2011)



Continuation 28
30.03

Drinking water - USA
Drinking water - China

103

Wang et al. (2011)
Jiang et al. (2019)

Therapeutic class Compound Concentration (ng/L)

Environment - Contry

Reference

11600
49037
92000
110942
1234
2200
15947
Propyphenazone 2.26
3.42
12
12.5
43
568
6.4
120
500
5.2
135
47
180
200
Betamethasone 0.3
0.83
7.2
4109
2620
20

Anti-inflammatory

Raw wastewater - Mexico
Raw wastewater - New Zealand
Raw wastewater - Canada
Raw wastewater - Spain
Treated wastewater - Spain
Treated wastewater - Canada
Treated wastewater - Egypt
Surface water - Spain
Surface water - Spain
Surface water - Netherlands
Surface water - Canada
Surface water - Germany

Surface water - Portugal
Raw wastewater - Spain

Raw wastewater - Germany
Raw wastewater - Spain
Treated wastewater - Spain
Treated wastewater - Canada

Treated wastewater - Spain
Treated wastewater - Germany

Treated wastewater - Spain
Surface water - Italy
Surface water - China
Surface water - China
Surface water - Brazil
Drinking water - Brazil
Raw wastewater - Spain
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Rivera-Jaimes et al. (2018)
Kumar et al. (2019) b
Guerra et al. (2014)
Gallardo-Altamirano et al. (2018)
Gallardo-Altamirano et al. (2018)
Guerra et al. (2014)
Abdallah et al. (2018)
Moreno-Gonzélez et al. (2014)
Lopez-Serna et al. (2012)

De Jongh et al. (2012)
Petrovi¢ et al. (2014)
Ternes et al. (2001)

Palma et al. (2020)
Gallardo-Altamirano et al. (2018)
Ternes et al. (2001)
Petrovic et al. (2006)
Gallardo-Altamirano et al. (2018)
Petrovi¢ et al. (2014)
Campos-Manias et al. (2017)
Ternes et al. (2001)
Petrovic et al. (2006)
Speltini et al. (2018)

Gong et al. (2019)

Shen et al. (2020)

Reis et al. (2019)

Reis et al. (2019)

Herrero et al. (2012)
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Continuation 34 Raw wastewater - Spain Veiga-Gomez et al. (2017)
62 Raw wastewater - Canada Guerra et al. (2014)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
2.2 Treated wastewater - Italy Speltini et al. (2018)
<10 Treated wastewater - Spain Herrero et al. (2012)
<16 Treated wastewater - Canada Guerra et al. (2014)
56.9 Treated wastewater - USA Scott et al. (2018)
Ketoprofen 9.05 Surface water - China Xu et al. (2019)
17 Surface water - Spain Moreno-Gonzalez et al. (2014)
45 Surface water - Serbia Petrovi¢ et al. (2014)
68.92 Surface water - Portugal Palma et al. (2020)
107 Surface water - India Sharma et al. (2016)
298 Surface water - Brazil Reis et al. (2019)
0.6 Drinking water - Holland Houtman et al. (2014)
8 Drinking water - Finland Vieno et al. (2005)
16 Drinking water - Poland Caban et al. (2015)
16 Drinking water - Serbia Petrovi¢ et al. (2014)
23.4 Drinking water - India Sharma et al. (2016)
31.67 Drinking water - China Jiang et al. (2019)
561 Drinking water - Brazil Reis et al. (2019)
80 Raw wastewater - Canada Lee et al. (2005)
230 Raw wastewater - Spain Petrovic et al. (2006)
281 Raw wastewater - Greece Papageorgiou et al. (2016)
1288 Raw wastewater - Spain Gallardo-Altamirano et al. (2018)
28400 Raw wastewater - South Africa Zunngo et al. (2016)
50 Treated wastewater - Canada Lee et al. (2005)
59.4 Treated wastewater - Greece Papageorgiou et al. (2016)
200 Treated wastewater - Spain Petrovic et al. (2006)
247 Treated wastewater - Serbia Petrovic et al. (2014)
415 Treated wastewater - Spain Campos-Maiias et al. (2017)
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737
3500

Treated wastewater - Spain
Treated water - South Africa
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Gallardo-Altamirano et al. (2018)
Zunngo et al. (2016)

Therapeutic class

Compound Concentration (ng/L)

Environment - Contry

Reference

Ibuprofen 11.38
17.1
22.85
83.4
91
836
1020.46
0.33
3.4
6
8.36
8.5
10
30.95
72.8
202
155
540
1983
3451.2
6770
8600
20000
2325000
43.9
247.9

270

Surface water - China
Surface water - Spain
Surface water - India
Surface water - China
Surface water - Egypt
Surface wastewater - Mexico
Surface water - Portugal
Drinking water - Canada
Drinking water - Canada
Drinking water - Japan
Drinking water - China
Drinking water - Finland
Drinking water - Taiwan
Drinking water - India
Drinking water - USA
Drinking water - Spain
Raw wastewater - China
Raw wastewater - Spain
Raw wastewater - Mexico
Raw wastewater - Portugal
Raw wastewater - Canada
Raw wastewater - Canada
Raw wastewater - Spain
Raw wastewater - Brazil
Treated wastewater - China
Treated wastewater - Portugal
Treated wastewater - Spain

Programa de Pdés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG

Xu et al. (2019)
Moreno-Gonzélez et al. (2014)
Sharma et al. (2016)
Yang et al. (2017)
Abdallah et al. (2018)
Rivera-Jaimes et al. (2018)
Palma et al. (2020)
Kleywegt et al. (2011)
Yu et al. (2007)
Simazaki et al. (2015)
Jiang et al. (2019)
Vieno et al. (2005)
Yang et al. (2014)
Sharma et al. (2016)
Wang et al. (2011)
Boleda et al. (2011)
Yang et al. (2017)
Petrovic et al. (2006)
Rivera-Jaimes et al. (2018)
Pereira et al. (2015)
Lee et al. (2005)
Guerra et al. (2014)
Gallardo-Altamirano et al. (2018)
Américo et al. (2012)
Yang et al. (2017)
Pereira et al. (2015)
Petrovic et al. (2006)
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Continuation 310 Treated wastewater - Canada Lee et al. (2005)
510 Treated wastewater - Canada Guerra et al. (2014)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
1638 Treated wastewater - Spain Gallardo-Altamirano et al. (2018)
6702 Treated wastewater - Egypt Abdallah et al. (2018)
20130 Treated wastewater - Canada Petrovi¢ et al. (2014)
233000 Treated wastewater - Brazil Américo et al. (2012)
Diclofenac 12.8 Surface water - China Yang et al. (2017)
174 Surface water - Spain Lopez-Serna et al. (2012)
20 Surface water - Spain Moreno-Gonzalez et al. (2014)
41.3 Surface water - India Sharma et al. (2016)
1152.57 Surface water - Portugal Palma et al. (2020)
1209 Surface water - Mexico Rivera-Jaimes et al. (2018)
193000 Surface water - Brazil Veras et al (2019)
0.0495 Drinking water - Malaysia Mohd Nasir et al. (2019)
1.56 Drinking water - India Sharma et al. (2016)
4 Drinking water - Holland Houtman et al. (2014)
12 Drinking water - Sweden Troger et al. (2018)
16 Drinking water- Japan Simazaki et al. (2015)
31.7 Raw wastewater - China Yang et al. (2017)
125.2 Raw wastewater - Portugal Pereira et al. (2015)
170 Raw wastewater - Canada Lee et al. (2005)
250 Raw wastewater - Spain Petrovic et al. (2006)
833 Raw wastewater - Greece Papageorgiou et al. (2016)
1080 Raw wastewater - Spain Osorio et al. (2014)
1093 Raw wastewater - Spain Gallardo-Altamirano et al. (2018)
1310 Raw wastewater - Bavaria Sun et al. (2008)
2363 Raw wastewater - Mexico Rivera-Jaimes et al. (2018)
2471000 Raw wastewater - Brazil Américo et al. (2012)
39 Treated wastewater - China Yang et al. (2017)
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Continuation 89.9 Treated wastewater - Portugal Pereira et al. (2015)
110 Treated wastewater - Canada Lee et al. (2005)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
320 Treated wastewater - Spain Petrovic et al. (2006)
684 Treated wastewater - Greece Papageorgiou et al. (2016)
720 Treated wastewater - Spain Osorio et al. (2014)
1266 Treated wastewater - Spain Gallardo-Altamirano et al. (2018)
1338 Treated wastewater - Canada Petrovi¢ et al. (2014)
1600 Treated wastewater - Bavaria Sun et al. (2008)
2030 Treated wastewater - Mexico Rivera-Jaimes et al. (2018)
273000 Treated wastewater - Brazil Américo et al. (2012)
Naproxen 2.62 Surface water - India Sharma et al. (2016)
8 Surface water - Egypt Abdallah et al. (2018)
15.88 Surface water - China Xu et al. (2019)
31.9 Surface water - Spain Moreno-Gonzélez et al. (2014)
978.77 Surface water - Portugal Palma et al. (2020)
3990 Surface water - Mexico Rivera-Jaimes et al. (2018)
0.3 Drinking water - Holland Houtman et al. (2014)
237 Drinking water - India Sharma et al. (2016)
<3 Drinking water - Nigeria Ebele et al. (2020)
90.5 Drinking water - Spain Boleda et al. (2011)
648 Raw wastewater - Greece Papageorgiou et al. (2016)
2600 Raw wastewater - Mexico Rivera-Jaimes et al. (2018)
2760 Raw wastewater - Canada Lee et al. (2005)
7264 Raw wastewater - Spain Gallardo-Altamirano et al. (2018)
4603000 Raw wastewater - Brazil Américo et al. (2012)
89 Treated wastewater - Egypt Abdallah et al. (2018)
208 Treated wastewater - Canada Petrovi¢ et al. (2014)
260 Treated wastewater - Mexico Rivera-Jaimes et al. (2018)
577 Treated wastewater - Spain Campos-Marias et al. (2017)
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Continuation 820 Treated wastewater - Canada Lee et al. (2005)
038 Treated wastewater - Spain Gallardo-Altamirano et al. (2018)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
70000 Treated wastewater - Brazil Américo et al. (2012)
Prednisone 0.44 Surface water - China Gong et al. (2019)
0.74 Surface water - China Xu et al. (2019)
2444 Surface water - Brazil Reis et al. (2019)
6323 Drinking water - Brazil Reis et al. (2019)
8.5 Raw wastewater - China Liuetal. (2011)
<28 Raw wastewater - Canada Guerra et al. (2014)
45 Raw wastewater - Spain Herrero et al. (2012)
<10 Treated wastewater - Spain Herrero et al. (2012)
30 Treated wastewater - Spain GOmez-Canela et al. (2014)
<60 Treated wastewater - Canada Guerra et al. (2014)
200 Treated wastewater - USA Scott et al. (2018)
Indomethacin 195 Surface water - Canada Petrovi¢ et al. (2014)
42.32 Surface water - Portugal Palma et al. (2020)
212 Surface water - Mexico Rivera-Jaimes et al. (2018)
27.9 Raw wastewater - Spain Gallardo-Altamirano et al. (2018)
280 Raw wastewater - Canada Lee et al. (2005)
283 Raw wastewater - Mexico Rivera-Jaimes et al. (2018)
<5 Treated wastewater - Australia Busetti et al. (2009)
5.2 Treated wastewater - Spain Gallardo-Altamirano et al. (2018)
o7 Treated wastewater - Spain Campos-Manias et al. (2017)
180 Treated wastewater - Canada Lee et al. (2005)
228 Treated wastewater - Mexico Rivera-Jaimes et al. (2018)
Antibiotic Amoxicillin 8 Surface water - Brazil Montagner et al. (2019)
28 Surface water - Egypt Abdallah et al. (2018)
127.8 Surface water - Greece Alygizakis et al. (2006)
2720 Surface water - China Yin et al. (2010)
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Continuation 0.001 Drinking water - Malaysia Mohd Nasir et al. (2019)
140 Raw wastewater - Germany Savin et al. (2020)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
328.1 Raw wastewater - Greece Papageorgiou et al. (2019)
26.6 Treated wastewater - Greece Papageorgiou et al. (2019)
258 Treated wastewater - Spain Gros et al. (2013)
1230 Treated wastewater - USA Oppenheimer et al. (2011)
2038 Treated wastewater - Egypt Abdallah et al. (2018)
Ciprofloxacin 3.91 Surface water - Portugal Reis-Santos et al. (2018)
28.8 Surface water - India Sharma et al. (2016)
30.5 Surface water - China Yang et al. (2017)
278 Surface water - Canada Petrovi¢ et al. (2014)
0.6669 Drinking water - Malaysia Mohd Nasir et al. (2019)
5 Drinking water - India Sharma et al. (2016)
64.5 Raw wastewater - China Yang et al. (2017)
147 Raw wastewater - Spain Gros et al. (2013)
406 Raw wastewater - Greece Papageorgiou et al. (2016)
600 Raw wastewater - Canada Guerra et al. (2014)
720 Raw wastewater - China Li et al. (2009)
4373.6 Raw wastewater - Portugal Pereira et al. (2015)
11.4 Treated wastewater - China Yang et al. (2017)
28.2 Treated wastewater - Canada Petrovi¢ et al. (2014)
73.3 Treated wastewater - China Li et al. (2009)
200 Treated wastewater - Canada Guerra et al. (2014)
445 Treated wastewater - Spain Gros et al. (2013)
499 Treated wastewater - Greece Papageorgiou et al. (2016)
825 Treated wastewater - Spain Campos-Mafias et al. (2017)
1224.7 Treated wastewater - Portugal Pereira et al. (2015)
Trimethoprim 1.63 Surface water - China Xu et al. (2019)
2.3 Surface water - Spain Moreno-Gonzalez et al. (2014)
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Continuation 8.1
9.46

Surface water - Canada
Surface water - Spain

110

Petrovi¢ et al. (2014)
Lopez-Serna et al. (2012)

Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
12 Surface water - United Kingdom Ashton et al. (2004)
21.89 Surface water - Portugal Palma et al. (2020)
27.4 Surface water - China Yang et al. (2017)
72 Surface water - Mexico Rivera-Jaimes et al. (2018)
230 Surface water - Egypt Abdallah et al. (2018)
<1 Drinking water - Nigeria Ebele et al. (2020)
1.7 Drinking water - USA Wang et al. (2011)
2.7 Drinking water - China Lin et al. (2016)
5.1 Drinking water - Holland Houtman et al. (2014)
13 Drinking water - Spain Boleda et al. (2011)
39 Raw wastewater - China Yang et al. (2017)
137 Raw wastewater - Spain Veiga-Gomez et al. (2017)
170 Raw wastewater - Greece Papageorgiou et al. (2016)
257 Raw wastewater - China Wang et al. (2013)
380 Raw wastewater - Spain Petrovic et al. (2006)
590 Raw wastewater - New Zealand Kumar et al. (2019) b
680 Raw wastewater - Mexico Rivera-Jaimes et al. (2018)
12.1 Treated wastewater - China Yang et al. (2017)
78.4 Treated wastewater - Greece Papageorgiou et al. (2016)
110 Treated wastewater - Spain Petrovic et al. (2006)
186 Treated wastewater - China Wang et al. (2013)
259 Treated wastewater - Canada Petrovi¢ et al. (2014)
338 Treated wastewater - Mexico Rivera-Jaimes et al. (2018)
380 Treated wastewater - New Zealand Kumar et al. (2019) b
449 Treated wastewater - Spain Campos-Marias et al. (2017)
558 Treated wastewater - USA Scott et al. (2018)
2738 Treated wastewater - Egypt Abdallah et al. (2018)
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Continuation Erythromycin 61 Surface water - Egypt Abdallah et al. (2018)
65.1 Surface water - Spain Moreno-Gonzalez et al. (2014)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
292 Surface water - Canada Petrovi¢ et al. (2014)
645 Surface water - China Yang et al. (2017)
1770 Surface water - Croatia Ivesic et al. (2017)
0.03 Drinking water - Canada Kleywegt et al. (2011)
2 Drinking water - Spain Boleda et al. (2011)
2 Drinking water - Taiwan Yang et al. (2014)
58.6 Raw wastewater - South Africa Faleye et al. (2019)
92 Raw wastewater - Canada Guerra et al. (2014)
130 Raw wastewater - Spain Petrovic et al. (2006)
135 Raw wastewater - Greece Papageorgiou et al. (2016)
785.2 Raw wastewater - United Arab Emirates Semerjian et al. (2017)
6910 Raw wastewater - China Yang et al. (2017)
63.7 Treated wastewater - USA Scott et al. (2018)
96 Treated wastewater - Canada Guerra et al. (2014)
150 Treated wastewater - Spain Petrovic et al. (2006)
275 Treated wastewater - Egypt Abdallah et al. (2018)
319 Treated wastewater - Spain Campos-Manias et al. (2017)
541.2 Treated wastewater - United Arab Emirates Semerjian et al. (2017)
3200 Treated wastewater - China Yang et al. (2017)
Roxithromycin 0.27 Surface water - China Xu etal. (2019)
28 Surface water - Japan Managaki et al. (2007)
294 Surface water - China Yang et al. (2017)
0.12 Drinking water - Canada Kleywegt et al. (2011)
0.9 Drinking water - China Sun et al. (2015)
1.02 Drinking water - China Jiang et al. (2019)
2.7 Drinking water - China Linetal. (2016)
4.86 Raw wastewater - Greece Papageorgiou et al. (2019)
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Continuation

22
25.3

Raw wastewater - New Zealand
Raw wastewater - China

112

Kumar et al. (2019) b
Li et al. (2009)

Therapeutic class

Compound Concentration (ng/L)

Environment - Contry

Reference

99.4
110
122
329.55
404
1275.6
3
4.25
14.2
415
75
130
3475
443.32
Sulfamethoxazale 1.39
2.92
13.8
27.5
105.65
210
642
0.2345
1.8
1.9
2.8
2.9
3

Raw wastewater - China
Raw wastewater - Germany
Raw wastewater - China
Raw wastewater - China
Raw wastewater - China
Raw wastewater - South Africa
Treated wastewater - New Zealand
Treated wastewater - Greece
Treated wastewater - China
Treated wastewater - China
Treated wastewater - China
Treated wastewater - Germany
Treated wastewater - China
Treated wastewater - China
Surface water - Spain
Surface water - China
Surface water - Spain
Surface water - India
Surface water - Portugal
Surface water - China
Surface water - Mexico
Drinking water - Malaysia
Drinking water - China
Drinking water - Korea
Drinking water - Spain
Drinking water - Holland
Drinking water - Taiwan
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Yang et al. (2017)

Savin et al. (2020)

Zhang et al. (2019)
Hu et al. (2018)

Yan et al. (2013)
Faleye et al. (2019)
Kumar et al. (2019) b
Papageorgiou et al. (2019)
Li et al. (2009)
Yang et al. (2017)
Zhang et al. (2019)
Savin et al. (2020)
Yan et al. (2013)

Hu et al. (2018)
Lopez-Serna et al. (2012)
Xu et al. (2019)
Moreno-Gonzalez et al. (2014)
Sharma et al. (2016)
Palma et al. (2020)
Yang et al. (2017)
Rivera-Jaimes et al. (2018)
Mohd Nasir et al. (2019)
Lin et al. (2016)

Kim et al. (2020)
Boleda et al. (2011)
Houtman et al. (2014)
Yang et al. (2014)



3.49

Continuation
8.2

Drinking water - India
Drinking water - USA

Sharma et al. (2016)
Wang et al. (2011)

Therapeutic class Compound Concentration (ng/L)

Environment - Contry

Reference

8.25
104
217
450
713
1480
19
441
49.4
264
313
400
432
695
907
2080
Sulfadiazine 0.91
13.7
75.24
1000
3.6
454
73
88.9
185
229.9
1109

Drinking water - China
Raw wastewater - Greece
Raw wastewater - China
Raw wastewater - Spain
Raw wastewater - New Zealand
Raw wastewater - Mexico
Treated wastewater - Egypt

Treated wastewater - Greece
Treated wastewater - China

Treated wastewater - New Zealand
Treated wastewater - Spain
Treated wastewater - Spain

Treated wastewater - Canada
Treated wastewater - Mexico
Treated wastewater - USA

Treated wastewater - USA
Surface water - China

Surface water - China
Surface water - Portugal
Surface water - Croatia
Drinking water - China
Raw wastewater - Greece
Raw wastewater - China
Raw wastewater - China
Raw wastewater - Greece
Raw wastewater - China
Raw wastewater - Spain
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Jiang et al. (2019)
Papageorgiou et al. (2016)
Yang et al. (2017)
Petrovic et al. (2006)
Kumar et al. (2019) b
Rivera-Jaimes et al. (2018)
Abdallah et al. (2018)
Papageorgiou et al. (2016)
Yang et al. (2017)
Kumar et al. (2019) b
Campos-Manas et al. (2017)
Petrovic et al. (2006)
Petrovi¢ et al. (2014)
Rivera-Jaimes et al. (2018)
Oppenheimer et al. (2011)
Scott et al. (2018)

Xu et al. (2019)
Yang et al. (2017)
Palma et al. (2020)
Ivesic et al. (2017)
Jiang et al. (2019)
Papageorgiou et al. (2019)
Li et al. (2009)

Yang et al. (2017)
Papageorgiou et al. (2016)
Yan et al. (2013)
Veiga-Gomez et al. (2017)
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Continuation 5.62 Treated wastewater - China Yang et al. (2017)
9.87 Treated wastewater - Greece Papageorgiou et al. (2019)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
16.2 Treated wastewater - China Li et al. (2009)
155 Treated wastewater - China Yan et al. (2013)
Ofloxacin 10.2 Surface water - Spain Lopez-Serna et al. (2012)
22.16 Surface water - China Xu et al. (2019)
31.7 Surface water - Portugal Palma et al. (2020)
379 Surface water - China Yang et al. (2017)
2.42 Drinking water - China Jiang et al. (2019)
120 Raw wastewater - Canada Guerra et al. (2014)
205 Raw wastewater - China Yang et al. (2017)
335.9 Raw wastewater - China Li et al. (2009)
536 Raw wastewater - China Zhang et al. (2019)
845.9 Raw wastewater - United Arab Emirates Semerjian et al. (2017)
45 Treated wastewater - Canada Guerra et al. (2014)
51.9 Treated wastewater - China Yang et al. (2017)
220 Treated wastewater - Canada Petrovic et al. (2014)
331 Treated wastewater - China Zhang et al. (2019)
510.8 Treated wastewater - United Arab Emirates Semerjian et al. (2017)
556.4 Treated wastewater - China Li et al. (2009)
1135 Treated wastewater - Spain Campos-Manias et al. (2017)
Norfloxacin 4.07 Surface water - China Xu et al. (2019)
18.9 Surface water - China Yang et al. (2017)
120 Surface water - USA Kolpin et al. (2002)
210 Drinking water - Brazil Reis et al. (2019)
<55 Raw wastewater - Canada Guerra et al. (2014)
59.5 Raw wastewater - China Li et al. (2009)
90.5 Raw wastewater - China Yang et al. (2017)
203 Raw wastewater - China Yan et al. (2013)
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Continuation 2034 Raw wastewater - China Zhang et al. (2019)
13.9 Treated wastewater - China Li et al. (2009)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
18.7 Treated wastewater - China Yang et al. (2017)
<30 Treated wastewater - Canada Guerra et al. (2014)
30.4 Treated wastewater - China Yan et al. (2013)
222 Treated wastewater - Spain Campos-Manias et al. (2017)
2730 Treated wastewater - China Zhang et al. (2019)
Antifungal Fluconazole 6.91 Surface water - China Zhang et al. (2019)
32 Surface water - Spain Casado et al. (2014)
58.9 Surface water - China Yang et al. (2017)
75.7 Surface water - Thailand Juksu et al. (2019)
230.2 Surface water - South Africa Assress et al. (2020)
573.8 Surface water - Brazil Couto et al. (2020)
583 Surface water - Brazil Reis et al. (2019)
170.8 Drinking water - South Africa Assress et al. (2020)
278 Drinking water - Brazil Reis et al. (2019)
58.6 Raw wastewater - China Yang et al. (2017)
86 Raw wastewater - Spain Casado et al. (2014)
102 Raw wastewater - Thailand Juksu et al. (2019)
250.4 Raw wastewater - Greece Papageorgiou et al. (2019)
9959 Raw wastewater - South Africa Assress et al. (2020)
72 Treated wastewater - Spain Casado et al. (2014)
82.7 Treated wastewater - China Yang et al. (2017)
101 Treated wastewater - Thailand Juksu et al. (2019)
166.1 Treated wastewater - Greece Papageorgiou et al. (2019)
309.9 Treated wastewater - South Africa Assress et al. (2020)
555000 Treated wastewater - USA Scott et al. (2018)
Miconazole 3.32 Surface water - Thailand Juksu et al. (2019)
13.6 Surface water - South Africa Assress et al. (2020)
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Continuation 16.3 Surface water - China _ Yang et al. (2017)
8 Drinking water - South Africa Assress et al. (2020)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
1.97 Raw wastewater - China Wang et al. (2018)
6.3 Raw wastewater - South Africa Huang et al. (2012)
10 Raw wastewater - Canada Guerra et al. (2014)
16.7 Raw wastewater - South Africa Assress et al. (2020)
20 Raw wastewater - Thailand Juksu et al. (2019)
26 Raw wastewater - China Yang et al. (2017)
337.9 Raw wastewater - Belgium Van De Steene et al. (2010)
0.54 Treated wastewater - South Africa Huang et al. (2012)
131 Treated wastewater - China Wang et al. (2018)
3.24 Treated wastewater - Thailand Juksu et al. (2019)
3.75 Treated wastewater - China Yang et al. (2017)
6.1 Treated wastewater - Canada Guerra et al. (2014)
7.9 Treated wastewater - South Africa Assress et al. (2020)
35.7 Treated wastewater - Belgium Van De Steene et al. (2010)
Thiabendazole 2.16 Surface water - Thailand Juksu et al. (2019)
3.7 Surface water - Spain Moreno-Gonzélez et al. (2014)
0.263 Raw wastewater - China Wang et al. (2018)
0.91 Raw wastewater - China Yang et al. (2017)
0.91 Raw wastewater - China Yang et al. (2017)
277 Raw wastewater - Portugal Santos et al. (2013)
7.1 Raw wastewater - Thailand Juksu et al. (2019)
26 Raw wastewater - Canada Guerra et al. (2014)
0.321 Treated wastewater - China Wang et al. (2018)
0.96 Treated wastewater - China Yang et al. (2017)
0.96 Treated wastewater - China Yang et al. (2017)
4.95 Treated wastewater - Portugal Santos et al. (2013)
6.2 Treated wastewater - Thailand Juksu et al. (2019)
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Continuation

28
113
168

Treated wastewater - Canada

Treated wastewater - USA
Treated wastewater - Spain

Guerra et al. (2014)
Scott et al. (2018)
Campos-Manias et al. (2017)

Therapeutic class Compound

Concentration (ng/L)

Environment - Contry

Reference

Antihistamine Loratadine

Fexofenadine

Beta-blockers Atenolol

1.14
6.46
486

67

330

8100
63.9
180
170

17400
0.35
1.3
6.2
27
39.3
50.6
90.5
470
39100
0.5
12
30
80
230
753

1882

Surface water - Spain
Surface water - England
Surface water - Brazil
Drinking water - Brazil
Raw wastewater - Spain
Raw wastewater - Colombia
Treated wastewater - USA
Raw wastewater - Czech Republic
Treated wastewater - Czech Republic
Treated wastewater - USA
Surface water - China
Surface water - India
Surface water - Spain
Surface water - Mexico
Surface water - Spain
Surface water - Canada
Surface water - Portugal
Surface water - Spain
Surface water - South Africa
Drinking water - Holland
Drinking water - Spain
Raw wastewater - Sweden
Raw wastewater - Mexico
Raw wastewater - Spain
Raw wastewater - New Zealand
Raw wastewater - Greece
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Lopez-Serna et al. (2012)
Burns et al. (2018)
Reis et al. (2019)

Reis et al. (2019)
Huerta-Fontela et al. (2010)
Serna-Galvis et al. (2019)
Scott et al. (2018)
Golovko et al. (2014)
Golovko et al. (2014)
Scott et al. (2018)

Xu et al. (2019)
Sharma et al. (2016)
Robles-Molina et al (2014)
Rivera-Jaimes et al. (2018)
Lopez-Serna et al. (2012)
Petrovic et al. (2014)
Palma et al. (2020)
Huerta-Fontela et al. (2011)
Agunbiade e Moodley, 2014
Houtman et al. (2014)
Huerta-Fontela et al. (2011)
Bendz et al. (2005)
Rivera-Jaimes et al. (2018)
Petrovic et al. (2006)
Kumar et al. (2019) b
Papageorgiou et al. (2016)
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2390
45
160

Raw wastewater - Spain
Treated wastewater - Mexico
Treated wastewater - Sweden

118

Huerta-Fontela et al. (2010)
Rivera-Jaimes et al. (2018)
Bendz et al. (2005)

Therapeutic class

Compound Concentration (ng/L)

Environment - Contry

Reference

237
280
670
1300
1310
1564
2106
3230
9929
Metoprolol 0.8
3.08
6.33
17
26.3
41
70
90
115.08
0.1
<1
1.3
35
3.98
96
122
186

Treated wastewater - New Zealand
Treated wastewater - Spain
Treated wastewater - Canada
Treated wastewater - Australia
Treated wastewater - USA
Treated wastewater - Greece
Treated wastewater - Spain
Treated wastewater - USA
Treated wastewater - Spain
Surface water - Spain
Surface water - China
Surface water - Spain
Surface water - Egypt
Surface water - Canada
Surface water - Netherlands
Surface water - Sweden
Surface water - Spain
Surface water - Portugal
Drinking water - China
Drinking water - Nigeria
Drinking water - Holland
Drinking water - Canada
Drinking water - China
Raw wastewater - Spain
Raw wastewater - China
Raw wastewater - Greece
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Kumar et al. (2019) b
Petrovic et al. (2006)
Petrovi¢ et al. (2014)
Leusch et al. (2018)
Oppenheimer et al. (2011)
Papageorgiou et al. (2016)
Campos-Manias et al. (2017)
Scott et al. (2018)
Huerta-Fontela et al. (2010)
Moreno-Gonzalez et al. (2014)
Xu et al. (2019)
Lopez-Serna et al. (2012)
Abdallah et al. (2018)
Petrovi¢ et al. (2014)

De Jongh et al. (2012)
Bendz et al. (2005)
Huerta-Fontela et al. (2011)
Palma et al. (2020)

Sun et al. (2015)
Ebele et al., 2020
Houtman et al. (2014)
Petrovi¢ et al. (2014)
Jiang et al. (2019)
Huerta-Fontela et al. (2010)
Wang et al. (2013)
Papageorgiou et al. (2016)
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5242 Raw wastewater - New Zealand Kumar et al. (2019) b
Continuation 126 Treated wastewater - China Wang et al. (2013)
351 Treated wastewater - Spain Huerta-Fontela et al. (2010)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
574 Treated wastewater - Canada Petrovi¢ et al. (2014)
601 Treated wastewater - Greece Papageorgiou et al. (2016)
1089 Treated wastewater - Egypt Abdallah et al. (2018)
3097 Treated wastewater - New Zealand Kumar et al. (2019) b
6990 Treated wastewater - USA Scott et al. (2018)
Propanolol 2 Surface water - Spain Moreno-Gonzélez et al. (2014)
7 Surface water - Egypt Abdallah et al. (2018)
104 Surface water - Canada Petrovi¢ et al. (2014)
54 Surface water - Spain Huerta-Fontela et al. (2011)
4 Drinking water - Holland Houtman et al. (2014)
4.3 Drinking water - Canada Petrovi¢ et al. (2014)
11 Raw wastewater - Spain Huerta-Fontela et al. (2010)
32.4 Raw wastewater - Greece Papageorgiou et al. (2016)
52.55 Raw wastewater - Greece Papageorgiou et al. (2019)
7.89 Treated wastewater - Greece Papageorgiou et al. (2019)
17 Treated wastewater - Spain Huerta-Fontela et al. (2010)
33.1 Treated wastewater - Greece Papageorgiou et al. (2016)
78.5 Treated wastewater - Canada Petrovi¢ et al. (2014)
187 Treated wastewater - Egypt Abdallah et al. (2018)
215 Treated wastewater - USA Scott et al. (2018)
1350 Treated wastewater - Spain GOmez et al. (2006)
Hormone Ethinylestradiol 1 Surface water - Luxembourg Pailler et al. (2009)
1.4 Surface water - France Vulliet et al. (2011)
25 Surface water - Spain Huerta-Fontela et al. (2011)
6 Surface water - Italy Merlo et al. (2019)
310 Surface water - Brazil Sodré et al. (2007)
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Continuation

32
14
1.85

Drinking water - Brazil
Raw wastewater - Malaysia
Raw wastewater - Iran

120

Montagner et al. (2019)
Fang et al. (2018)
Amin et al. (2018)

Therapeutic class

Compound Concentration (ng/L)

Environment - Contry

Reference

13.34
21
24
34
40

0.04
<1
1
7
11.5
15
<20
29
219
B Estradiol 0.2
1.7
6
7.6
34
2510
25
5
6.7
<10
15
16.2

Raw wastewater - China
Raw wastewater - Italy
Raw wastewater - Luxembourg
Raw wastewater - Spain
Raw wastewater - Spain
Treated wastewater - Iran
Treated wastewater - Hungary
Treated wastewater - Malaysia
Treated wastewater - Spain
Treated wastewater - China
Treated wastewater - Italy
Treated wastewater - Italy
Treated wastewater - Spain
Treated wastewater - Egypt
Surface water - France
Surface water - Canada
Surface water - Luxembourg
Surface water - China
Surface water - Italy
Surface water - Brazil
Drinking water - Brazil
Raw wastewater - Italy
Raw wastewater - China
Raw wastewater - Italy
Raw wastewater - Canada
Raw wastewater - China
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Jiang et al. (2020)
Marcantonio et al. (2020)
Pailler et al. (2009)
Huerta-Fontela et al. (2010)
Bizkarguenaga et al. (2012)
Amin et al. (2018)
Fenyvesi et al. (2019)
Fang et al. (2018)
Huerta-Fontela et al. (2010)
Jiang et al. (2020)
Merlo et al. (2019)
Marcantonio et al. (2020)
Bizkarguenaga et al. (2012)
Abdallah et al. (2018)
Vulliet et al. (2011)
Goeury et al. (2019)
Pailler et al. (2009)
Tang et al. (2020)
Merlo et al. (2019)
Sodré et al. (2007)
Montagner et al. (2019)
Palli et al. (2019)
Ben et al. (2018)
Marcantonio et al. (2020)
Goeury et al. (2019)
Tang et al. (2020)
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22 Raw wastewater - Mexico Gibson et al. (2007)
Continuation 23.71 Raw wastewater - China Jiang et al. (2020)
32 Raw wastewater - Iran Amin et al. (2018)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
93.9 Raw wastewater - Malaysia Fang et al. (2018)
102 Raw wastewater - Luxembourg Pailler et al. (2009)
274 Raw wastewater - Spain Bizkarguenaga et al. (2012)
0.8 Treated wastewater - China Ben et al. (2018)
<1 Treated wastewater - Hungary Fenyvesi et al. (2019)
2.8 Treated wastewater - Iran Amin et al. (2018)
5 Treated wastewater - Italy Palli et al. (2019)
<10 Treated wastewater - Italy Di Marcantonio et al. (2020)
22 Treated wastewater - Spain Bizkarguenaga et al. (2012)
23.1 Treated wastewater - China Jiang et al. (2020)
31 Treated wastewater - Canada Goeury et al. (2019)
85 Treated wastewater - Luxembourg Pailler et al. (2009)
85.2 Treated wastewater - Malaysia Fang et al. (2018)
165 Treated wastewater - Egypt Abdallah et al. (2018)
Estrone 0.5 Surface water - France Vulliet et al. (2011)
0.5 Surface water - Canada Goeury et al. (2019)
2.3 Surface water - USA He et al. (2019)
114 Surface water - China Tang et al. (2020)
12 Surface water - Luxembourg Pailler et al. (2009)
17 Surface water - England Xiao et al. (2001)
22 Surface water - Spain Rodriguez-Mozaz et al. (2004)
76 Surface water - Italy Merlo et al. (2019)
1.7 Drinking water - Canada Yu et al. (2007)
9 Raw wastewater - Luxembourg Pailler et al. (2009)
13 Raw wastewater - Italy Di Marcantonio et al. (2020)
21 Raw wastewater - Canada Goeury et al. (2019)
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24.78 Raw wastewater - China Jiang et al. (2020)
47 Raw wastewater - Korea Behera et al. (2011)
Continuation 62.9 Raw wastewater - China Tang et al. (2020)
72.7 Raw wastewater - China Ben et al. (2018)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
78 Raw wastewater - Spain Bizkarguenaga et al. (2012)
80 Raw wastewater - Iran Amin et al. (2018)
80 Raw wastewater - Mexico Gibson et al. (2007)
4.7 Treated wastewater - China Ben et al. (2018)
6 Treated wastewater - Korea Behera et al. (2011)
9 Treated wastewater - Iran Amin et al. (2018)
<10 Treated wastewater - Italy Di Marcantonio et al. (2020)
14 Treated wastewater - Luxembourg Pailler et al. (2009)
14.7 Treated wastewater - China Tang et al. (2020)
16.15 Treated wastewater - China Jiang et al. (2020)
39 Treated wastewater - Italy Merlo et al. (2019)
42 Treated wastewater - Spain Bizkarguenaga et al. (2012)
44 Treated wastewater - Canada Goeury et al. (2019)
48 Treated wastewater - Italy Castiglioni et al. (2005)
Lipid regulator Bezafibrate 1.5 Surface water - Canada Petrovi¢ et al. (2014)
3.6 Surface water - Spain Moreno-Gonzélez et al. (2014)
4.05 Surface water - Spain Lopez-Serna et al. (2012)
5 Surface water - Netherlands De Jongh et al. (2012)
328.02 Surface water - Portugal Palma et al. (2020)
1513 Surface water - Mexico Rivera-Jaimes et al. (2018)
341 Raw wastewater - Greece Papageorgiou et al. (2019)
51.8 Raw wastewater - Greece Papageorgiou et al. (2016)
1369.4 Raw wastewater - Portugal Pereira et al. (2015)
3105 Raw wastewater - Mexico Rivera-Jaimes et al. (2018)
2.75 Treated wastewater - Greece Papageorgiou et al. (2019)
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<15 Treated wastewater - Australia Busetti et al. (2009)
40.5 Treated wastewater - Canada Petrovi¢ et al. (2014)
Continuation 42 Treated wastewater - Spain Campos-Marias et al. (2017)
302.2 Treated wastewater - Portugal Pereira et al. (2015)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
748 Treated wastewater - Mexico Rivera-Jaimes et al. (2018)
Simvastatin 6 Surface water - Malaysia Al-Qaim et al. (2014)
<50 Surface water - UK Kasprzyk-Hordern et al. (2009)
4 Raw wastewater - Canada Miao et al. (2013)
27 Raw wastewater - Malaysia Al-Qaim et al. (2014)
39.6 Raw wastewater - Greece Kosma et al. (2014)
60.5 Raw wastewater - Greece Papageorgiou et al. (2016)
115 Raw wastewater - United Kingdom Kasprzyk-Hordern et al. (2009)
117.5 Raw wastewater - China Yan et al. (2013)
2652.1 Raw wastewater - Portugal Pereira et al. (2015)
1 Treated wastewater - Canada Miao et al. (2013)
5 Treated wastewater - United Kingdom Kasprzyk-Hordern et al. (2009)
12 Treated wastewater - Malaysia Al-Qaim et al. (2014)
19.8 Treated wastewater - China Yan et al. (2013)
39.3 Treated wastewater - Portugal Pereira et al. (2015)
621 Treated wastewater - Greece Papageorgiou et al. (2016)
Fenofibrate 16.21 Surface water - Portugal Palma et al. (2020)
3.3 Drinking water - Holland Houtman et al. (2014)
21 Drinking water - Japan Simazaki et al. (2015)
93 Raw wastewater - Greece Kosma et al. (2014)
780 Raw wastewater - South Africa Tete et al. (2019)
51.3 Treated wastewater - USA Scott et al. (2018)
140 Treated wastewater - Greece Andreozzi et al. (2003)
710 Treated wastewater - South Africa Tete et al. (2019)
Psychiatric Fluoxetine 1.56 Surface water - China Xu et al. (2019)
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4.72 Surface water - Spain Lopez-Serna et al. (2012)
5.3 Surface water - China Ma et al. (2016)
Continuation 41 Treated wastewater - Spain Campos-Mafias et al. (2017)
43.3 Treated wastewater - USA Scott et al. (2018)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
240 Treated wastewater - Australia Althakafy et al. (2017)
Diazepam 3 Surface water - Spain Huerta-Fontela et al. (2011)
4.7 Surface water - Portugal Palma et al. (2020)
5 Surface water - Spain Moreno-Gonzélez et al. (2014)
9 Surface water - Egypt Abdallah et al. (2018)
24.3 Surface water - China Wu et al. (2015)
33 Surface water - Germany Ternes et al. (2001)
335 Surface water - Brazil Ferreira (2014)
0.2 Drinking water - Holland Houtman et al. (2014)
1.9 Drinking water - China Wu et al. (2015)
9.5 Raw wastewater - China Wu et al. (2015)
49 Raw wastewater - Spain Huerta-Fontela et al. (2010)
<5 Treated wastewater - Australia Busetti et al. (2009)
9.7 Treated wastewater - China Wau et al. (2015)
58 Treated wastewater - Egypt Abdallah et al. (2018)
140 Treated wastewater - Spain Campos-Manias et al. (2017)
4770 Treated wastewater - USA Scott et al. (2018)
Oxazepam 0.69 Surface water - Hungary Kondor et al. (2020)
20 Surface water - Spain Huerta-Fontela et al. (2011)
22.5 Surface water - USA Skees et al. (2018)
40 Surface water - Germany Hass et al. (2012)
0.02 Drinking water - China Wang et al. (2020)
0.4 Drinking water - Holland Houtman et al. (2014)
<2 Drinking water - Nigeria Ebele et al. (2020)
6.52 Raw wastewater - USA Subedi and Kannan (2015)
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54.1 Raw wastewater - USA Skees et al. (2018)
82 Raw wastewater - Spain Racamonde et al. (2014)
Continuation 100 Raw wastewater - Spain Gonzalez-Marifio et al. (2018)
106 Raw wastewater - Czech Republic Baker et al. (2012)
Therapeutic class Compound Concentration (ng/L) Environment - Contry Reference
143 Raw wastewater - China Wang et al. (2013)
281 Raw wastewater - UK Castrignano et al. (2016)
330 Raw wastewater - Spain Huerta-Fontela et al. (2010)
400 Raw wastewater - Sweden Lavén et al. (2009)
7.72 Treated wastewater - USA Subedi and Kannan (2015)
30 Treated wastewater - Spain Gonzalez Alonso et al. (2010)
39 Treated wastewater - Egypt Abdallah et al. (2018)
59.7 Treated wastewater - USA Skees et al. (2018)
70 Treated wastewater - Spain Racamonde et al. (2014)
149 Treated wastewater - Spain Huerta-Fontela et al. (2010)
161 Treated wastewater - USA Scott et al. (2018)
168 Treated wastewater - China Wang et al. (2013)
540 Treated wastewater - Sweden Lavén et al. (2009)
Carbamazepine 1.15 Surface water - China Xu et al. (2019)
6.07 Surface water - China Yang et al. (2017)
8 Surface water - Egypt Abdallah et al. (2018)
13 Surface water - Spain Huerta-Fontela et al. (2011)
16.1 Surface water - India Sharma et al. (2016)
25.2 Surface water - China Wu et al. (2015)
82.6 Surface water - Spain Moreno-Gonzélez et al. (2014)
90 Surface water - Mexico Rivera-Jaimes et al. (2018)
689.65 Surface water - Portugal Palma et al. (2020)
0.2 Drinking water - China Sun et al. (2015)
0.21 Drinking water - Canada Kleywegt et al. (2011)
0.65 Drinking water - China Lin et al. (2016)

Programa de Pdés-graduacéo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



0.67
<1

Continuation 1.16
1.5

Drinking water - Korea
Drinking water - Nigeria
Drinking water - China
Drinking water - Sweden

Kim et al. (2020)
Ebele et al. (2020)
Jiang et al. (2019)
Troger et al. (2018)

Therapeutic class Compound Concentration (ng/L)

Environment - Contry

Reference

3.1
5.6
6.8
7.61
8.7
10.5
19
11.7
25.9
45.2
85
290
400
589
14.2
345
101.7
110
188
261
303
342
360
691

Drinking water - Holland
Drinking water - Canada
Drinking water - USA
Drinking water - Italy
Drinking water - Canada
Drinking water - India
Drinking water - Japan
Raw wastewater - China
Raw wastewater - Greece
Raw wastewater - China
Raw wastewater - Spain
Raw wastewater - Mexico
Raw wastewater - Spain
Raw wastewater - New Zealand
Treated wastewater - China
Treated wastewater - China
Treated wastewater - Greece
Treated wastewater - Spain
Treated wastewater - Mexico
Treated wastewater - Spain
Treated wastewater - Canada

Treated wastewater - Egypt
Treated wastewater - Spain
Treated wastewater - New Zealand

Houtman et al. (2014)
Garcia-Ac et al. (2009)
Wang et al. (2011)
Riva et al. (2018)
Petrovi¢ et al. (2014)
Sharma et al. (2016)
Simazaki et al. (2015)
Yang et al. (2017)
Papageorgiou et al. (2016)
Wau et al. (2014)
Huerta-Fontela et al. (2010)
Rivera-Jaimes et al. (2018)
Petrovic et al. (2006)
Kumar et al. (2019) b
Yang et al. (2017)

Wau et al. (2014)
Papageorgiou et al. (2016)
Huerta-Fontela et al. (2010)
Rivera-Jaimes et al. (2018)
Campos-Manias et al. (2017)
Petrovi¢ et al. (2014)
Abdallah et al. (2018)
Petrovic et al. (2006)
Kumar et al. (2019) b
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