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Abstract 

Drugs can reach the environment through its elimination by industry, hospitals 

and domestic sewage, either by inappropriate discharge or after human consumption 

(main source of drugs in the environment). The wastewater treatment plants (WWTP) 

are not design to complete eliminate small molecules and the effluents is the principal 

resource of contamination of surface water by drugs. The connection between soil, 

surface and groundwater can result in contamination of drinking water by drugs. 

Chiral drugs (CDs) have shown an environmental concern as they are found in 

different forms in the environment. CDs can be administered in the form of racemates 

or in the enantiomerically pure form and the metabolism and the 

degradation/biodegradation can be enantioselective. Therefore CDs can be detected in 

the environment in the two variants. 

Enantiomers have differences in pharmacokinetics, pharmacodynamics and 

(eco)toxicity which may affect aquatic organisms in an enantioselective way. 

Consequently, it is important to determine the enantiomeric fractions (EF) of 

these compounds for accurate toxicological studies and environmental monitoring. 

Development of new enantioselective analytical methods to quantify the enantiomers of 

CDs in environmental occurrence program is crucial for a correctly ecological risk 

evaluation. 

The aim of this work was to develop an enantioselective method to quantify 

CDs in the surface waters of the Douro river estuary. Different classes of CDs, such as 

adrenergic beta-blockers, antidepressants, stimulants, non-steroidal anti-inflammatory 

drugs (NSAIDs) and the illegal drugs as cocaine and its metabolites, twenty three 

compounds were selected. The analytical method was based on solid phase extraction 

(SPE) followed liquid chromatography tandem mass spectrometry (LC-MS/MS) with a 

triple quadrupole analyzer. In brief, Oasis® MCX cartridges were used to pre-

concentrate 500 mL of water samples and the reconstituted extracts were analyzed 

with two chiral columns for enantiomeric separation: a Chirobiotic™V column in the 

case of the basic compounds and with the Whelk-O®1, in the case of the acidic 

compounds, both in reverse elution mode. The method validation demonstrated good 

linearity (r2 > 0.99), selectivity and sensitivity achieved in the range of 15-300 ng L-1 for 

all enantiomers.The detection limits of the method were between 0.01 and 2.66 ng L-1 

and the limits of quantification of the method were between 0.02 and 5.71 ng L-1. The 

identity of all the enantiomers was confirmed using one or two transitions of MS/MS 

and their ion ratios.  
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The developed method was successfully applied in the evaluation of surface 

waters of the Douro estuary. 

Of the 23 compounds studied, 15 compounds were detected. Tramadol and 

alprenolol (ALP), salbutamol (SBT) were only found at one collection point. Norcocaine 

(NCOC) and benzoylecgonine (BE) were found at some points and with approximate 

concentrations of cocaine (COC). O-desmethyltramadol (ODT) was also found at some 

sampling points but the concentration came from only one enantiomer (EF=1.0). All 

remaining 9 compounds were detected every day, including illicit drugs such as 

amphetamine (AM) and metamphetamine (MA) being found at similar concentrations at 

some points. COC and the enantiomers of fluoxetine (FLX) were found at similar 

concentrations every day at all sampling points. FLX present EF about 0.5. One of the 

metabolites of tramadol, N-desmethyltramadol (NDT) was found at all sampling points 

but in concentration about six times greater than the concentration of tramadol. The 

two enantiomers of venlafaxine (VNF) were found at one sampling point (EF=0.5) and 

the remaining points only one enantiomer (second enantiomer eluted) was found 

(EF=1.0). The metabolite of VNF, O-desmethylvenlafaxine (ODV) presented higher 

concentrations of the first enantiomer eluted. 

One enantiomer of metoprolol (MET) and bisoprolol (BSP) were found in higher 

concentration with EF=0.7 and EF=0.9, respectively. 
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Resumo  

Os medicamentos podem chegar ao meio ambiente através de sua eliminação 

pela indústria, hospitais e esgotos domésticos, seja por descarga inadequada ou após 

o consumo humano (principal fonte de drogas no ambiente). As estações de 

tratamento de águas residuais (ETAR) não são desenhadas para eliminar pequenas 

moléculas e os efluentes são o principal recurso de contaminação das águas 

superficiais pelas drogas. A ligação entre os solos, as águas superficiais e águas 

subterrâneas pode resultar na contaminação da água potável por drogas. 

Os compostos quirais (CQs) têm vindo a mostrar uma preocupação ambiental 

desde que começaram a ser encontradas em diferentes formas no ambiente. Os DQs 

podem ser administrados na forma de racemato ou na forma enantiomericamente pura 

e o metabolismo e a degradação/biodegradação podem ser enantiosseletivos. 

Portanto, os CQs podem ser detetados no ambiente nas duas variantes. 

Os enantiómeros apresentam diferenças na farmacocinética, farmacodinâmica 

e (eco)toxicidade que podem afetar os organismos aquáticos de maneira 

enantiosseletiva. 

Posto isto, é importante determinar as frações enantioméricas (EF) desses 

compostos para estudos toxicológicos precisos e monitorização ambiental. O 

desenvolvimento de novos métodos analíticos enantiosseletivos para quantificar os 

enantiómeros de CQs s em programas de monitorização ambiental é crucial para uma 

avaliação de risco ecologicamente correta. 

O objetivo deste trabalho foi desenvolver um método enantiosseletivo para 

quantificar CQs em águas superficiais do estuário do rio Douro. Diferentes classes de 

CQs, como beta-bloqueadores adrenérgicos, antidepressivos, estimulantes, 

antiinflamatórios não esteroidais (AINEs) e drogas ilegais como cocaína e seus 

metabólitos, sendo selecionados 23 compostos. O método analítico foi baseado em 

extração em fase sólida (SPE) seguida de cromatografia líquida acoplada 

espectrometria de massa (LC-MS/MS) com um analisador triplo quadrupolo. Em suma, 

cartuchos Oasis® MCX foram usados para pré-concentrar 500 mL de amostras de 

água e os extratos reconstituídos foram analisados com duas colunas quirais para 

separação enantiomérica: a coluna Chirobiotic™V no caso dos compostos básicos e 

com a Whelk-O®1, no caso dos compostos ácidos, ambos no modo de eluição 

reversa. A validação do método demonstrou boa linearidade (r2> 0,99), seletividade e 

sensibilidade alcançadas na faixa dos 15-300 ng L-1 para todos os enantiómeros. Os 

limites de deteção do método foram entre os 0,01 e 2,66 ng L-1 e os limites de 

quantificação do método foi entre 0,02 e 5,71 ng L-1. A identidade de todos os 
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enantiómeros foi confirmada usando uma ou duas transições do MS/MS e as suas 

proporções de iões.  

 O método desenvolvido foi aplicado com sucesso na avaliação das águas 

superficiais do estuário do Douro. 

Dos 23 compostos estudados, 15 compostos foram detetados. Tramadol e 

alprenolol (ALP), salbutamol (SBT) foram encontrados apenas num ponto de colheita. 

A norcocaína (NCOC) e a benzoilecgonina (BE) foram encontradas em alguns pontos 

de colheita e com concentrações aproximadas de cocaína (COC). O O-

desmetiltramadol (ODT) foi também encontrado em alguns pontos de amostragem 

mas a concentração veio de apenas um enantiómero (FE=1.0). Todos os 9 compostos 

restantes foram detetados todos os dias, incluindo as drogas ilícitas como anfetamina 

(AM) e metanfetamina (MA) que foram encontradas em concentrações semelhantes 

em alguns pontos. O COC e os enantiómeros da fluoxetina (FLX) foram encontrados 

em concentrações semelhantes todos os dias em todos os pontos de amostragem. 

FLX apresentava uma FE por volta dos 0.5. Um dos metabolitos do tramadol, N-

desmetiltramadol (NDT) foi encontrado em todos os pontos de amostragem mas numa 

concentração cerca de seis vezes maior que a concentração de tramadol. Os dois 

enantiómeros da venlafaxina (VNF) foram encontrados num só ponto de amostragem 

(FE=0.5) e nos restantes pontos de colheita apenas um enantiómero (segundo 

enantiómero eluído) foi encontrado (FE=1.0). O metabolito da VNF, O-

desmetilvenlafaxina (ODV) apresentou maiores concentrações no primeiro 

enantiómero eluído. 

Um enantiómero de metoprolol (MET) e bisoprolol (BSP) foram encontrados em 

maiores concentrações com FE=0.7 e FE=0.9, respectivamente.  
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1. Introduction 

1.1. Drugs in the environment 

Over the years, drugs have been developed to promote a modern lifestyle with 

higher quality, contributing to a healthy well-being. For a long time, the production of 

pharmaceuticals as well as their use and application have had a strong impact on the 

environment causing harmful effects [1]. 

Monitoring of drugs in the environment has generated great interest in the area of 

research since tons of drugs are produced per year for human and veterinary medicine 

and, consequently, concentrations in the order of μg/L and ng/L are detected in 

different  water compartments [2]. 

The detection of drugs in the environment is due to the fact that they are persistent 

or pseudopersistent, due the continuous entrance in the environment. Drugs can reach 

the environment through different routes: the elimination of drugs by industry, hospitals 

and other health services discharge of unsed drugs and through excretion after human 

use, being the main source of drugs in the environment and illegal substances (Figure 

1) [3].  

Some of the administered drugs are excreted unchanged and their elimination is 

incomplete in the wastewater treatment plants (WWTP) [2, 4]. 

The connection in the environmental compartments, such as surface water, 

groundwater and soil, can result in the contamination of drinking water by drugs and 

illegal substances. 

 

Figure 1 Possible drug routes into the environment. 
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1.2. Chiral drugs 

Chiral drugs (CDs) may be marketed as racemate or enantiomerically pure and 

the enantiomeric composition may differ after absorption, metabolization and excretion. 

Addicionally, they may also undergo changes in the wastewater treatment process, 

which may lead to stereoselective enrichment or racemization [5]. The environmental 

fate and toxicity of CDs are, in most studies, evaluated as achiral substances and the 

existence of enantiomers is completely neglected [6]. 

CDs follow the same line of elimination of all other drugs, i.e, once disposed by 

industry, hospitals or by human excretion, they are collected in WWTP (Figure 2) [3, 6].  

 
Figure 2 Representative routes of chiral drugs into the environment. 
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However, the enantiomeric fraction (EF) is crucial to understand the history of 

CDs throughout their existence and for an accurate assessment of the environmental 

risk [7, 8]. Quantification of both enantiomers has been also shown to be important in 

biodegradation studies, toxicological studies and monitoring of wastewater and surface 

water [3].  

1.3. Toxicity of chiral drugs 

Residuous of drugs, pharmaceuticals and illegal substances are considered 

environment pollutants and their concentrations have been increasing in aquatic 

compartments, making them a major concern due to their potential effects on both 

aquatic organisms and human health due to possible entry into drinking water 

resources and also in the food chain [9]. Although concentrations of different drugs and 

their metabolites found in surface water are considered to be very low, their potential 

effects on fauna, flora and human health, especially with prolonged exposure, have to 

be taken into account, especially in populations vulnerable [10]. 

The enantiomers of CDs may present different pharmacokinetics and 

pharmacodynamics. One of the enantiomers may interact to a given receptor while the 

other enantiomer may not be recognized by the same receptor or may be recognized 

by a different receptor [11] (Table 1 show the chemical structures and the effects of the 

enantiomers of the compounds selected to be monitored in 5 sampling point of Douro 

river estuary, one of the aim of the present work). 
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Table 1 Chemical structures and effects of the selected CDs and metabolites.  

Class Compound Chemical structure Effects Ref. 

A
d

re
n

e
rg

ic
 b

e
ta

 b
lo

c
k
e

rs
 

R/S(±)-alprenolol 

 
(ALP) 

 

(S)-ALP is a selective β1 
adrenergic blocker  (R)-ALP 

is inactive 

[12] 

R/S(±)-bisoprolol 
 

(BSP) 
 

The (S)-BSP exhibits β-

blocking activity 
[12] 

R/S(±)-metoprolol 
 

(MET) 
 

(S)-MET is the active 
enantiomer with most 

affinity for the β1 adrenergic 
receptors 

[13] 

R/S(±)-propranolol 

 
(PHO) 

 

The (S)-PHO is the major 

responsible for β-blocking 
activity 

[14] 

R/S(±)-salbutamol 
 

(SBT) 

 

(R)-SBT is 80 times more 
active than the (S)-SBT 

[11] 

R/S(±)-nebivolol 
 

(NEV) 
 

(R)-NEV has higher β-1 
adrenoceptor antagonist 

activity, whereas (S)-NEV 
has a lower activity time of 

[15] 
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A
n

a
lg

e
s

ic
s
 

R/S(±)-tramadol 

 

The (R)-Tramadol exhibiting 
10 fold higher analgesic 

activity than the (S)-

Tramadol 

[16] 

R/S(±)-O-desmethyltramadol 
 

(ODT) 

 

Tramadol’s metabolite and  
shows higher affinity for the 
µ-opioid receptor and has 

twice the analgesic potency 
of the parent drug 

[16] 

R/S(±)-N-desmethyltramadol 
 

(NDT) 

 

Tramadol’s metabolite [16] 
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A
n

e
s

te
s

ic
 

R/S(±)-ketamine 

 

The (S) enantiomer has 
about 3 to 4 times more 

potency than the (R) 
enantiomer, and the latter is 

responsible for the 
postoperative side effects 

[11] 

A
n

ti
d

e
p

re
s

s
a

n
ts

 

R/S(±)-fluoxetine 
 

(FLX) 

 

(R)-fluoxetine and its 
metabolites inhibit CYP2D6 
to a lesser extent than (S)-

fluoxetine and its 
metabolites 

[17] 

 

R/S(±)-norfluoxetine 
 

(NFLX) 

 

Fluoxetine’s metabolite [17] 

 

R/S(±)-mirtazapine 
 

(MZP) 

 

The 5-HT 2-type receptor 
antagonistic and effects are 
present primarily in the (R)-

MZP, whereas the 5-HT3 
receptor type antagonistic 

activities reside 
predominantly in the (S)-

MZP 

[18] 
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S

e
le

c
ti

v
e

 s
e

ro
to

n
in

 a
n

d
 

n
o

ra
d

re
n

a
li
n

e
 r

e
u

p
ta

k
e

 i
n

h
ib

it
o

rs
 

(S
S

R
Is

) 

R/S(±)-venlafaxine 
 

(VNF) 

 

The (S)-VNF inhibits 

serotonin reuptake, while 
the (R)-VNF inhibits 

serotonin and 
norepinephrine reuptake. 

[19] 

R/S(±)-O-desmethylvelnafaxine 
 

(ODV) 

 

Venlafaxine’s metabolite [20] 

Il
ic

it
 d

ru
g

s
 

R/S(±)-amphetamine 
 

(AM) 
 

(R)-AM is 2 times more 
active than the (S)-AM [11] 

Benzoylecgonine 
 

(BE) 

 

Cocaine’s metabolite [20] 
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Cocaine 
 

(COC) 

 

(-)-COC approximately 8- or 
13-fold more potent than its 

enantiomer in producing 
convulsions and lethality 

[20-

22] 

Norcocaine 
 

(NCOC) 

 

Cocaine’s metabolite [20] 

R/S(±)-methamphetamine 
 

(MA) 

 

The (S)-MA is much more 
active than the (R)-MA [23] 

R/S(±)-
methylenedioxymethamphetamine 

(MDMA) 

 

 
 

(S)-MDMA have produced 
hyperthermic effects, while 
(R)-MDMA is less effective 

[24] 
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N
o

n
-s

te
ro

id
a

l 
a

n
ti

-i
n

fl
a

m
m

a
to

ry
 d

ru
g

s
 (

N
S

A
ID

s
) 

R/S(±)-ibuprofen 
 

(IBU) 

 

There is a conversion of the 
inactive enantiomer (R) to 

its pharmacologically active 
enantiomer (S) 

[25] 

R/S(±)-naproxen 
 

(NPX) 

 

There is a conversion of the 
inactive enantiomer (R) to 

its pharmacologically active 
enantiomer (S) 

[25] 

R/S(±)-ketoprofen 
 

(KET) 

 

There is a conversion of the 
inactive enantiomer (R) to 

its pharmacologically active 
enantiomer (S) 

[26] 

R/S(±)-flurbiprofen 

 
(FLB) 

 

There is a conversion of the 
inactive enantiomer (R) to 

its pharmacologically active 
enantiomer (S) 

[25] 
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A
n

ti
c

o
a
g

u
la

n
t 

R/S(±)-warfarin 
 

(WARF) 

 
 

The potency of the (S)-
WARF in vivo is about 2 to 
5 times greater than (R)-

WARF 

[11] 

C
a

lc
iu

m
 c

h
a

n
n

e
l 
b

lo
c

k
e

r R/S(±)-nimodipine 
(NIO) 

 

The (S)-enantiomer is twice 
as potent as the racemic 
form and equally more 

potent than the (R) 

[11] 

R/S(±)-verapamil 

(VERAP) 

 

The (R) enantiomer is about 
8 to 10-fold less potent in 

regard to its cardio-
depressant action 

[11] 
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D
iu

re
ti

c
 

R/S(±)-indacrinone 
(INN) 

 

The (R) enantiomer is 
responsible for diuretic 

activity and also for the side 
effect whereas the (S) 

enantiomer acts to reduce 
uric acid levels 

[11] 
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1.4. Methods of quantification of chiral substances 

Chromatography is the most used methodology in the analysis and 

quantification of enantiomers, being that initially it was begun to use Gas 

Chromatography (GC) and later the Liquid Chromatography (LC) [4]. Currently the use 

of LC is considered much more comprehensive than the use of GC. 

GC is considered a somewhat more restrictive method [11], because for 

separation to occur, the substances must necessarily be volatile or semi-volatile and 

need to be thermally stable, and also in most cases, prior derivatization is necessary 

[27]. 

However, LC has been the most used technique in the enantiomeric separation 

when used with chiral stationary phases (CSP). There are a great variety of CSP 

commercially available for a diversity of applications [4]. 

Chirality has received a little attention in the field of environmental analysis, 

despite the fact that the majority of drugs and ilicit substances are chiral [28]. Only a 

few therapeutic classes of CDs have been reported in environmental matrices [3, 6, 29-

31]. 

Enantioselective analysis of CDs in environment matrices, with LC and mass 

spectrometry is the most usual methodology. 

1.4.1 Liquid chromatography coupled to mass spectrometry 

Liquid chromatography especially coupled to mass spectrometry (LC-MS/MS) is 

the most commonly used technique for determining pollutants in environmental 

matrices such as water surface and wastewater, due to excellent detection limits and 

the possibilities of for unequivocal confirmation of the compounds analysed [32]. This 

technique allows to obtain information on the structure of the analyzed analytes, 

without the need for derivatization and allow the simultaneous analysis of a wide range 

of substances [33]. 

The MS is an analytical technique that facilitates the identification and 

quantification of organic compounds through the mass/charge ratio (m/z) of charged 

molecules [34] and consists of three basic components: an ion source, an analyzer 

where the ions are separated according to their m/z and a detector where the ions are 

quantified. The analyzer and detector of an MS are kept in a vacuum to avoid unit 

collisions with the air molecules [33]. In fact, triple quadrupole MS (QqQ) is currently 

the most used detector when coupled to LC, where the two quadrupoles Q1 and Q3 act 

as ion analyzers and the Q2 quadrupole (referred to as "q " in the nomenclature QqQ) 

acts as a collision cell (Figure 3) [33]. 
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The precursor ions, with a specific m/z value, pass through the first quadrupole 

(Q1). In the second (Q2), they are subjected to fragmentation in the collision cell which 

is filled by an inert gas. The fragments are selected by the third quadrupole (Q3) and 

the fragmentation spectrum, that is, the m/z values of the transitions between the 

precursor and the products are recorded in the detector [35]. The use of the triple 

quadrupole allows to obtain a high sensitivity and selectivity of the method, there is no 

limitation of minimum masses in MS/MS, it allows the use of different collision gases 

and it presents a high capacity of obtaining data [36]. 

This working mode of the spectrometer is called the Selected Reaction 

Monitoring mode (SRM) [33]. 

 

 

 

 
Analytical LC-MS/MS methods for the analysis of drugs and their metabolites 

are currently based on the combination of reversed  elution mode [28]. However, most 

enantiomer separation studies use the normal elution, which is not compatible with the 

use of MS, making it a challenge for many of the groups of researchers trying to 

establish new separation methods suitable for LC-MS/MS.  

  

Figure 3 Triple quadrupole mass analyser (adapted from Yost and Enke). 
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1.5 Aims of this work 
The main aim of this dissertion was the development of an enantioselective 

method to quantify enantiomers of CDs in sufarce water of Douro river estuary.  

The specific aims of this dissertation concerning the analytical method 

development were:  

 To establish the enantiomeric separation of the target substances by 

CSP in LC-MS/MS compatible elution mode; 

 To establish an innovative method for sample preparation inclunding 

acidic, basic and neural compounds; 

 Validation of the developed enantioselective method; 

 Application of the validated method to quantify enantiomers of diverse 

therapeutic classes of pharmaceuticals and illegal substances in surface 

water of Douro river estuary.  

The selection of the Douro river estuary for this study was based on previous 

studies carried out by our group with systematic monitoring studies of a several 

pharmaceuticals from different therapeutic classes [37] also based in the study of 

quantification of enantiomers of chiral pharmaceuticals in effluents of WWTP [30].  
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2. Material and Methods 

2.1 Instrumental conditions 

High-performance liquid chromatography (HPLC) was coupled to the Merck 

Hitachi Diode Array Detector (HPLC-DAD) equipped with a pump (L-7100), an 

automatic injector (L-7200), the DAD -7455) and an interface system (D-7000), for the 

verification of the mobile phase most suitable for the study and to verify the 

enantiomeric separation. 

HPLC coupled to the UV/Vis and Fluorescence detector (HPLC-UV/Vis and 

HPLC-FD) was also used for the verification of the mobile phase and the enantiomeric 

separation of the compounds selected for monitoring. This equipment was acquired 

from the Shimadzu UFLC Prominence System, equipped with two pumps (LC-20AD), 

an automatic injector (SIL-20AC), the column oven (CTO-20AC), a system controller 

(CBM-20A). The UV/Vis detector SPD-20A and the fluorescence detector RF-10AXL. 

LC-MS/MS used for validation monitoring the target compounds on surface 

water of Douro river estarine was purchased from Shimadzu Corporation (Tokyo, 

Japan) which consisted of a two-pump UHPLC apparatus (LC-30AD), an automatic 

injector (SIL- 30AC), an oven (CTO-20AC), a degasser (DGU-20A 5R) and a system 

controller (CBM-20A) coupled to a triple quadrupole mass spectrometry detector 

(LCMS-8040) with an LC software program Solution Version 5.41 SP1. 

2.2 Standards and reagents 

The reagents used in this work for the preparation of mobile phases, such as 

acetonitrile (ACN), methanol (MeOH) and ethanol (EtOH) were purchased from Fisher 

Scientific (UK). However, the most used EtOH throughout all procedures was from 

Chem-Lab NV. 

Other reagents used were 98-100% formic acid (FA), chloroform and ammonia 

purchased from EMSURE (Germany), ammonium trifluoroacetate and ammonium 

acetate purchased from Fluka (Netherland), 100% acetic acid purchased from 

HiPerSolv Chromanorm (France), ethyl acetate purchased from LiChrosolv (Germany) 

and sulfuric acid 95-97% purchased from Sigma-Aldrich (Germany). 

Fluoxetine hydrochloride (FLX), alprenolol hydrochloride (ALP), metoprolol 

tartrate (MET), tramadol, propranolol hydrochloride (PHO), salbutamol hemisulfate 

(SBT), benzoylecgonine (BE), mirtazepine (MZP), ibuprofen (IBU), ketoprofen (KET), 

warfarin (WARF) and bisoprolol hemifumarate (BSP) were purchased from Sigma-

Aldrich (Steinhein, Germany). Venlafaxine hydrochloride (VNF) was purchased from 

Santa Cruz Biotechnology, Inc. (Heidelberg, Germany).  
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Nebivolol (NEV) was purchase from Sigma-Aldrich (St Louis, MO, USA) and O-

desmethylvenlafaxine (ODV) from Sigma-Aldrich (China). Amphetamine (AM), 

methamphetamine (MA), norcocaine (NCOC), cocaine (COC), COC-D3, N-

desmethyltramadol (NDT) was acquired from Lipomed (Arlesheim, Switzerland). O- 

desmethyltramadol (ODT) as purchase from Fluka Analytical (Switzerland). 

The internal standards, PHO-D7 and FLX-D5 were acquired from Sigma-Aldrich 

(St Louis, MO, USA). 

Naproxen racemic was purchase from Sigma Aldrich (Strasbourg, France), 

flurbiprofen (FLB) from Santa Cruz Biotechnology, Inc. (Germany). 

All reference standards were> 98% pure and are present in Table 2 along with 

their pKa and Log P. 

 

Table 2 Molecular formula, molecular weights (Mw) and pKa and Log P of the selected 
CDs and metabolites. 

 

Compound 
Molecular formula/ 

Mw 

pKa/ 

Log P 
Ref. 

R/S(±)-alprenolol 
 

(ALP) 

C15H23NO2/ 

249.35 g mol-1 

9.19/ 

3.10 
[30, 38] 

R/S(±)-bisoprolol 

 
(BSP) 

C18H31NO4/ 

325.44 g mol-1 

9.50/ 

1.87 
[30, 38] 

R/S(±)-metoprolol 
 

(MET) 

C15H25NO3/ 

267.36 g mol-1 

9.60/ 

1.88 
[30, 38] 

R/S(±)-propranolol 
 

(PHO) 

C16H21NO2/ 

259.16 g mol-1 

9.15/ 

3.48 
[30, 38] 

R/S(±)-salbutamol 
 

(SBT) 

C13H21NO3/ 

239.31 g mol-1 

9.30/ 

1.40 
[30, 38] 

R/S(±)-nebivolol 

 
(NEV) 

 
C22H26ClF2NO/ 

441.90 g mol-1 

8.22/ 

3.21 
[39, 40] 

R/S(±)-tramadol 

 
C16H25NO2/ 

263.38 g mol-1 

9.41/ 

2.40  
[38] 

R/S(±)-O-desmethyltramadol 
 

(ODT) 

C15H23NO2/ 

249.35 g mol-1 

9.62/ 

1.72 
[39] 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C15H23NO2&sort=mw&sort_dir=asc
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R/S(±)-N-desmethyltramadol 
 

(NDT) 

 
C15H23NO2/ 

249.35 g mol-1 

9.89/ 

2.07 
[39] 

R/S(±)-fluoxetine 
 

(FLX) 

C17H18F3NO/ 

309.33 g mol-1 

10.05/ 

4.05 
[30, 38] 

R/S(±)-mirtazapine 
 

(MZP) 

 
C17H19N3/ 

265.36 g mol-1 

7.40 / 

2.90 
[38, 41] 

R/S(±)-venlafaxine 
 

(VNF) 

C17H27F3NO2/ 

277.40 g mol-1 

10.09/ 

3.20 
[30, 38] 

R/S(±)-O-desmethylvelnafaxine 

 
(ODV) 

C16H25NO2/ 

263.38 g mol-1 

10.66/ 

0.21 
[38] 

R/S(±)-amphetamine 
 

(AM) 

 
C9H13N/ 

135.21 g mol-1 

10.10/ 

1.76 
[38] 

Benzoylecgonine 
 

(BE) 

C16H19NO4/ 

289.33 g mol-1 

11.00/ 

1.71 
[39, 42] 

Cocaine 
 

(COC) 

 
C17H21NO4/ 

303.36 g mol-1 

 

8.61/ 

1.97 
[38, 39] 

Norcocaine 
 

(NCOC) 

 
C16H19NO4/ 

289.33 g mol-1 

- / 

1.80 
[38] 

R/S(±)-metamphetamine 
 

(MA) 

 
C10H15N/ 

149.24 g mol-1 

9.87/ 

2.07 
[38] 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C16H25NO2&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C9H13N&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C9H13N&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C16H19NO4&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C17H21NO4&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C17H21NO4&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C16H19NO4&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C16H19NO4&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C10H15N&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C10H15N&sort=mw&sort_dir=asc
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2.3 Enantiomeric separation 

The chromatographic columns used were: Astec ChirobioticTMV with dimensions 

of 150 x 2.1 mm with a particle size of 5 μm acquired from Supelco Analytical (Sigma-

Aldrich) and (S,S)-Whelk-O®1 with dimensions of 250 x 4.6 mm with a particle size of 5 

μm, obtained from Regis Technologies Inc. 

All mobile phases tested underwent a filtration system using Pall Corporation's 

SolVac® Filter Holder to eliminate any type of particle that was present in the solvents 

used. Many compositions of mobile phase were attempted (Table 3 and 4). 

The emission for FD detector varied between 290-600 nm and the excitation 

spectrum between 230-290 nm and UV detector were setled the wavelength range for 

the ultraviolet detector varied between 210-290 nm [45-47]. 

R/S(±)-
methylenedioxymethamphetami

ne 
(MDMA) 

 
C11H15NO2/ 

193.25 g mol-1 

10.04/ 

2.28 
[38, 43] 

R/S(±)-ibuprofen 
 

(IBU) 

C13H18O2/ 

206.28 g mol-1 

4.90/ 

3.97 
[38] 

R/S(±)-naproxen 
 

(NPX) 

 
C14H14O3/ 

230.26 g mol-1 

4.15 / 

3.18 
[38] 

R/S(±)-ketoprofen 
 

(KET) 

 
C16H14O3/ 

254.28 g mol-1 

4.45 / 

3.12 
[38] 

R/S(±)-flurbiprofen 
 

(FLB) 

 
C15H13FO2/ 

244.26 g mol-1 

4.20/ 

4.16 
[38, 44] 

R/S(±)-warfarin 
 

(WARF) 

 
C19H16O4/ 

308.33 g mol-1 

5.08/ 

2.70 
[38] 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C11H15NO2&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C11H15NO2&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C13H18O2&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C14H14O3&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C14H14O3&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C16H14O3&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C16H14O3&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C15H13FO2&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C15H13FO2&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C19H16O4&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C19H16O4&sort=mw&sort_dir=asc
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Table 3 Experimental conditions for compounds of the classes: adrenergic beta blockers, antidepressants, antibiotics, selective serotonin and 
noradrenaline reuptake inhibitors, illegal drugs and HMG-CoA reductase inhibitors. 

Column Equipament Mobile phase Proporcion (v/v) 
Flow 

(mL/min) 
Temperature 

(ºC) 
Ref. 

C
h

ir
o

b
io

ti
c

 V
 

HPLC-UV 

HPLC-FD 

EtOH: MeOH + 0.075% 

TEA, 0.255% HAc 
50/50 0.32 20 [48] 

EtOH / 10mM aqueous 

ammonium acetate buffer 

pH: 6.8 

92.5/7.5 0.32 20 

[30] 
50/50 0.32 20 

Gradient mode 

92.5/7.5 
  

MeOH:H2O + 20mM 

NH4O Ac. + 0.1% HCOOH 

90/10 0.32 20 [49] 

CH3CN: 5mM Ammonium 

Acetate 

pH: 4.1 

30/70 

0.32 20 

[50] 
0.32 25 

1 20 

1 25 

HPLC-DAD 

MeOH. 4mM ammonium 

acetate + 0.005% HCOOH 

pH: 6.3 

- 0.25 

- 
[51] 

EtOH. 4mM ammonium 

acetate + 0.005% HCOOH 

pH: 6.3 

- 

0.25 

0.1 

0.05% Ammonium 5/95 0.25 [52] 
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trifluoroacetate in H2O: 

MeOH 

25/75 0.25 

50/50 0.25 

MeOH: H2O: HAc: 

Ammonium Hydroxide 
95/5/0.1/0.02 0.25 [53] 

ACN + Buffer 10mM 

Ammonium acetate 

10/90 0.32 
[54] 

1/99 0.32 

LC-MS/MS 

EtOH / 10mM aqueous 

ammonium acetate buffer 

pH: 6.8 

92.5/7.5 

0.30 
25 

[30] 

30 

0.32 

20 

25 

30 

35 

40 

0.35 
35 

40 

EtOH: etanol; MeOH: methanol ; TEA: trimethylamine; HAc: Acetic Acid; ACN: Acetonitrile; HCOOH: Formic Acid 



 

21 
 

Table 4 Experimental conditions for compounds of the class of non-steroidal anti-inflammatory drugs (NSAIDs) 

Column Equipament Mobile phase 
Proporcion 

(v/v) 
Flow 

(mL/min) 
Temperature 

(ºC) 
Ref. 

W
H

E
L

K
-O

1
 

HPLC-DAD 

MeOH: Buffer (0.09M HAc + 0.03 

Sodium Acetate) 

80/20 1 

- 

[55] 
60/40 1 

MeOH: H2O + 0.1% HAc 

90/10 1 

[56] 

80/20 1 

60/40 1 

50/50 1 

LC-MS/MS MeOH: H2O + 0.1% HAc 60/40 1 30 

 

 
EtOH: etanol; MeOH: metanol ; TEA: trimethylamine; HAc: Acetic Acid; ACN: Acetonitrile; HCOOH: Formic Acid 
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The chromatography parameters determined in LC analysis of all prepared 

CSPs were the retention factor (k), the separation factor (α), the resolution (Rs) [57]. It 

is possible to calculate these parameters through the interpretation of the 

chromatograms (Figure 4). 

 

Figure 4 Chromatography parameters using an example of a chromatogram of a 
enantioseparation [57]. 

 Retention factor (k) gives the retention of a certain component on the 

chromatography column and is based on the ratio of the retention time of the analyte in 

the column (tR) and the “dead” time (t0). The retention factor is calculated by the 

following equation: 

 

𝒌 =
(𝑡𝑅 − 𝑡0)

𝑡0
 

 

Separation factor (α) measures the ability of the chromatography system to 

separate the enantiomers in a sample. It is calculated by the following equation: 

𝜶 =
𝑘2

𝑘1
 

Resolution (Rs) quantifies the quality of separation and it is calculated by the 

following equation: 

𝑹𝒔 =
1.177(𝑡𝑅𝐸2 − 𝑡𝑅𝐸1)

𝑊(1/2)𝐸1 + 𝑊(1/2)𝐸2
 

Where tRE1 and tRE2 are the retention times of the first ande the second eluted 

enantiomers and W1/2 E1 and W1/2 E2 are the peak widths at the half height. 
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Enantiomeric fraction (EF) is used to express the enantioselectivity where [E1] 

and [E2] designate the concentration of the enantiomers of the chiral compounds, and 

for some compounds the order of elution of the enantiomers is already known and is 

assigned the designation (S) and (R) for each enantiomer. The following equation 

describes the calculation of EF [58]: 

𝐸𝐹 =
[𝐸1]

([𝐸1] + [𝐸2])
 

 

2.4. Solid-phase extraction (SPE) 

The samples used in this procedure were obtained in the surface waters of the 

Douro river (Northern Portugal). However, water from the source of the Leça river 

(41°19 'N 8°24'20"O) was collected in Monte Córdova (Santo Tirso) to be used as a 

blank in the matrix for optimization, method development and validation. The Figure 5 

shows the SPE procedure used. 

 

Figure 5 Schematic representation of SPE procedure. 

The SPE was performed using a Visiprep™ SPE Vacuum Manifold (Figure 6), 

obtained from Sigma-Aldrich, currently belonging to Merk (USA) and OASIS® MCX 

(Mixed mode Cation eXchange) cartridges (150mg 6cc) from Waters (Portugal). 

Solvents, sample volumes and pH were also optimized. After several tests to choose 

the most suitable procedure for SPE (Table 5), it was verified that the conditioning of 

the cartridges before passing the sample was not necessary. Thus, the SPE was 

performed with 500mL, acidified with H2SO4 to pH 2 and spiked with 250 μL of mixture 

of all target compounds with a concentration of 75 ng L-1. 

After passing the sample through the cartridges, the cartridges were washed 

with 4 mL of ultrapure water with 2% HCOOH 98-100% Emsure®. 
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To aid in the drying system, making sure that any types of liquid waste were 

removed, the mainfold vacuum system connected to a vacuum pump was used for 

approximately 30 minutes. 

After drying, two elutions were performed, the first elution consisted of adding 

4mL of EtOH and neutral and weak acids were obtained for further analysis on the 

Whelk-O®1 column, while the second elution consisted of adding 4 mL of NH4OH 

(ammonium hydroxide) to give the basic compounds to be further analyzed on the 

ChirobioticTM V  column. 

The elutions were evaporated in CentriVap (speed vac) of the Acid-Resistant, 

then reconstituted with 250μL of EtOH and filtered using 0.22 μm 

polytetrafluoroethylene (PTFE) syringe filters through Teknokroma® (Membrane 

Solutions, Texas, USA) syringe filters to eliminate any type of solid impurity. 

 

Figure 6 Manifold used in SPE procedure.
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Table 5 Various experimental conditions tested for the SPE with MCX 6cc cartridges (150gr). 

Procedure Conditioning Washing 
1ª 

Elution 

2ª 

Elution 

1 
4mL MeOH 

4mL H2O UP 
4mL 2% HCOOH in H2O UP and add 1 

ml ACN + 50μL Acetate Ethyl 
4mL MeOH and add 

washing 
4mL 5% NH4OH in MeOH 

2 
4mL MeOH 

4mL H2O UP 
4mL 2% HCOOH in H2O UP and add 1 

ml ACN + 50μL Chloroform 
4mL MeOH and add 

washing 
4mL 5% NH4OH in MeOH 

3 
4mL MeOH 

4mL H2O UP 
4mL 2% HCOOH in MeOH 

4mL MeOH and add 
washing 

4mL 5% NH4OH in MeOH 
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4 - 
4mL 2% HCOOH in H2O UP and add 1 

ml ACN + 50μL Acetate Ethyl 
4mL MeOH and add 

washing 
4mL 5% NH4OH in MeOH 

5 - 
4mL 2% HCOOH in H2O UP and add 1 

ml ACN + 50μL Chloroform 
4mL MeOH and add 

washing 
4mL 5% NH4OH in MeOH 

6 - 4mL 2% HCOOH in MeOH 
4mL MeOH and add 

washing 
4mL 5% NH4OH in MeOH 

7 
4mL EtOH 

4mL H2O UP 
4mL 2% HCOOH in H2O UP and add 1 

ml ACN + 50μL Acetate Ethyl 
4mL EtOH and add 

washing 
4mL 5% NH4OH in EtOH 
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8 
4mL EtOH 

4mL H2O UP 
4mL 2% HCOOH in H2O UP and add 1 

ml ACN + 50μL Chloroform 
4mL EtOH and add 

washing 
4mL 5% NH4OH in EtOH 

9 
4mL EtOH 

4mL H2O UP 
4mL 2% HCOOH in EtOH 

4mL EtOH and add 
washing 

4mL 5% NH4OH in EtOH 

10 - 4mL 2% HCOOH in EtOH 4mL EtOH 4mL 5% NH4OH in EtOH 

11 - 
4mL 2% HCOOH in EtOH and add 1 ml 

ACN + 50μL Acetate Ethyl 
- 4mL 5% NH4OH in EtOH 
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12 - 
4mL 2% HCOOH in EtOH and add 1 ml 

ACN + 50μL Chloroform 
- 4mL 5% NH4OH in EtOH 

13 - 
4mL 2% HCOOH in H2O UP and add 1 

ml ACN + 50μL Acetate Ethyl 
4 mL EtOH 4mL 5% NH4OH in EtOH 

14 - 
4mL 2% HCOOH in H2O UP and add 1 

ml ACN + 50μL Chloroform 
4 mL EtOH 4mL 5% NH4OH in EtOH 

15 - 4 mL 2% HCOOH in EtOH 4 mL EtOH 4mL 5% NH4OH in EtOH 
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16 

4mL EtOH 
4mL H2O 

UP 

 

  
 

4 mL 2% HCOOH in EtOH 
4mL EtOH and add 

washing 
4mL 5% NH4OH in EtOH 

17 - 4 mL 2% HCOOH in EtOH 
4mL EtOH and add 

washing 
4mL 5% NH4OH in EtOH 

18 - 4mL 2% HCOOH in MeOH 
4mL MeOH and add 

washing 
4mL 5% NH4OH in MeOH 
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19 - 4mL 2% HCOOH in EtOH 4mL EtOH 4mL 5% NH4OH in EtOH 

20 - 4mL 2% HCOOH in MeOH 4mL MeOH 4mL 5% NH4OH in MeOH 

21 - 
4mL 2% HCOOH in EtOH and add 1 ml 

ACN + 50μL Chloroform 
4mL EtOH 4 mL 5% NH4OH in EtOH 

22 - 
4mL 2% HCOOH in H2O UP and add 1 

ml ACN + 50μL Chloroform 
4 mL MeOH 4mL 5% NH4OH in MeOH 
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23 - 4mL 2% HCOOH in H2O UP 4mL EtOH 4 mL 5% NH4OH in EtOH 

24 - 4mL 2% HCOOH in EtOH 4mL EtOH 4 mL 5% NH4OH in EtOH 

 HCOOH: formic acid (FA); MeOH: metanol; EtOH: etanol; NH4OH: ammonium hydroxide; ACN: acetonitrile 
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2.5 Ultra-high-performance liquid chromatography-tandem 

mass spectrometry (UHPLC-MS/MS) 

The optimized mobile phase was EtOH/10mM aqueous ammonium acetate 

buffer (92.5/7.5) pH: 6.8 for ChirobioticTMV column performed at isocratic mode at a 

flow rate of 0.32 mL min-1 and the mobile phase for Whelk-O®1 column was 

MeOH:H2O UP (60/40) + 0.1% FA in isocratic mode as well, with a flow rate of 1.0 mL 

min-1. Column oven and autosampler temperatures were 25ºC for ChirobioticTMV and 

room temperature for Whelk-O®1. An electrospray ionization (ESI) source operating in 

positive ionization mode and negative mode were used. The volume of injection was 10 

µL. The direct injection of each compound at a 10 mg L−1 concentration was performed 

to select the precursor ion through full scan mode. Then the direct injection of individual 

standard solutions of each compound at 1000 µg L−1 allowed to choose the most 

abundant fragments and to optimize the mass spectrometer parameters for each 

compound (declustering potential, collision energy and collision cell exit potential). 

Quantification was based on selected reaction monitoring (SRM), with the two 

SRM transitions between the precursor ion and the most abundant fragment ions for 

each analyte selected, being the most abundant used as quantifier and the second 

most abundant as qualifier, with a scan time of 100 ms/transition (Table 6).  

The parameters, such as capillary voltage (1.5 kV), drying gas flow (12.5 L 

min1), desolvation temperature (475ºC), nebulizing gas flow (2.0 L min−1) and source 

temperature (300ºC) were optimized. Argon was used as collision induced dissociation 

(CID) gas at 230 kPa. 
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Tabela 6 Selected reaction monitoring (SRM) instrument parameters for tandem mass spectrometry analysis of target analytes (adapted [30]). 

Compound 
Precursor 

ion (m/z) 

Quantification (SRM1) Confirmation (SRM2) 

Ion ratio (± SD) n=9 Product 

ion 

DPª 

(V) 
CEb (V) 

CXPc 

(V) 

Product 

ion 

DPª 

(V) 

CEb 

(V) 

CXPc 

(V) 

R/S(±)-

Tramadol 

264.00 

[M+H]+ 
57.70 -30 -25 -30 - - - - - 

COC 
303.00 
[M+H]+ 

182.00 -30 -20 -18 82.10 -30 -30 -30 3.89 (± 0.22) 

NCOC 
290.00 
[M+H]+ 

168.05 -26 -16 -16 136.00 
-26 -23 -25 

1.57 (± 0.18) 
   

BE 
290.00 
[M+H]+ 

168.05 -14 -19 -16 104.95 -14 -31 -18 7.30 (± 0.02) 

MZP E1 d 266.20 
[M+H]+ 

194.05 -13 -45 -18 72.15 -13 -21 -27 
1.71 (± 0.02) 

MZP E2 e 1.74 (± 0.05) 

(S)-ALP 250.10 
[M+H]+ 

116.10 -30 -18 -19 72.15 -30 -21 -28 
1.19 (± 0.01) 

(R)-ALP 1.19 (± 0.02) 

ODT E1 d 250.20 
[M+H]+ 

 
91.15 -24 -41 -13 - - - - - 

ODT E2 e 

R/S(±)-NDT 
250.20 
[M+H]+ 

44.05 -26 -21 -15 85.00 -26 -22 -14 - 
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(S)-SBT 240.20 
[M+H]+ 

148.05 -30 -19 -28 222.10 -30 -11 -22 
1.85 (± 0.13) 

(R)-SBT 2.36 (± 0.13) 

BSP E1 d 326.20 
[M+H]+ 

116.10 -16 -19 -21 74.10 -16 -27 -29 
3.57 (± 1.24) 

BSP E2 e 0.35 (± 0.05) 

(S)-FLX 310.20 

[M+H]+ 
44.15 -15 -14 -16 - - - - - 

(R)-FLX 

(S)-PHO 260.10 

[M+H]+ 
116.10 -29 -19 -20 183.00 -29 -19 -18 

1.50 (± 0.02) 

(R)-PHO 1.52 (± 0.03) 

(S)-VNF 278.00 

[M+H]+ 
58.10 -30 -22 -12 260.15 -30 -12 -17 

2.81 (± 0.06) 

(R)-VNF 2.78 (± 0.04) 

R/S(±)-AM 
136.20 
[M+H]+ 

91.05 -14 -20 -15 119.00 -14 -14 -21 2.46 (± 0.30) 

R/S(±)-MA 
150.20 
[M+H]+ 

91.05 -15 -21 -15 119.10 -15 -15 -22 4.53 (± 0.05) 

(S)-MET 268.00 

[M+H]+ 
116.15 -20 -20 -20 74.15 -20 -23 -28 

1.11 (± 0.05) 

(R)-MET 1.14 (± 0.06) 

ODV E1 d 264.20 

[M+H]+ 
58.05 -13 -21 -22 246.15 -13 -13 -25 

8.38 (± 0.07) 

ODV E2 e 5.00 (±0.10) 
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R/S(±)-NEV 
406.10 

[M+H]+ 
151.00 -19 -33 -26 44.10 -19 -33 -16 

1.53 (±0.14) 

 

(S)-IBU 205.20 

[M-H]+ 
161.10 23 9 30 - - - - - 

(R)-IBU 

FLB E1 d 243.00 
[M-H]+ 

199.05 16 9 21 - - - - - 
FLB E2 e 

(S)-NPX 229.00 
[M-H]+ 

185.05 25 8 19 169.10 25 29 30 
1.13 (±0.10) 

(R)-NPX 1.16 (±0.15) 

KET E1 253.20 

[M-H]+ 
209.15 16 7 22 - - - - - 

KET E2 

WARF E1 d 309.00 

[M+H]+ 
163.00 -15 -16 -28 251.05 -15 -21 -26 

1.55 (±0.05) 

WARF E2 e 1.59 (±0.06) 

PHO-d7 
267.00 

[M+H]+ 
116.15 -29 -20 -20 - - - - - 

KET-d3 
256.20 

[M-H]+ 
212.00 12 8 22 - - - - - 

FLX-d5 
315.00 

[M+H]+ 
4.15 -16 -14 -15 - - - - - 

COC-d3 306.80 

[M+H]+ 
185.10 -30 -20 -18 - - - - - 

a
 DP is the declustering potential; 

b
 CE is the collision energy; 

c
 CXP is the collision cell exit potential; 

d
 E1 is the first-eluted enantiomer; 

e 
E2 is the second-

eluted enantiomer. 
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2.6 Validation Method 

The method was validated according to previous works [30] considering the 

following parameters: selectivity, linearity and range, limits of detection and 

quantification, accuracy, recovery and precision.  

Selectivity was verified by comparing the chromatograms of dissolved ethanol 

patterns, standards extracted from surface waters of the Douro river with spiked and 

non-spiked extracts of the surface waters of the Leça river. Matrix from the Douro river 

was spiked with three standard quality control (QC) solutions, with three different 

concentrations (65, 130 and 260 ng L-1) in triplicate for all the compounds, were used 

for the recovery and evaluation trials of the extraction efficiency. The recovery was 

calculated by comparing the peak areas of the fortified matrix with the standards 

obtained by SPE, prepared as described above for the SPE procedure. Linearity and 

range were evaluated using calibration curves prepared in triplicate with a set of eleven 

different standard concentrations of the enantiomers in the enriched samples: 7.5; 15; 

30; 37.5; 45; 60; 75; 90; 120; 135; 150 ng L-1. Calibration curves were obtained by 

injecting 10 μL of the reconstituted 250 μL extract dissolved in ethanol.  

Method detection (MDL) and quantification (MQL) limits were calculated for 

each studied compounds from equations [59]: 

𝑀𝐷𝐿 =
3.3 × 𝜎

𝑆
 

𝑀𝑄𝐿 =  
10 × 𝜎

𝑆
 

Where σ is the standard deviation of the response and S is the slope of the 

calibration curve. 

Slope S was estimated from the calibration curve of each analyte and the 

estimate of σ was calculated on the basis of the standard deviation of blank. The 

measurement of the standard deviation of blank was made by determining the area 

ratio between each analyte and the related internal standard in six replicates of blank 

samples [59]. 

Instrument detection limit (IDL) and the instrument quantification limit (IQL) were 

carry out through multiplication of the MDL and MQL, respectively, by the pre-

concentration factor (2000 ng L-1). 

The three QC solutions, previously described, were also analysed to evaluate 

the accuracy and the intra and inter-batch precision. This precision, referring to the 

precision of the method, was expressed through the relative standard desviation (RSD) 

of the replicate measurements [60]. 
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Accuracy was determinated as the percentage of agreement between the 

concentration of the standards analysed in the SPE extracts and the nominal 

concentration. 

2.7 Water sampling 

Water samples from the Douro river estuary were collected in pre-washed 

amber glass bottles (1L), transported at 4ºC and processed within 24h in the 

laboratory. After reception, the samples were vacuum filtered through 0.45 μm 

membrane filters (WhatmanTM, United Kingdom) and stored at -20ºC before the 

extraction as described in section 2.4, and 10 μL of the reconstituted extract was 

analyzed by LC- MS/MS. 

Figure 7 shows a summary of the sampling procedure. 

 

Figure 7 Sampling procedure. 
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2.8 Sample monitoring 
The sampling campaigns were performed in the Douro river estuary from July 

25th until 31th of the same month. 

Figure 8 illustrate the sampling points chosen for Douro River [37] and the 

respective GPS coordinates. 

 

Figure 8 Location of the sampling sites within the Douro river estuary, Portugal. 
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3. Results and discussion 

3.1 Optimization of enantiomeric separation 

The enantiosseparation of the target compounds was performed with two 

different columns, namely ChirobioticTMV and Whelk-O®1 in reversed elution mode. 

After several attempts using different combinations of solvents based on previous 

studies [30], the optimized mobile phase for ChirobioticTMV was ethanol/10mM 

aqueous ammonium acetate buffer with acetic acid (92.5/7.5) and adjusted pH to 6.8. 

The elution mode was isocratic with a flow rate of 0.32 mL min-1 and the column oven 

temperature was adjusted to obtain the best resolution within a short time and 

respecting the properties of the column a temperature of 25°C was chosen.  

The ChirobioticTMV CSP is based on the vancomycin linkage, which contains 18 

chiral centers around three pockets or cavities, where five structures of aromatic rings 

unite these cavities strategically and exhibits similar selectivity to glycoprotein CSP 

except that it is stable from 0 to 100% organic modifier and exhibits high sample 

capacity, demonstrated wide selectivity in the reversed, normal and in polar organic 

elution mode. This allows the potential to separate a greater variety of chiral analytes 

[61]. 

Despite the versality of ChirobioticTMV CSP to enantioseparate neutral 

molecules, amides, acids, esters and amines, it is not possible with the same mobile 

phase. On the other hand, the acidic compounds such as profens present good 

enantioselectivity on Whelk-O®1 column as it was originally designed for the 

separation of underivatized nonsteroidal anti-inflammatory drugs (NSAIDs). Figure 9 

represents the enantiomeric separation of ibuprofen using the Whelk-O®1 column and 

alpha value of one in ChirobioticTMV CSP, considering the otipmized mobile phase for 

the basic target compounds. This column has a chiral selector with π-electron acceptor 

and π-electron donor group that exhibits an extraordinary degree of enantioselectivity, 

allowing resolution of a wide variety of underivatized racemates. The Whelk-O®1 

column are also compatible with all elution mode and allow a larger range of mobile 

phase’s pH than the ChirobioticTMV. Other advantages include column durability, 

excellent efficiency, elution order inversion allowing availability of both enantiomeric 

forms and excellent preparative capacity [62]. 
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There are many publications about enantiomeric separation using some this 

target compounds in many types of CSPs [63] but the multi enantioseparation and 

application in the environmental matrices are scarce. 

This study reports for the first time the use of Whelk-O®1 to monitor NSAIDs in 

environmental matrices. 

Figures 10 and 11 represent, respectively, the enantiomeric separation of the 

target compounds with the Chirobiotic™V column and with Whelk-O®1 column. 

 

Figura 10 Chromatograms of the enantiomers of Ibuprofen 100 ng mL-1, dissolved in ethanol. 

Conditions: (a) Chirobiotic
TM

 V column, 150 mm x 4.6 mm i.d., 5µm particle size; Mobile phase: 
ethanol/10 mM aqueous ammonium acetate buffer with pH 6.8; Flow 0.32 mL min-1 Column 
oven temperature 25ºC; Volume injection 10 µL. 

Figure 9 Chromatograms of the enantiomers of Ibuprofen 100 ng mL
-1

, dissolved in ethanol. Conditions: (a) 

Chirobiotic
TM

 V column, 150 mm x 4.6 mm i.d., 5µm particle size; Mobile phase: ethanol/10 mM aqueous ammonium 
acetate buffer with pH 6.8; Flow 0.32 mL min

-1
; Column oven temperature 25ºC; Volume injection 10 µL; (b) Whelk-

O®1column, 250 mm x4.6 mm i.d., 5µm particle size; Mobile phase: methanol: ultrapure water  (60:40) and 0.1% acetic 
acid; Column oven in room temperature; Volume injection 10 µL. 
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Figura 11 Whelk-O1column, 250 mm x4.6 mm i.d., 5µm particle size; Mobile phase: methanol: 

ultrapure water (60:40) and 0.1% acetic acid; Column oven in room temperature; Volume 
injection 10 µL. 

Not all target compounds were able to be enantioseparated however, their 

inclusion in this work is important for the further environment monitoning. Many 

enantiomers of the target compounds were not reported using either the Chirobiotiv™V 

column or the Whelk-O®1 column. 

With the ChirobioticTMV column it was possible to separate some classes of 

compounds such as beta2-adrenergic agonist (SBT) and antidepressants (FLX, VNF, 

MZP, ODV). However, the analgesic class only managed to separate the main 

metabolite of tramadol, ODT, but was able to detect tramadol and NDT with optimal 

resolution. Compounds belonging to the class of central nervous system and illicit 

drugs as AM and MA were not enantioseparated but were able to detect within the 

optimizade mobile phase conditions. The most frequent studies use Chirobiotiv™V 

column to separate some of these compounds in biological matrices use normal elution 

mode [3, 64]. COC, BE and NCOC do not show separation but may nevertheless be in 

the pure enantiomeric form, which shows only one peak in the chromatogram. The 

separation of the enantiomers or the detection of the compounds always occurred 

between a time interval of 0min and 30min. 

On the other hand, the use of the Whelk-O®1 column for the separation of the 

NSAIDs was successful since they were all separated having excellent resolutions in a 

time interval up to 90min. The WARF which belongs to the class of anticoagulants 

should be separated with the ChirobioticTMV column [65] but according to the elution in 

sample preparation it need to be analysed with the acid compounds. The Whelk-O®1 

column showed an excellent enantioselectiviy and resolution for WARF beyond the 

profens. 

Table 7 summarize the chromatographic parameters achieved for both 

columns. 
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Table7 Retention time and enantioresolution (Rs) of target compounds. 

CSP Compound 
Retention time (1st 

enantiomer)  

Retention time (2nd 

enantiomer) 
k1a k2b αc Rsd 

C
h

ir
o

b
io

tc
T

M
V

 c
o

lu
m

n
 

TRAMADOL 10.0 - 9.10 - 1.00 - 

COC 6.4 - 0.60 - 1.00 - 

NCOC 5.5 - 0.22 - 1.00 - 

BE 5.5 - 2.67 - 1.00 - 

MZP/ MZP E1* 12.7 14.9 2.00 2.54 1.27 0.77 

ALP/ (S)-ALP* 19.4 22.6 4.78 5.72 1.20 1.47 

ODT 19.5 22.7 11.33 13.40 1.18 1.74 

NDT 8.1 - 9.11 - 1.00 - 

SBT/ (R)-SBT* 7.5 8.8 6.50 7.80 1.20 1.53 

BSP/ BSP E1* 9.2 10.4 8.16 9.44 1.16 1.51 
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a
 k1: Retention factor of 1

st
 enantiomer; 

b
 k2: Retention factor of 2

nd
 enantiomer; 

c 
α: Separation factor; 

d
 Rs: Resolution; * The first enantiomer eluted

FLX/ (S)-FLX* 11.5 13.0 7.00 8.05 1.15 1.38 

PHO/ (S)-PHO* 10.5 12.3 9.50 11.30 1.19 1.41 

VNF/ (S)-VNF* 13.6 14.8 27.58 30.00 1.09 0.59 

AM 8.55 - 9.75 - 1.00 - 

MA 12.4 - 23.96 - 1.00 - 

MET/ (S)-MET* 9.9 11.4 49.00 56.50 1.15 1.31 

ODV/ ODV E1* 14.0 14.1 10.33 11.25 1.09 0.74 

NEV 14.9 - 5.98 - 1.00 - 

W
h

e
lk

-O
®

1
 

IBU/ (S)-IBU* 16.8 17.9 4.09 4.42 1.08 0.68 

FLB/ FLB E1* 27.0 29.9 5.75 6.50 1.13 7.06 

NPX/ (S)-NPX* 44.1 80.0 39.40 81.12 2.06 28.06 

KET/ KET E1* 24.6 26.4 1.86 2.06 1.11 4.00 

WARF/ WARF E1* 33.5 53.9 36.11 58.98 1.63 32.30 a Retention time expressed in minutes 

b SD is the standard deviation (n = 6). 
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3.2 Mass spectrometry (MS/MS) 

 A method of electrospray ionization tandem MS was developed for quantitative 

analysis based on published works [30]. 

 The precursor ion for each target compound was selected through the single 

direct injection in full scan mode. Most of the target compounds were detected in the 

positive ionization mode ([M+H]+) with the exception of IBU, KET, FLB and NPX which 

was detected in the negative ionization mode ([M-H]+). 

For most target CDs, two selected reaction monitoring (SRM) transitions 

between the ion precursor and two of the most abundant ions fragments allowed the 

quantification (SRM1) and the unequivocal identification (SRM2 and ratio 

SRM1/SRM2) according to the EU Commission Decision 2002/657/EC [66], together 

with the retention time. Some of the target analytes in this study only had one transition 

(SRM1), which was used for quantification.   

SRM experiment is currently the most used technique for quantification 

applications, since it allows an increase of selectivity, resulting in an improvement in 

the signal-to-noise ratio, based on the fixed Q1, in the “q” where the precursor ion 

fragmentation occurs and in a fixed Q3, allowing quantitative analysis with monitoring 

of an ion of interest [36]. 

3.3 Solid-phase extraction (SPE) 

The SPE method was chosen based on previously studies and adapted 

according to the best results that were obtained [30, 67]. Therefore, Oasis® MCX  

cartridges which exhibit high selectivity for basic compounds was chosen, for clean up 

and pre-concentration of the samples. 

Based on previus study, parameters such as the amount of sample to be used, 

the pH of the sample and the volume required for reconstitution were adopted [31]. 

A mixture of all target compounds at final concentration of 75 ng L-1 in 500mL of 

spring Leça river water was used to optimize the SPE conditions. 

Many different conditions were assays in order to establish the procedure for all 

target compounds. The first elution is usually rejected since it is at this stage that the 

acidic compounds eluted from cartridge. However, for this study the first elution was 

collected to analyze the acidic target compounds. Figure 12 represents the recoveries 

of the first elution which the assays with MCX cartridge was (a) conditioned with 

methanol, washing with 2% formic acid in ultrapure water and first elution with 

methanol and (b) cartridge conditioning with ethanol, washing 2% formic acid in 

ultrapure water and first elution with ethanol.  
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Figure 12 Recoveries obtained in first elution analysed with of the Whelk column: (a) cartridge 

conditioning with methanol, washing 2% formic acid in ultrapure water and first elution with 
methanol; (b) cartridge conditioning with ethanol, washing 2% formic acid in ultrapure water and 
first elution with etanol. 

The second elution using 5% ammonium hydroxide in ethanol and second 

elution using 5% ammonium hydroxide in methanol were also compared (Figure 13). 

(a) 

(b) 
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Figure 13 Recoveries obtained in the second elution with analysis of the Chirobiotic column, 

using alprenolol as an example, were: (a) cartridge conditioning with methanol, washing 2% 
formic acid in ultrapure waterfirst elution in methanol and second elution using 5% ammonium 
hydroxide in methanol; (b) cartridge conditioning with ethanol, washing 2% formic acid in 
ultrapure water, eluting first in ethanol and second elution using 5% ammonium hydroxide in 
ethanol. 

Cartridge with methanol and ethanol presented similar recovery rate. In order to 

decrease the solvent consumption and time of the sample preparation the cartridge 

was assayes without the conditioning step (Figure 14). 

(a) 

(b) 
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Figure 14 SPE method: (a) cartridge conditioning with methanol and washing with 2% formic 

acid and first elution in methanol; (b) without prior column conditioning, with washing 2% formic 
acid and first elution in methanol. 

After analyzing the obtained results, it was concluded that the step of the 

cartridge conditioning was not necessary because the results are similar to results from 

the assays with previous condition step of the cartridge, making the method faster and 

more environmental friendly since it presented one less step and decrease the solvent 

consumption. 

In order to verify the possible loss of compounds in the wash step and to 

establish the procedure of the first elution few experiments were attempted. The 

experiments consisted of adding 2% formic acid to two different organic solvents such 

as ethanol and methanol and adding 2% formic acid to ultrapure water. 

In the washing process where 2% formic acid was used in ultrapure water, it 

was necessary to add a parallel step with dispersive liquid-liquid microextraction 

(DLLME). Which consisted of adding 1 mL of ACN + 50 µL of chloroform or ethyl 

acetate to water, followed by centrifugation and collection the organic phase (Figure 

15) [68]. The test tube had to be frozen in order to freeze the aqueous phase and to 

collect the organic phase.  

 

(a) 

(b) 
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Figure 15  SPE-DLLME procedure tested. 

 
The results obtained confirmed that there was no loss of compounds in the 

washing process using 2% formic acid in ultrapure water, and it is not necessary to 

introduce the DLLME step in the extraction method for the recovery of compounds. 

When the ethanol and methanol were used in the washing step, a significant loss of the 

compounds was observed (Figure 16).  
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Figure 16 Recoveries obtained on washing with (a) 2% formic acid in methanol, (b) 2% formic 

acid in ethanol, respectively. 

The first elutions were also tested and analyzed without the addition of the 

wash, i.e. 4 mL of methanol were added to obtain the first elution and in another test 4 

mL of ethanol was added for comparison of the results. Since methanol and ethanol 

have similar behaviour [69], this step helped to decide which of the solvents would be 

most appropriate to obtain, as can be seen in the Figure 17. 

(a) 

(b) 
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Figure 17 Results of the recoveries obtained in the first elutions, being that: (a) without 
conditioning, washing with 2% formic acid in ultrapure water and first elution with 4mL of 
methanol; (b) without conditioning, washing with 2% formic acid in ultrapure water in ethanol 
and eluted with ethanol. 

The results of the recoveries allowed the ethanol to be chosen and used for the 

solid phase extraction method because although the value is significant, it presented 

higher recovery percentages. 

  

(a) 

(b) 
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3.4 Validation Method 

Analytical method validation is the systematic process of establishing that an 

analytical method is acceptable for its intended objective. In general, validation 

methods shall include studies on specificity, linearity, accuracy, precision, range, limit 

of detection (LOD), limit of quantification (LOQ) and robustness that ensure that the 

analytical methodology in question provides accurate, reproducible and reliable data. 

The validation of an analytical method can not predict or eliminate all problems that 

may arise during the implementation of the methodology, but ensures that the main 

problems are viewed prospectively and shakes a mechanism that can control variability 

[70]. 

 Specificity/selectivity 

The same meaning that describes selectivity has often been used for the term 

specificity. This situation creates unnecessary confusion and can be avoided using only 

the term selectivity, as suggested by IUPAC [71]. 

However, a perfectly selective method for an analyte or group of analytes is 

said to be specific and the method that produces response to various chemical 

compounds, with one feature in common, may be called selective [72]. 

Selectivity is the first step in the development and validation of an instrumental 

method of separation and should be re-evaluated continuously during validation and 

subsequent use of the method and can be obtained in several ways. The first way to 

evaluate the selectivity is to compare the free matrix of the substance (blank) of interest 

and the matrix added with this substance (standard), in which case, no interferer 

should elute in the retention time of the substance of interest, which must be well 

separated from the other compounds present in the sample. A second way is through 

the evaluation with modern detectors (DAD, MS), which compare the spectrum of the 

obtained peak in the separation with that of a standard and this is used as an indication 

of the presence of the pure compound [71]. 

 Range/ Linearity 

The validated range is the interval of analyte concentration within which the 

method can be regarded as validated. It is important to realize that this range is not 

necessarily identical to the useful range of the calibration. In practice, most methods 

will be validated at only one or two levels of concentration. The validated range may be 

taken as a reasonable extrapolation from these points on the concentration scale [73]. 

The correlation between the measured signal (area or peak height) and mass or 

concentration of the species to be quantified is rarely known. In most cases, the 

mathematical relationship between the signal and the concentration or mass of the 
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species of interest must be determined empirically from signals measured for known 

masses or concentrations of the type of sample being studied. This mathematical 

relationship can be expressed as a straight equation called calibration curve. Although 

only two points define a straight line, in practice the lines must be defined by at least 

five points, where the zero point in the curve is not included, due to possible errors that 

may be associated [71]. 

The estimation of the coefficients of an analytical curve from a set of 

experimental measurements can be carried out using the mathematical expression 

known as linear regression. In addition to the regression coefficients a and b, it is also 

possible to calculate, from the experimental points, the coefficient of correlation r. This 

parameter allows an estimate of the quality of the obtained curve, because the closer 

to 1.0, the less the dispersion of the set of experimental points and the less the 

uncertainty of the estimated regression coefficients. It is defined that a correlation 

coefficient which has a value greater than 0.999 is considered as evidence of an ideal 

fit of the data for the regression line. 

In any instrumental technique, the simple linear relationship, described by the 

equation y = ax + b, is valid only in a given mass range or concentration of the 

measured species. 

 Precision 

Represents the dispersion of results between independent, repeated assays of 

the same sample, similar samples or standards, under previously established 

conditions. Precision can be expressed as relative standard deviation (RSD), also 

known as coefficient of variation (CV). 

Typically, methods that quantify compounds in large amounts require 1 to 2% 

RSD. In trace or impurity analysis methods, RSD up to 20% is accepted, depending on 

the complexity of the sample. A simple way to improve accuracy is to increase the 

number of replicates [71]. 

 Accuracy 

It represents the degree of agreement between the individual results found in a 

given test and a reference value accepted as true. It is important to note that a true 

value is the value obtained by a perfect measurement and this value is indeterminate 

by nature [71]. 

Accuracy is always considered within certain limits at a given level of 

confidence, that is, it is always associated with precision values. The number of tests 

varies according to the legislation or directive adopted and also with the characteristics 

of the research. The ICH [59] states that a minimum of nine determinations involving a 



 

54 
 

minimum of three different levels of concentration should be obeyed. For example, 

triplicate assays for three concentration levels [71]. 

 Limit of Detection (LOD) 

The limit of detection of an individual analytical procedure is the smallest 

amount of analyte present in a sample that can be detected but not necessarily 

quantified at an exact value [59]. 

 Limit of Quantification (LOQ) 

The limit of quantification of an individual analytical procedure is the smallest 

amount of analyte in a sample that can be quantitatively determined with adequate 

precision and accuracy. The quantitative limit is a parameter of quantitative assays for 

low levels of compounds in sample arrays and is used particularly for the determination 

of impurities and degradation products [59]. 

The calibration curves (Table 8) were performed using internal calibration 

method, by spiking the samples with isotopically labelled internal standads (deuterated) 

before SPE extraction. Different groups of target analytes were defined and one 

internal standard was set for each group of compounds, according to other published 

works [30]. The injection of the reconstituted extracts gave correlation coefficients 

between 0.995 and 0.998 in the range of linearity. 

Method detection limit (MDL) and quantification limits (MQL) were determined 

through evaluation of the signal of the first point of the line in triplicate. The standard 

deviation of the signal was divided by the slope of calibration curves and multiplied by 

3.3 or 10, to calculate MDL and MQL, respectively. Instrument detection (IDL) and 

quantification (IQL) limits resulted from the multiplication by the pre-concentration 

factor (2000 ng L-1), which is calculated by the reason the volume used in the sample 

(500 mL) with the volume used for the reconstitution (250 µL). 

The method detection limits were between 0.01 and 2.66 ng L-1 and the method 

quantification limits were between 0.02 and 5.71 ng L-1.  

The values obtained are within the range considered acceptable in the 

Guidance for Industry Bioanalytical Method Validation [74]. 
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Table 8 Linearity, range, limits of detection and quantification. 

Enantiomer 

Linearity parameter Method Limits 

Range 

(ng L-1) 

Calibration curve 

equation 
r2 

IDLb 

(µg L-1) 

IQLc 

(µg L-1) 

MDLd 

(ng L-1) 

MQLe 

(ng L-1) 

R/S(±)-

Tramadol 
15-300 y=8.1052x+ 0.3328 0.9984 0.03 0.08 0.01 0.04 

COC 15-300 y=1.1842x- 0.0339 0.9965 0.18 0.55 0.09 0.28 

NCOC 15-300 y=0.7952x- 0.0218 0.9961 0.46 1.39 0.23 0.70 

BE 15-300 y=1.2588x- 0.0323 0.9960 0.24 0.71 0.12 0.36 

MZP E1f 15-300 y=1.0161x+ 0.0079 0.9979 0.21 0.65 0.11 0.32 

MZP E2g 15-300 y=1.1963x+ 0.022 0.9965 0.16 0.50 0.08 0.25 

(S)-ALP 15-300 y=7.0281x+ 0.0696 0.9966 0.08 0.24 0.04 0.12 

(R)-ALP 15-300 y=7.1278x+ 0.0369 0.9966 0.07 0.22 0.04 0.11 

ODT E1f 15-300 y=2.2838x+ 0.0354 0.9989 0.17 0.51 0.08 0.25 

ODT E2g 15-300 y=2.3751x- 0.0043 0.9984 0.20 0.61 0.10 0.31 

R/S(±)-NDT 15-300 y=0.4888x- 0.0143 0.9968 3.77 11.42 1.88 5.71 

(S)-SBT 15-300 Y=4.4424x- 0.9964 0.9964 0.28 0.85 0.14 0.43 

(R)-SBT 15-300 
y=8.4175x- 0.3344 

 

0.9955 

 
0.12 0.37 0.06 0.19 

BSP E1f 15-300 y=12.552x+ 0.0217 0.9954 0.03 0.10 0.02 0.05 
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BSP E2g 15-300 y=4.5857x– 0.0027 0.9957 0.32 0.97 0.16 0.49 

(S)-FLX 15-300 y=1.2698x– 0.0211 0.9963 0.27 0.83 0.14 0.41 

(R)-FLX 15-300 y=1.265x – 0.0195 0.9964 0.26 0.79 0.13 0.39 

(S)-PHO 15-300 y=1.8292x - 0.0411 0.9961 0.03 0.08 0.01 0.04 

(R)-PHO 15-300 y=1.3736x - 0.0503 0.9951 0.27 0.82 0.14 0.41 

(S)-VNF 15-300 y= 3.7335x+ 0.066 0.9988 0.16 0.49 0.08 0.25 

(R)-VNF 15-300 y=6.2295x - 0.0041 0.9973 0.07 0.21 0.03 0.11 

R/S(±)-AM 15-300 y=1.0263x - 0.0224 0.9966 0.07 0.21 0.03 0.10 

R/S(±)-MA 15-300 y=2.4969x - 0.0705 0.9951 0.01 0.04 0.01 0.02 

(S)-MET 15-300 y=2.3398x - 0.0114 0.9983 0.16 0.49 0.08 0.24 

(R)-MET 15-300 y=2.3973x - 0.0091 0.9978 0.37 1.13 0.19 0.57 

ODV E1f 15-300 y=9.0269x– 0.0152 0.9975 0.06 0.20 0.03 0.10 

ODV E2g 15-300 y=9.8355x+ 0.1106 0.9978 0.06 0.18 0.03 0.09 

R/S(±)-NEV 15-300 y=0.6977x- 0.0157 0.9981 2.00 6.06 1.00 3.03 

FLB E1f 15-300 y=0.3482x+ 0.0552 0.9982 0.94 2.86 0.47 1.43 

FLB E2g 15-300 y=0.3132x+ 0.0656 0.9988 1.16 3.52 0.58 1.76 

(S)-NPX 15-300 y=0.4197x– 0.0262 0.9957 5.32 16.11 2.66 8.06 

(R)-NPX 15-300 y=0.3237x– 0.0129 0.9958 1.62 4.92 0.81 2.46 

KET E1f 15-300 y=1.2754x– 0.0418 0.9963 0.73 2.20 0.36 1.10 

KET E2g 15-300 y=1.2636x– 0.0388 0.9967 1.65 4.99 0.82 2.49 

WARF E1f 15-300 y = 3.4072x– 0.057 0.9971 0.01 0.04 0.01 0.02 
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WARF E2g  y=3.5776x– 0.0395 0.9975 0.04 0.11 0.02 0.06 
b 
IDL is the instrument detection limit. 

c
 IQL is the instrument quantification limit.  

d 
MDL is the method detection limit. 

e 
MQL is the method quantification limit. 

f 
E1 is the first-eluted enantiomer. 

g 
E2 is the second-eluted enantiomer. 
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The selectivity of the method stems from the fact that mass detector is 

considered a rather selective detector due to the performance of the mass 

fragmentation studies, a fact that the quadrupole analyzer acts as a mass filter making 

only the specific m/z ions reach the detector and are monitored, resulting in high 

sensitivity and selectivity [36]. 

The inter-day accuracy and precision values are shown in Table 9. 
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Table 9 Accuracy of  inter-batch precision for the target compounds and enantiomers. 

Enantiomer 
Concentration 

(ng L-1) 

1st Day 2nd Day 3rd Day  

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

R/S(±)-Tramadol 65 105.1 2.0 115.6 2.0 100.1 0.8 

130 92.6 6.8 96.0 1.6 88.6 3.9 

260 90.4 3.1 101.4 4.5 97.6 0.3 

COC 65 98.7 2.3 109.6 4.6 102.4 1.90 

130 91.0 2.6 87.5 1.2 85.1 3.8 

260 80.8 5.4 87.6 7.6 103.4 1.0 

NCOC 65 104.8 2.3 116.7 5.9 111.6 2.9 

130 103.1 2.6 96.3 0.3 102.5 5.8 

260 83.6 8.7 80.2 6.9 77.3 8.3 

BE 65 100.9 1.8 112.1 6.6 107.2 2.6 

130 98.2 2.0 86.0 10.8 96.2 5.1 

260 79.7 5.8 81.4 9.0 78.9 4.9 

MZP E1 65 102.8 2.9 113.9 4.8 119.9 10.5 

130 102.3 4.6 95.7 11.2 106.8 8.7 

260 113.4 10.2 100.4 7.2 88.5 3.0 
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Enantiomer 
Concentration 

(ng L-1) 

1st Day 2nd Day 3rd Day 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

MZP E2 65 103.3 3.1 110.2 7.0 111.4 10.7 

130 98.4 6.1 94.7 9.8 100.9 5.9 

260 111.5 7.1 93.8 6.1 90.5 7.5 

(S)-ALP 65 88.7 6.7 94.6 5.4 87.0 6.1 

130 89.6 4.0 85.5 13.5 88.6 4.8 

260 105.6 2.1 99.7 5.3 95.8 4.7 

(R)-ALP 65 80.6 12.1 79.1 4.4 74.5 7.0 

130 74.0 3.3 68.5 12.4 68.9 5.9 

260 85.9 1.3 75.7 5.1 73.3 3.4 

ODT E1 65 74.1 7.2 76.2 6.7 76.0 7.7 

130 75.6 4.7 72.8 13.5 79.6 6.3 

260 93.5 2.7 79.6 7.0 74.1 7.2 

ODT E2 65 80.9 7.2 81.7 3.0 77.0 7.0 

130 78.2 2.3 74.9 15.3 78.9 5.9 

260 94.4 0.5 72.9 6.4 67.5 3.5 

R/S(±)-NDT 65 117.2 3.4 119.0 5.6 111.0 5.2 

130 102.2 3.7 94.9 13.3 98.2 4.9 

260 135.6 4.2 115.9 8.3 108.0 4.2 
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Enantiomer 
Concentration 

(ng L-1) 

1st Day 2nd Day 3rd Day 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

(S)-SBT 65 95.3 3.7 118.9 7.0 115.2 2.9 

130 101.7 2.8 82.5 5.8 119.0 1.2 

260 50.1 3.0 46.8 8.1 44.7 5.7 

(R)-SBT 65 130.6 1.9 151.8 4.5 120.0 28.8 

130 129.1 3.2 121.2 11.7 118.5 22.1 

260 92.3 1.1 80.3 7.5 77.4 3.5 

BSP E1 65 84.5 10.2 97.4 6.4 94.4 5.4 

130 91.0 3.3 79.1 0.1 110.2 1.0 

260 82.6 10.3 67.8 13.0 58.9 6.0 

BSP E2 65 - 4.8 - 3.5 - 10.6 

130 - 4.3 - 9.7 - 11.8 

260 - 5.4 - 8.9 - 2.5 

(S)-FLX 65 111.0 2.8 115.5 4.9 109.7 4.0 

130 104.5 2.1 94.7 11.6 108.0 8.6 

260 111.8 3.3 99.7 4.1 102.4 3.8 

(R)-FLX 65 110.9 3.5 115.8 5.0 109.4 3.3 

130 104.4 2.4 96.2 11.8 108.4 8.3 

260 111.6 3.3 99.1 4.6 105.0 4.5 
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Enantiomer 
Concentration 

(ng L-1) 

1st Day 2nd Day 3rd Day 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

(S)-PHO 65 76.4 4.2 91.4 6.3 91.8 3.2 

130 86.5 3.2 79.6 19.1 89.3 0.1 

260 57.8 2.8 49.5 - 57.1 - 

(R)-PHO 65 128.4 2.2 - 7.1 - 3.6 

130 129.0 2.2 116.1 17.7 - 2.2 

260 48.7 2.5 56.4 7.7 64.6 9.0 

(S)-VNF 65 92.5 2.3 104.0 4.9 99.4 4.1 

130 95.9 2.5 99.8 9.0 106.7 6.2 

260 100.7 6.6 95.8 7.8 99.6 6.8 

(R)-VNF 65 94.4 6.5 110.9 8.6 105.7 2.0 

130 94.2 4.5 84.3 5.3 108.7 2.0 

260 99.6 4.2 90.2 5.4 87.1 3.8 

R/S(±)-AM 65 109.2 1.4 117.7 0.05 117.3 1.3 

130 105.4 3.5 97.8 5.3 104.0 6.5 

260 87.7 3.6 92.3 6.0 108.6 6.4 

R/S(±)-MA 65 110.6 3.8 130.7 2.4 125.7 3.4 

130 105.1 1.0 99.2 1.8 106.6 7.1 

260 92.1 4.8 94.4 1.9 115.6 1.2 

 



 

63 
 

Enantiomer 
Concentration 

(ng L-1) 

1st Day 2nd Day 3rd Day 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

(S)-MET 65 83.8 4.4 89.9 6.0 83.9 3.7 

 130 78.6 3.4 64.7 0.4 88.5 1.0 

 260 81.4 5.0 76.3 7.5 75.1 6.4 

(R)-MET 65 74.5 6.8 94.5 5.8 89.0 4.9 

 130 77.8 5.5 63.3 0.02 86.2 0.2 

 260 83.5 2.2 73.7 6.4 70.7 1.3 

ODV E1 65 117.5 5.9 124.7 4.4 113.1 3.0 

130 109.2 4.2 102.6 5.2 102.7 4.4 

260 125.7 2.5 124.9 2.4 142.6 5.9 

ODV E2 65 79.0 7.7 84.5 2.6 76.5 3.0 

130 75.4 1.9 79.5 14.9 83.7 4.1 

260 59.1 3.4 62.8 6.6 68.4 9.8 

R/S(±)-NEV  65 103.3 1.9 144.6 7.0 103.9 0.3 

130 125.6 3.1 90.4 19.5 149.6 2.0 

260 104.0 1.2 95.9 1.7 106.7 28.4 
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Enantiomer 
Concentration 

(ng L-1) 

1st Day 2nd Day 3rd Day 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

FLB E1 65 80.3 10.1 96.8 11.3 71.4 20.3 

130 93.0 1.5 91.0 15.0 103.9 9.1 

260 124.9 0.1 116.7 4.4 113.5 18.9 

FLB E2 65 73.9 10.9 90.1 7.0 73.0 - 

130 100.4 5.2 90.3 13.1 114.0 16.3 

260 125.0 - 117.0 0.4 114.0 11.5 

(S)-NPX 65 110.9 5.2 121.9 6.8 111.2 1.4 

130 85.6 0.6 84.2 1.9 90.2 4.7 

260 82.4 - 87.6 2.8 93.9 4.7 

(R)-NPX 65 115.2 7.1 121.8 - 115.5 5.4 

130 93.9 4.1 87.9 9.8 104.2 8.7 

260 90.8 2.8 96.5 4.4 106.5 5.9 

KET E1 65 114.2 1.9 123.7 8.0 111.4 1.2 

130 94.3 2.4 91.1 10.7 101.2 8.0 

260 97.1 3.1 100.6 4.7 109.2 2.3 

KET E2 65 106.6 6.3 121.8 6.0 109.7 2.7 

130 94.6 4.4 91.1 11.0 103.7 5.7 

260 95.6 2.6 101.3 5.5 110.4 3.1 
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Enantiomer 
Concentration 

(ng L-1) 

1st Day 2nd Day 3rd Day 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

Accuracy 

% 

RSD 

% 

WARF E1 65 - 17.7 - 11.0 - 15.1 

130 - 3.3 - 14.3 - 1.5 

260 - 11.9 - 16.8 - 8.6 

WARF E2 65 - 9.6 - - - 10.8 

130 - 1.4 - 15.4 - 0.2 

260 - 9.2 - 17.3 - 11.4 
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According to Table 9 and with the QC used and described above, the inter-

batch results for tramadol, COC, NCOC, BE, MZP, ALP, FLX, VNF, AM, MA, FLB, NPX 

and KET are in accordance to the international guidelines (80-120%) and previous 

work, because the interval established is between 80-120% [30, 75].  

Compounds such as ODT, BSP, PHO, MET, WARF presented some 

discrepancy from the acceptable values established by the international guidelines 

while the NDT, SBT, ODV and NEV presented values very close to the established 

limits.
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3.5 Quantification of chiral compounds in five sampling point of 

Douro river estuary 

Douro river is the third-longest river in the Iberian Peninsula (930 km), and it 

has a watershed shared between Spain and Portugal. In Portugal, the river's surface 

and underground water resources are used for the production of hydroelectricity, sport 

fishing, irrigation, industrial purposes and to supply drinking water to the population 

residing in the metropolitan area of Porto [76]. The first kilometers to begin at the 

mouth of the estuary are densely populated since two large cities, Porto and Gaia, are 

located on the north and south banks, respectively. In general, anthropogenic stress in 

the Douro river estuary results from industrial development, effluent from the WWTP 

that is discharged into the estuary or its tributaries, and from illicit discharges [37]. 

As referred above surface water samples from five sampling points from were 

collected at 25th until 31st July 2018. The sample points were selected based on 

previous work [37]. Sampling site pictures can be found in Appendix A. From the Sousa 

river mouth until Douro river mouth, five samples were collected for one week and 

analysed using the optimized SPE-LC-MS/MS method previously mentioned. The 

sampling was always done at low tide hours. 

The correct order of sampling began on Wednesday (25th July) and ended on 

Tuesday of the following week on 31st July 2018. 

To better understand the results obtained, information was requested from 

INFARMED – National Authority of Medicines and Health Products on the sale of the 

target compounds in the city of Porto (Table 10). 

 

Table 10 Data on drug consumption in the market of the National Health Service in 

Porto provided by INFARMED. 

Drug Compound Class 

Product sold* 

2016 2017 
2018 

(Jan.-Jun.) 

Tramadol Narcotic analgesics 94 612 95 242 46 576 

WARF Antivitamins K 77 305 69 748 32 431 

VNF Antidepressants 189 832 202 503 107 710 

PHO Beta blockers 75 523 79 826 42 060 

SBT 
Beta-adrenergic 

agonists 
91 096 87 334 45 083 

NEV Beta blockers 181 35 187 575 96 220 
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MET Beta blockers 5 417 5 173 2 423 

FLX Antidepressants 208 090 211 834 106 972 

BSP Beta blockers 412 606 441 138 231 539 

KET NSAID** 51 466 49 090 24 452 

FLB NSAID** 7 525 6 552 3 948 

IBU NSAID** 382 907 360 218 198 358 

NPX NSAID** 9774 102258 5 369 

*Number of packaging sold; **NSAID: non steroidal inflammatory drugs. 

 

Figures 18 to 32 show the range of concentration (ng L-1) of each drug found in 
Douro river estuary in the seven days of the week and five sampling sites.  

 

 Beta-blockers 

 
Figure 18 Variation of concentration (ng L

-1
) of the enantiomers of BSP found in five sampling sites of 

Douro river estuary. 
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Figure 19 Variation of concentration (ng L
-1

) of the enantiomers of MET found in five sampling sites of 

Douro river estuary. 

 

Figure 20 Variation of concentration (ng L
-1

) of the enantiomers of ALP found in five sampling sites of 

Douro river estuary. 

 Regarding the beta-blockers, BSP was the compound that had a higher 

concentration, mainly of the second enantiomer eluted from the chiral column, during 
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the whole week of harvest at all selected points. BSP is an antihypertensive medicine 

known commercially in racemic form as Concor® and it is indicated to relieve high 

blood pressure, stable chronic heart failure and angina in the chest. It is considered a 

liposoluble compound and the (S) enantiomer has a degradation time of 1.4 times 

greater than the (R) enantiomer and can justify the results obtained. The enantiomer 

(R) is also the one with the highest renal clearance [77]. 

 MET is also present systematically in the samples, albeit at lower 

concentrations. Commercially available as Lopressor® is used to prevent further heart 

problems after the occurrence of myocardial infarction and to prevent headaches in 

people with migraine. However, the greater presence of the first enantiomer (S) 

compared to the second enantiomer (R) may be due to the fact that the (R)-MET 

undergoes enantioselective biodegradation [78]. 

 ALP was detected in low concentration at point 3 on Friday in a nearly racemic 

form and only the (R)-ALP was detected and quantified on Monday and Thursday. ALP 

is used in the treatment of angina pectoris but is not often marketed in Portugal. 

 Beta2-adrenergic agonist 

 
Figure 21 Variation of concentration (ng L

-1
) of the enantiomers of SBT found in five sampling sites of 

Douro river estuary. 

SBT is used to relief bronchoconstriction in asthma and other pulmonary 

diseases. The metabolism of SBT is stereoselective as the therapeutically effective (R)-

SBT is metabolized faster than (S)-salbutamol leading to higher plasma and urine 
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concentration of (S)-SBT [79]. Since the (R) enantiomer is the one with the highest 

concentration, in the monitoring and quantification in the surface waters (Figure 21), it 

indicate that the biodegradation in WWTP is lightly enantioselective. However, 

the presence of the SBT was verified only in point 3 of Thursday. A previous published 

study in WWTP (in Milano) about SBT, presented similar results when the SBT 

presented some unexpected peaks of one day, very high in relation to the days before 

and after [80]. 

 

 Antidepressant 

 
Figure 22 Variation of concentration (ng L

-1
) of the enantiomers of FLX found five sampling sites of Douro 

river estuary. 
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Figure 23 Variation of concentration (ng L

-1
) of the enantiomers of VNF found in five sampling sites of 

Douro river estuary. 

 

 
Figure 24 Variation of concentration (ng L

-1
 ) of the enantiomers of ODV found in five sampling sites of 

Douro river estuary. 

FLX is used for treatment of depression, obsessive compulsive disorder, bulimia 

nervosa and panic disorder, improperly used for weight control. It is metabolised in the 

liver and excretion occurs through the urine, less than 10% of which is unmetabolized. 

Because of its widespread commercialization and use, FLX (Prozac®) is being 

detected in the aquatic environment and ecotoxicological data demonstrate the 

potential for effects this type of residue may represent the biosphere [81]. Continuing 
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the FLX analysis, the second enantiomer designated (R)-FLX presents highest 

amounts in the quantification in two days. The fact that there are days when the 

concentrations of the enantiomers of fluoxetine are identical may be due to the fact that 

it is not always metabolized in the body and, therefore, it is excreted in its racemic form 

into the environment [82]. 

In previous studies, some authors report that FLX shows toxicity at low 

concentrations in aquatic organisms that [83], when analyzed, show that the (S) 

enantiomer shows greater toxicity to the (R) enantiomer [84]. 

About VNF, the (R) demonstrates greater serotonin reuptake inhibition 

properties, while the (S) inhibits the reuptake of both monoamines. VNF is highly 

metabolised in humans, with a urinary excretion of the unchanged compound between 

1 and 10% of an administered dose. Demethylation in O-desmethylvenlafaxine (ODV) 

is the main route of first pass metabolism of VNF and ODV is excreted unchanged [85]. 

Some studies have described a possible stereoselective metabolism of VNF for ODV 

with selection for (S) enantiomer or (R) enantiomer, but most pharmacokinetic studies 

of VNF do not distinguish between enantiomers. ODV has antidepressant activity and 

an ODV salt is a drug approved by the Food and Drug Administration (FDA). Despite 

the predominant role of CYP2D6, the enzyme responsible for the formation of ODV, 

plasma concentrations of ODV are detectable in poor metabolizing individuals [85]. 

Analyzing the figures 22-24, it is possible to verify that there is an increase of 

the concentrations in the mouth of the river Sousa (sampling point 1), being that for the 

VNF the second enantiomer is the one that presents a greater amount. 
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 Analgesic 

 
Figure 25 Variation of concentration (ng L

-1
) of the enantiomers of tramadol found in five sampling sites of 

Douro river estuary. 

 

Figure 26 Variation of concentration (ng L
-1

 ) of the enantiomers of ODT found in five sampling sites of 

Douro river estuary. 
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Figure 27 Variation of concentration (ng L
-1

) of the enantiomers of NDT found in five sampling sites of 
Douro river estuary. 

 

Tramadol is an opioid analgesic used to relieve moderate to severe pain. It can 

be used alone or in combination with non-opioid analgesics in the treatment of 

postoperative, dental, neuropathic and acute and musculoskeletal pain [86]. Its 

metabolism begins in the liver, resulting in the formation of its major chiral metabolites, 

such as O-desmethyltramadol (ODT) and N-desmethyltramadol (NDT). Comparing the 

two metabolites, only ODT has pharmacological action [86, 87]. The ODT presents 

analgesic effect mediated ((S)-ODT) [88] by the opioid receptor while the inhibition of 

the reuptake of the neurotransmitter is caused by the original drug, thus increasing the 

inhibitory effects on the transmission of pain in the spinal cord. Both the parent drug 

and the metabolite ODT contribute to the overall analgesic activity of tramadol [86].  

Tramadol is administered as a racemate of (R, R)-tramadol and (S,S)-tramadol 

enantiomers and is a synthetic opioid belonging to the class of weak opioid receptor 

agonists [86].  

Analyzing the Figures 25-27 obtained of Tramadol and its metabolites and 

under the conditions optimized for the method of separation of the compounds, only the 

metabolite ODT was enantioseparated. Enantiomers of Tramadol and NDT were 

treated as unique molecular entity or as "achiral" compounds. 

Tramadol and NDT presented higher concentrations at the mouth of the Sousa 

river, whereas the second eluted enantiomer of ODT had only significant 

concentrations at the mouth of the Douro river. The NDT metabolite had concentrations 

six times higher than tramadol concentrations, which may indicate a higher excretion 

and persistence of this metabolite in environment. 
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 Central nervous system stimulants. illicit drugs and metabolites 

 
Figure 28 Variation of concentration (ng L

-1
) of the enantiomers of AM found in five sampling sites of 

Douro river estuary. 

 

 

 
Figure 29 Variation of concentration (ng L

-1
) of the enantiomers of MA found in five sampling sites of 

Douro river estuary. 
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Figure 30 Variation of concentration (ng L

-1
) of the enantiomers of COC found in five sampling sites of 

Douro river estuary. 

 
Figure 31 Variation of concentration (ng L

-1
) of the enantiomers of NCOC found in five sampling sites of 

Douro river estuary. 
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Figure 32 Variation of concentration (ng L

-1
) of the enantiomers of BE found in five sampling of Douro river 

estuary. 

The concentration of drugs or residues of illicit drugs in wastewater can be used 

to calculate drug use in local communities, such as forensic expertise. 

AM marketing has been increased over the years, although these compounds, 

AM and MA, are still the most prevalent synthetic drugs among young adults. AM is a 

sympathomimetic derivative of phenethylamine that has been used in the treatment of 

obesity, narcolepsy, and hypotension but is now primarily used for its stimulant activity. 

It is normally excreted unchanged in the urine. MA is a derivative of AM and is also 

excreted primarily unchanged and partially as AM at low doses [89]. 

According to recent reports, COC use has been increasing. COC is one of the 

most potent stimulants in the central nervous system. In the liver, COC is rapidly 

metabolised by an enzyme to BE, its primary metabolite that is excreted in the urine for 

45% of the administered dose and in another process, called demethylation, can lead 

to the formation NCOC, a common metabolite in the urine and blood. COC is also 

partially excreted in the urine as an unmetabolized drug (1-9% of the administered 

dose), depending on the pH of the urine [89]. 

According to the analysis of the Figures 28-32, the AM showed concentrations 

on saturday until Tuesday (Figure 28) corresponding to consumption at the weekend. 

Regarding MA, showed concentrations from Wednesday but not at all sites not being 

linear on all days of the week. 

COC and its metabolites had similar concentrations when found, however COC 

was detected every day in all sites compared to its metabolites and could suffer little 
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degradation in the treatments of the WWTP, which may create suspicions that it is a 

persistent compound in the environment 

 

Sample collection in point 3 showed favorable concentrations in many of the 

compounds. It would be necessary to explore this point to see if there are any sources 

of contamination that influence concentrations. 

To better understand the behaviour of the enantiomers of the target compounds 

the EF values were calculated (Table 11). EF help to understand the fate of CDs and 

efficiency of WWTP nearby and also to better estimate their ecotoxicity.  
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Table 11 Range of EF values of the target analytes at the Douro river estuary. 

Enantiomer 
Monday Tuesday Wednesday Thursday Friday Saturday Sunday 

EFa EFa EFa EFa EFa EFa EFa 

R/S(±)-Tramadol n.e n.e n.e n.e n.e n.e n.e 

COC n.e n.e n.e n.e n.e n.e n.e 

NCOC n.e n.e n.e n.e n.e n.e n.e 

BE n.e n.e n.e n.e n.e n.e n.e 

MZP E1 n.d n.d n.d n.d n.d n.d n.d 

MZP E2 n.d n.d n.d n.d n.d n.d n.d 

(S)-ALP 0 n.d n.d 0 0.5 n.d n.d 

(R)-ALP 1.0 n.d n.d 1.0 0.5 n.d n.d 

ODT E1 0 0-0.1 0 0 0 0 n.d 

ODT E2 1.0 0.9-1.0 1.0 1.0 1.0 1.0 n.d 

R/S(±)-NDT n.e n.e n.e n.e n.e n.e n.e 

(S)-SBT n.d n.d n.d 0.5 n.d n.d n.d 

(R)-SBT n.d n.d n.d 0.5 n.d n.d n.d 

BSP E1 0.1-0.3 0.2-0.3 0.2-0.3 0.2-0.3 0.3 0.2-0.3 0.2-0.6 

BSP E2 0.7-0.9 0.7-0.8 0.7-0.8 0.7-0.8 0.7 0.7-0.8 0.4-0.8 

(S)-FLX 0.5 0.5-0.6 n.d-0.5 0.5-0.6 0.5 0.5-0.6 0.5-0.6 

(R)-FLX 0.5 0.4-0.5 n.d-0.5 0.4-0.5 0.5 0.4-0.5 0.4-0.5 

(S)-PHO n.d n.d n.d n.d n.d n.d n.d 
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(R)-PHO n.d n.d n.d n.d n.d n.d n.d 

(S)-VNF 0-0.5 0-0.6 0-0.1 0-0.5 0-0.5 0-0.6 0-0.5 

(R)-VNF 0.5-1.0 0.4-1.0 0.9-1.0 0.5-1.0 0.5-1.0 0.4-1.0 0.5-1.0 

R/S(±)-AM n.e n.e n.e n.e n.e n.e n.e 

R/S(±)-MA n.e n.e n.e n.e n.e n.e n.e 

(S)-MET 0.6-0.7 0.6-0.7 0.6-0.7 n.d-0.6 0.6-0.7 0.6-0.7 0.5-0.7 

(R)-MET 0.3-0.4 0.3-0.4 0.3-0.4 n.d-0.4 0.3-0.4 0.3-0.4 0.3-0.5 

ODV E1 0.3-0.9 0.6-1.0 0.8-0.9 0.5-0.8 0.5-0.9 0.6-0.9 0.6-0.9 

ODV E2 0.1-0.7 0-0.4 0.1-0.2 0.2-0.5 0.1-0.5 0.1-0.4 0.1-0.4 

R/S(±)-NEV n.d n.d n.d n.d n.d n.d n.d 

aEF: Enantiomeric Fraction; n.e: not enantioseparated; n.d: not detected;  
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By analyzing the Table 11, it can be verified that there are enantiomers 

quantified in higher concentration than it pair, remaining longer in the surface waters. In 

most case that the EF is higher than 0.5 (EF> 0.5), the enantiomers found in higher 

concentration are those with higher activity, such as ODT E2, (S)-MET and ODV E1, or 

present higher toxicity, as in the case of (S)-FLX and to (R)-VNF. In relation to ALP, 

only (R)-ALP is detected and is considered the inactive metabolite in the human body, 

not knowing if it will come to undergo changes when in contact with the environment. 
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4. Conclusions 

A sensitive analytical method based on SPE followed by LC-MS/MS was 

developed and optimized for simultaneous analysis in surface water of the Douro river 

estuary.The pre-concentration and de clean up for the target analytes in the SPE 

procedure were achieved using OASIS® MCX cartridges with a new method that does 

not require cartridge conditioning and ethanol was used in the elution step. The use of 

ethanol is importante because it is considered an eco-friendly solvent, minimizing the 

environmental impact allowing to follow the guidelines of green analytical chemistry 

procedures. The optimal sample volume was 500 mL. The OASIS® MCX cartridges 

were used to recover acidic and base compounds with an innovative procedure for 

sample preparation. The procedure allows increasing the number of target compounds 

to analyse in the sample and decrease the time for sample preparation. 

  The SPE-LC-MS/MS method validation was performed according to the 

international criteria and the good results obtained for selectivity, linearity, MDL and 

MQL, accuracy. 

 The developed method was applied in the analysis thirty-five surface water 

samples collected in Douro river estuary. From the twenty three target compounds, 

only three (MZP, PHO and NEV) were not detected and quantified. The higher 

concentration detected were Tramadol and its metabolite NDT (300-1800 ng L-1). 

About ilicit drugs, COC was found at similar concentrations every day at all 

sampling points and AM and MA being found at similar concentrations at some points. 

NCOC and BE were found at some points and with approximate concentrations of 

COC.   

.  The EF was achieved by compounds such as ALP, where EF ((R)-ALP) was 1.0 

as was the second enantiomer of ODT. The FLX maintained EF= 0.5 along the points 

and both the VNF and the (S)-MET presented values of EF> 0.5. This study allows 

certifying that many of the target compounds are not eliminate by WWTPs. The results 

of the monitoring programme gives values information for further environment 

monitoring and ecotoxicity studies. 
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5. Future work 
The analytical method developed (SPE-LC-MS/MS) need to improve in some 

aspects of the validation as better verification of the matrix effects and recovery of the 

QCs. Further, the monitoring of profens is missing and requires evaluation. The order 

of the elution in the chiral column of some enantiomers also needs to be confirmed. 

The monitoring programme shoul be extended at different seasons to verify the 

temporal and seasonal variation of CDs.  

The enantioselective method developed could be adapted for further analyses 

in influents of WWTP to predict the target CDs comsuption in a population and also to 

detect some illegal procedure as inapropiate discharge.  
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Appendix A: 

Site pictures of the Douro river estuary 

 

  


