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Abstract: Aside from the classical residues of persistent organic pollutants (POPs), the occurrence
of emerging contaminants (ECs) in the environment has become a subject of increasing concern
due to their harmful impact on the aquatic environment. Wastewater treatment plant (WWTP)
effluents are major sources of environmental pollution. Therefore, data concerning their existence
is required. In this study, twenty compounds representative of different drug groups considered
ECs and belonging to antibiotics, antipsychotics, anti-inflammatory drugs plus acesulfame K were
selected to be accurately detected and quantified with UHPLC–LTQ-Orbitrap MS in hospital and
urban WWTP effluents. Chromatographic parameters (column efficiency, mobile phase, etc.), as well
as mass spectrometry conditions concerning ionization mode and Orbitrap analysis (ESI options,
mass resolving power, AGC target, tube lens, injection time), were evaluated. Moreover, a novel fabric
phase sorptive extraction (FPSE) method based on fiber glass coated with PEG300 was employed
as sample preparation process. Experimental parameters affecting extraction and desorption steps
such as sample pH, extraction time, ionic strength, elution time and solvent have been optimized.
The optimized methodology was validated providing excellent linearity (R2 > 0.99), and low detection
and quantification limits up to 3.1 and 9.3 ng/L, for carbamazepine, respectively. Relative recoveries
ranged from 81.1% to 114.0%, while a medium matrix effect for most of the target compounds occurred.
Applying the above analytical method in effluents of WWTPs from NW Greece, nine compounds
were quantified with concentrations that varied from 55.4 to 728.4 ng/L.

Keywords: Orbitrap; UHPLC; emerging contaminants; POPs; wastewater; FPSE; pharmaceuticals;
acesulfame K

1. Introduction

During the last three decades, the impact of chemical pollution has focused on persistent organic
pollutants (POPs). POPs are toxic chemicals with negative effects in the environment and human health.
They persist in the environment for extended periods and bioaccumulate through the food chain [1].
The criteria for chemical persistence based on their transformation half-lives and physicochemical
properties have been established under many regulatory frameworks and were finally officially
catalogued at the Stockholm Convention in 2009 [2]. Nevertheless, recently, it has been recognized
that risks to aquatic environment and human health are not limited to chemicals fitting the classical
definition of POPs. An examination of the complex mixtures of chemicals present in natural water
reveals the presence of organic chemicals covering a wide range of water solubilities and environmental
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half-lives. For instance, in recent years, emerging contaminants (ECs) have gained increasing interest
in the field of environmental research. In this study, the analytes of interest belong to ECs and are not
classified as persistent pollutants. However, their continuous use and release into the environment has
resulted in their description as “pseudo-persistent” compounds [3,4]. A framework for an EU action
in the field of water policy by Directive 2000/60/EC was established [5]. Emerging contaminants are
chemical compounds that have the potential to enter the environment and cause known or suspected
adverse ecological and/or human health impacts [6–10] and typically are not regulated under current
environmental laws. Among them are pharmaceuticals, pesticides, industrial chemicals, surfactants,
sweeteners, and personal care products [10–13]. Pharmaceuticals constitute one of the most important
emerging classes of environmental pollutants.

Recent studies have discovered their occurrence in environmental samples investigated worldwide,
including different aqueous matrices [14–16]. Wastewater treatment plants (WWTP) seemed to be
the main contamination discharge for pharmaceuticals from human and veterinary activities as a
result of excretion and metabolism by humans and animals, and additionally disposal of unused
or expired drugs [17,18]. Artificial sweeteners (ASs) on the other hand are widely used as sugar
substitutes in a broad range of food, beverages, and drugs in significant quantities [19–21]. Over the
past decade, pharmaceuticals and artificial sweeteners have been frequently detected as emerging
organic contaminants at pg/L to µg/L levels in various aquatic environments such as surface water and
groundwater [11,22] due to insufficient removal from WWTPs resulting in further spread through the
water cycle. The presence of these micropollutants may pose adverse long-term risk to human health
and aquatic ecosystems under chronic long-term exposure despite their low concentrations. In addition,
an extra concern is focused on antibiotics, not only due to their extensive use, but also to their ability to
alter the microbial community structure, facilitating the development of antibiotic-resistant human
pathogens [23,24]. For this reason, the Watch List (WL), published in 2015 (Decision 2015/495), included,
among other compounds, the macrolide antibiotic of erythromycin [25]. The forementioned Watch List
also encompasses the studied anti-inflammatory drug diclofenac, which was previously introduced
in the first WL of Directive 2013/39/UE [26]. In this context, it is important to set up fast, sensitive,
and reliable analytical methods that enable the determination of a wide range of ECs residues in
environmental waters, such as hospital and urban wastewater at the low concentration levels that they
are found. One approach to attain this is to acquire a chromatographic system with a higher resolution
by employing more efficient stationary phases and more sensitive mass analyzers. This has been well
documented in the literature, and recently, Fornstedt et al. have provided a comprehensive description
of the basic theory of liquid chromatography and its recent trends [27]. Currently, the proposed
analytical procedures for determining pharmaceuticals and sweeteners in environmental waters are
mainly based on UHPLC–MS/MS, due to its high selectivity and low detection limits [15,28,29].

With respect to liquid chromatography coupled to mass spectrometry technique, the recent
trend involves the use of high-resolution mass analyzers such as Q-TOF or Orbitrap which allow to
obtain mass accuracies lower than 5 ppm. Over recent years, interest has been steadily growing in the
application of Orbitrap to environmental samples and the field of food safety. Bade et al. [30] employed
high mass resolution approach technique for screening of pharmaceutical and illicit drugs in samples
of wastewater and surface water from Spain and Italy. Later, Pugajeva et al. investigated effluent
wastewater for the presence of 24 emerging pharmaceutical residues in wastewater [31]. Kosma et al.
studied the occurrence of antipsychotic drugs with the implementation of an Orbitrap analyzer in a
hospital and urban wastewater treatment plant (WWTP) in Ioannina city, in northwestern Greece [32].

Due to the increasing interest in the determination of organic micro-pollutants in complex matrices
at low concentrations, several liquid or solid-phase extraction techniques were developed [33–35].
Research trends are increasingly promoting more environmentally friendly analytical procedures,
simplifying the extraction process, and developing micro-extraction methods [36–39]. As a response to
the global call for green approaches of sample preparation technologies, Kabir and Furton [40] have
recently developed fabric phase sorptive extraction (FPSE), which is considered a micro-extraction



Separations 2020, 7, 46 3 of 19

sorbent-based technique [41]. This novel technique consists of a synthetic fabric coated with
high-efficiency inorganic-organic sorbents using sol–gel technology [42,43]. The modified fabric
is directly submerged into the sample containing the target analytes and, once equilibrium is reached,
the analytes retained on the extraction medium can be eluted with appropriate organic solvent [44].
This technique ensures high retention capacity through higher sorbent loading, fast extraction
interaction, relatively short extraction time and reduced consumption of organic solvents in the sample
preparation [45–47].

FPSE has been applied to extract a wide range of analytes from different samples, such as
UV stabilizers in sewage samples [48], anti-inflammatory drugs [49], alkyl phenols in aqueous and
soil samples [50], triazine herbicides [35], estrogens in urine and environmental water samples [51],
and polar antibiotic in raw milk [52]. Our research group has recently used FPSE for the extraction
of selected antipsychotic drugs from environmental waters followed by high performance liquid
chromatography-UV-DAD with satisfactory results [53].

The present study is aimed at the optimization, validation, and application of the UHPLC-LTQ-
Orbitrap-HRMS method for the quantification of twenty selected pharmaceuticals of different
therapeutic classes and one sweetener, namely acesulfame K. Chromatographic conditions and
parameters affecting signal response, resolution, mass accuracy was evaluated to obtain the most
suitable performance characteristics of UHPLC-LTQ-Orbitrap. Furthermore, the optimized analytical
chromatographic technique is combined for the first time (according to our knowledge) with the
application of an easy, green, and fast sample preparation process, namely fabric-phase sorptive
extraction (FPSE), for the determination of these emerging contaminants. Finally, method suitability
was tested successfully by its application in real water samples collected at the main wastewater and
hospital effluent water of Ioannina city in Greece.

2. Materials and Methods

2.1. Standard Solutions and Reagents

For the present study, a set of 20 multiclass pharmaceuticals and one artificial sweetener was
selected. All standards were of high purity (>95%), and purity grade of the standard was considered
for the preparation of standard solutions. Specifically, acesulfame (>95%), amitriptyline (>98%),
carbamazepine (>99%), clomipramine HCl (>98%), cyclobenzaprine HCL (>98%), diclofenac (>98%),
erythromycin (>99%), fluoxetine HCl (>98%), indomethacin (>97%), mefenamic acid (>99%), paroxetine
(98%), salicylic acid (>97%), sulfacetamide (>98%), sulfamethazine (>98%), sulfamethoxazole (>98%),
sulfamethoxy-pyridazine (>97%), sulfapyridine (>98%), sulfaquinoxaline (>98%), tolfenamic acid
(>99%), triclosan (>99%), and trimethoprim (>98%). Their physicochemical characteristics and chemical
structures are listed in Supplementary Table S1. The preparation of stock standard solutions as well as
reagents and solvents are described in detail in the Supplementary Material (Section S2.1).

2.2. Sample Collection

Composite effluent wastewater samples were collected from the wastewater treatment plant of
Ioannina city located in Epirus region, NW Greece, (WWTP-U) as well as from Ioannina hospital
of the University (WWTP-H). The University hospital of Ioannina city has a capacity of 800 beds
and provides a broad range of clinical services and medical specialties since it is also a center of
research. It serves a population of approximately 130,000 inhabitants since it is a reference hospital
for Epirus region and suburbs. Wastewater effluents of the hospital are discharged into public sewer
network, being co-treated with domestic wastewaters in municipal WWTPs. WWTP-U has a traditional
three-stage treatment technology that includes mechanical screening, biological treatment, and sewage
sludge treatment. WWTP-U serves Ioannina, a city, with population of almost 120,000 people. Domestic,
industrial wastes, and rain waters are obtained from the WWTP-U, often surpassing the WWTP’s
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capacity to deal with this amount. WWTP-U also receives hospital effluents, therefore the occurrence
of pharmaceutical compounds in both plants has a significant interest [54].

The sampling took place during three different days on 13–15 February 2020. Samples were
collected every 120 min, from 8:00 to 16:00 h, and then combined to provide a final representative
composite sample. Final volumes of 1 L (n = 3) wastewater effluents were collected at the final stage
after the secondary treatment plant for each sampling site (WWTP-U and WWTP-H). One aliquot of
sample was used for BOD and COD analysis, while the other was pooled for occurrence analysis of
target compounds. BOD and COD analysis was performed for three effluents in every plant, one for
each sampling day. All samples were collected in amber glass bottles pre-rinsed with deionized water.
Up on their arrival in the laboratory, were centrifuged (4000 rpm, 25 ◦C, 10 min) and filtered with
0.2-µm polypropylene (PP) filters. Afterwards, the samples were stored in the dark at 4 ◦C before
sample pretreatment. The samples were extracted within 48 h in all the cases. Biochemical oxygen
demand (BOD5) ranged from 2 to 5 mg/L for WWTP-H samples and 7–10 mg/L for WWTP-U effluent
samples, while Chemical oxygen demand (COD) was 10–20 mg/L 50–60 mg/L for WWTP-H and
WWTP-U samples, respectively. Hospital WWTP is a smaller unit compared to Ioannina city WWTP
as it receives lower loads, and therefore the differentiations in BOD and COD analyses were expected.

2.3. UHPLC–LTQ Orbitrap MS Analysis

Chromatographic conditions were evaluated for positive (PI) and negative (NI) ionization.
Chromatographic separation was conducted using an Accela UHPLC system (Thermo Fisher Scientific,
Bremen, Germany) consisting of an Accela autosampler (model 2.1.1) and an Accela quaternary gradient
UHPLC pump (model 1.05.0900). Separation of target analytes was carried out on a reversed-phase
Hypersil Gold C18 analytical column (100 mm, 2.1 mm, 1.9 µm) maintained at 35 ◦C. The mobile
phase consisted of water (A) and methanol (B), both containing 0.1% v/v formic acid (f.a). The gradient
program for the elution of target compounds in positive and negative ionization is described in
Supplementary Material (Section S2.3).

The LC system was coupled to a hybrid LTQ Orbitrap XL Fourier transform mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany). The linear ion trap (LTQ) part of the hybrid MS system
was equipped with an Ion Max electrospray ionization probe, operating in the positive and negative
ionization mode. The qualification and quantification analyses were performed in full scan accurate
mass spectra at high resolution as profile data mode in two separate runs for negative and positive
ionization. For PI mode the following ionization parameters were applied: tube lens voltage, 90 V,
spray voltage, 4.0 kV, capillary temperature, 320 ◦C, capillary voltage, 50 V, flow rates for the sheath
(N2) and auxiliary (N2) gas, 35 arbitrary units (au) and 10 (au), respectively. In full-scan MS mode,
the following parameters were used: resolution was set at 60,000; mass range, 120–1000, automatic
gain control target (AGC), 5 × 105, and the maximum injection time (IT) was set to 100 ms, and the
number of microscans to be performed was set at 1 scan s−1.

In negative ionization mode (NI) the following operational parameters were used: tube lens
voltage, −90 V, spray voltage, 2.7 kV, capillary temperature, 320 ◦C, capillary voltage, −30 V, flow rates
for the sheath (N2) and auxiliary(N2) gas, 10 arbitrary units (au) and 7 (au) respectively. In full-scan
MS mode, resolution was set at 60,000 and the m/z scan range was 120–600, automatic gain control
target (AGC) was set at target value of 4 × 104, and maximum injection time (IT) at 80 ms. The number
of microscans to be performed was set at 1 scan s−1.

In data-dependent MS/MS mode, the precursor quadrupole isolation window was set to 1 m/z,
the default charge state was set to 1 and−1 for PI and NI, respectively. The resolution was lower (15,000)
both in the positive and negative modes. The ion fragmentation technique used was collision-induced
dissociation with normalized collision energies (NCE) specified in the inclusion list of the software.
The NCE energies were optimized for each target compound by injecting the working mix standard
solution at a concentration of 10 µg/L.
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Furthermore, the MS/MS scans were applied by targeting the automatic gain control (AGC) at
2 × 105 and 2 × 104 ions for PI and NI, respectively, while maximum injection time (IT) was set at 50 ms
for both polarity modes. The mass tolerance window was set to 5 ppm.

The total instrument control and data processing was done with Xcalibur 2.1 (Thermo
Electron, San Jose, CA, USA). Parameters for full MS/dd-MS2 analysis are listed in Supplementary
Tables S2 and S3.

2.4. Fabric Phase Sorptive Extraction (FPSE)

The primary material that was used for the extraction of target analytes was a Whatman microfiber
glass filter (FG) coated with short-chain poly (ethylene glycol) (PEG) by sol-gel process. Details about
the sol-gel coating technique, the synthesis and characterization of the FPSE media are described in
previous publication of our research group [53]. Based on the aforementioned publication with some
modifications the procedure was applied for the extraction of 21 analytes.

Prior to the extraction two circle-shaped (FG)@ PEG300 with a diameter of 1 cm materials were
soaked using tweezers (avoiding possibility of contamination) in 5 mL of methanol: acetonitrile
(50:50 v/v) solution for 5 min. This is necessary to activate the FPSE media and remove any unwanted
residue deposited during the storage. Afterwards, a conditioning step is followed by soaking the
material into 5 mL of deionized water for 5 min, disposing in this way the previous organic solvents.
Next, the FPSE media was transferred to a 12 mL screw-capped glass tube vial with 10 mL of aqueous
sample along with a clean PTFE magnetic stir bar. The magnetic stirrer was set at medium level
(350 rpm) for 30 min to achieve an adequate transfer of target analytes within the aqueous sample.
After that time, the FPSE media was removed from the water sample, and let it dry to remove residual
water. Then the FPSE media was inserted in a clean vial with 1 mL MeOH (acidic/alkaline) and
the analytes were eluted with the aid of stirring (350 rpm) for 10 min. The extracts were collected
and evaporated to dryness under gentle stream of nitrogen. Finally, they were reconstituted to the
initial conditions of mobile phase (H2O:MeOH, 90:10 v/v acidified with 0.1%f. a v/v) for further
UHPLC-Orbitrap-MS analysis.

3. Results and Discussion

3.1. Method Optimization

3.1.1. Chromatographic Separation

First, several experiments were performed on different mobile phases consisting of acetonitrile
(AcN) or methanol (MeOH) as organic phase and water as polar phase with different concentrations of
acetic and formic acid (from 0.05 to 0.5 v/v%), ammonium formate, ammonium acetate (from 1 mM to
10 mM) [31,55,56]. Methanol was chosen due to the observed overall reduction of ESI signal intensity
when using AcN. Moreover, MeOH achieved better resolution and sensitivity. The addition of formic
acid enhanced the formation of [M + H]+ and [M − H]− as dominant molecular ions for polar and
negative ionization, respectively. Finally, the best results were obtained when MeOH and water were
used with the addition of 0.1% f.a v/v in both phases.

Three chromatographic columns were surveyed to optimize suitable chromatographic conditions,
Speed core-Diphenyl (50 mm × 2.1, 2.6 µm), Speed Core C18 (100 mm × 2.1, 2.6 µm) from Fortis
and Hypersil Gold C18 (100 mm × 2.1, 1.9 µm) from Thermo Fischer Scientific. Between all the
mobile phase combinations mentioned, and the three examined columns, the best peak shapes and
responses in both positive and negative ionization modes were achieved using the Speed core- Diphenyl
(50 mm × 2.1, 2.6 µm) and Hypersil GOLD (1.9 µm) columns with acidified water and methanol as
mobile phases, while the Speed Core C18 (100 mm × 2.1, 2.6 µm) was overruled because of the absence
of chromatographic peaks especially in the sulfonamide group. Finally, Hypersil GOLD C18 yielded
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the best results by means of peak shape and area of chromatographic peaks. Characteristic examples
of the obtained chromatograms and response are depicted in Figure S1.

Hypersil Gold Column provided narrow symmetrical chromatographic peaks that ensure the
optimum resolution. Obtaining narrow peak widths is especially challenging for basic pharmaceutical
compounds. Recently, Samuelsson et al. comprehensively explained that the tremendous different
peak deformation and peak splitting effects are dependent on the solute species form and how band
distortions due to pH mismatch can be effectively avoided by careful control of the protolytic species
form in the sample preparation [57]. Moreover, such splitting effects get worse in complex matrices
where sample solvent interferes with eluent analytes [58]. The reduced silanol activity on Hypersil
Gold columns reduces tailing for basic analytes, improving resolution. The influence of the injection
solution composition on the quality of LC–MS methods, in terms of column efficiency and peak shape,
was investigated. Taking into consideration the efficiency of chromatographic separation as well as the
stability of the analytes in the solvent, the injection solvent selected was 90:10 water: methanol with
0.1% v/v formic acid (f.a).

A representative extracted ion chromatogram (XIC) of all analytes of interest at a concentration of
5 µg/L is illustrated (Figure 1).
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Figure 1. Extracted Ion Chromatogram, XIC of a standard solution of 5 µg L−1 in UHPLC–LTQ/Orbitrap
of target analytes from left to right positive and negative ionization.

3.1.2. Mass Spectrometry-LTQ Orbitrap

ESI Conditions

For the evaluation of instrumental conditions in mass spectrometry, it is interesting to also study
the parameters that can favor the ionization of target analytes and their further detection. Three ESI
parameters that can affect the ionization of the analytes were evaluated: tube-lens, sheath gas flow and
capillary temperature.
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The sheath gas flow assists in the drying of the drop emitted by the capillary, to which it was
assigned moderate relevance and its values were ranged between 5 and 40 au for both polarity modes.
The sheath gas flow executed best results by means of signal intensity in the range of 25 and 35 au,
and specifically the value of 35 and 30 au was chosen as optimal for PI and NI, respectively. A capillary
temperature, that helps the analytes to be emitted in solution form, was also tested and varied between
260, 280, 300, 320, 340, 360, and 380 ◦C. Capillary temperatures between 280–320 ◦C provided similar
and satisfactory results with some differentiations for more acidic compounds which exhibited higher
sensitivity in high capillary temperatures. This observation is in accordance with another published
work [59]. There is no ideal capillary temperature that fits equally for all the analytes of interest, so
320 ◦C was selected as optimal.

Finally, tube lens values evaluated were 70, 90, and 110 V, with the best results accomplished with
90 V and −90 V for positive and negative polarity, respectively. Variations of tube lens voltage for
target analytes seem to be influenced by the molecular mass (Supplementary Figure S2). For example,
a tube lens value of 110 V in the case of Erythromycin-H2O (MW 715.93) provided a higher response
compared to tube lens value of 90 for the same compound. However, the majority of target analytes
molecular masses ranged from 200–350.

Orbitrap Mass Analyzer

The last step of the optimization was the investigation of the parameters affecting the detection
region of Orbitrap analyzer on the signal intensity of target compounds. Thus, the AGC target and the
maximum injection time values of the Orbitrap (IT) were evaluated.

The automatic gain control (AGC) target value refers to the ion population Orbitrap mass analyzer.
The context behind the AGC is to regulate the number of ions in the mass analyzer to avoid or minimize
space charge effects to improve mass accuracy. The objective of the optimization has been set to
maximize the response concerning the ECs in both polarity modes. Four AGC target settings were
investigated for their effects on quantitation of 3 × 105, 5 × 105, 106, and 3 × 106 for positive ionization
while for negative ionization the corresponding test values were 2 × 104, 4 × 104, 105, and 5 × 105.
The effects of AGC target are presented in Supplementary Figure S3.

It is important to notice that the AGC target value and maximum ion injection time are dependent
parameters. Either the maximum ion injection or AGC target value is responsible for the scan events
of MS or MS/MS depending on which parameter is reached first. As an example, if maximum ion
injection time is 100 ms while the AGC target value is set at 1 × 104 but it needs more time than
100 ms to accumulate 1 × 104 ions, therefore the MS events will be performed anyway within 100 ms
regardless of the set of AGC target value. If it takes less time (<100 ms) to accumulate 1 × 104 ions,
then the MS events will be executed with the already set AGC target. Increasing the AGC target values
should follow an increase of the maximum ion injection time since it takes longer to accumulate more
ions set [60]. Optimized injection time for AGC target value 5 × 105 was 100 ms in positive method
ionization, and in negative method 80 ms for AGC target value 4 × 104 was selected.

Resolving power is a parameter that affects the total acquisition time in the Orbitrap mass analyzer.
The higher the resolution setting, the longer the time required for performing a scan cycle and the
less the possibility to obtain the points acquired to form a chromatographic peak or a mass spectrum.
To optimize the resolving power (R), the system was operated in full-scan mode (120–1000 and
120–600 m/z) and the studied R values varied between 15,000, 30,000, 60,000, and 100,000 FWHM. Six
(6) blank effluent wastewaters spiked after FPSE extraction with a mixed standard solution (50 ng/L) of
21 target analytes in total for positive and negative ionization were analyzed. The resolving power
was evaluated measuring the peak area (signal response). High mass resolution provides higher mass
accuracy and increases the selectivity, in multi-residue analyses, in complex matrices, allowing the
increase in the number of screened compounds. However, an excessively high resolution (such as
100,000 FWHM) has an impact in the sensitivity due to the increased scan duration and limited data
points (Figure 2). A possible explanation could be the loss of ion energy during the travel time and
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distance, which is more enabled at high resolution settings [61]. To eliminate matrix interferences,
but also to accurately quantify a chromatographic peak, a sufficient number of data points is required
across the peak width. Therefore, the optimum resolving power was evaluated and the value of 60,000
FWHM was found to be optimal for both polarity modes.

Concerning the confirmatory experiments assessed with dd-MS2, a lower resolution setting was
selected for measurements of fragment ions after the application of the normalized collision energy
(NCE). The R value of 15,000 FWHM proved to be sufficient in this mode and fulfills the requirement
of an excellent selectivity.
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Figure 2. (a) Peak chromatogram (presented as data points) and (b) mass spectrum of Mefenamic acid
(post-spiked sample at concentration 50 ng/L) with the resolution of 15,000 FWHM, 30,000 FWHM,
60,000 FWHM, and 100,000 FWHM (from top to the bottom).

Employing the optimized chromatographic conditions and the selected mass spectrometric
parameters, accurate mass measurements were recorded for all precursor ([M + H]+, [M + H]−) and
fragment ions of the compounds of interest and optimum normalized collision energy (NCE) was
selected by several optimization experiments. UHPLC-Orbitrap MS/MS data including fragment ions
for PI and NI are summarized (Supplementary Tables S2 and S3). It is important to highlight high
mass accuracy results for all studied analytes, below 2 ppm and 5 ppm for PI and NI, respectively.

3.2. Optimization of Fabric Phase Sorptive Extraction

In this study, a one-variable-at-a-time optimization approach was used in the optimization of
the FPSE. Adsorption studies were conducted with ultrapure water spiked with level 10 µg/L of the
target analytes. In all samples, prior to extraction, a chelating agent such as Na2EDTA was added,
since among target analytes there exist antibiotics of the sulfonamides and macrolides classes which,
according to literature, have the tendency to form complexes with multivalent metal ions that are
already soluble in water [31,62], This resultantly affects the recovery of the procedure. Na2EDTA is a
strong chelating agent which act as a competent agent for multivalent cations improving the extraction
efficiency. Therefore, 0.1% final concentration (g solute/g solution) of Na2EDTA was achieved.

To obtain high extraction efficiencies for the FPSE, several parameters were optimized including
sample volume, extraction time, pH, ionic strength. Desorption conditions such as elution solvent,
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and its volume were evaluated too. In our previous study, FPSE technique was used for the extraction
of antipsychotic drugs from environmental water samples [63]. Following that data, initial conditions
of 1 mL of aqueous sample with a fixed elution volume of 1 mL MeOH solvent was chosen for
the evaluation of pH effect. pH values of 3.0, 7.0 and 11.0 (taking into consideration pKa of basic
compounds) were tested. The results of the pH evaluation are presented in Supplementary Figure S4a.
The target analytes have different pKa and belong in different therapeutic and chemical classes, so they
follow different adsorption rules according to pH variations. Antibiotics classified in sulfonamide
category, NSAIDs and artificial sweetener (acesulfame) displayed higher adsorption in pH 3.0. In this
pH the specific compounds exist in their neutral form according to pKa and their speciation charts [64],
enabling in this way the extraction On the other hand, when pH increases to 7.0 and 11.0 the adsorption
decreases significantly since the mostly ionizable charged form of these compounds exists in aqueous
solution. In alkaline region (pH 11.0), the highest adsorptions were obtained for antipsychotic drugs
with basic pKa. However, the adsorption of antipsychotic drugs was also satisfactory in other pH
values. Carbamazepine provided high adsorption in all pH values. Different pKa values of analytes of
interest do not allow to apply a pH value that would be equally efficient for all, therefore pH 3.0 was
selected as a satisfactory value for most analytes.

After the evaluation of pH, the next step was to determine the volume of the aqueous sample that
could be loaded in the FPSE device accomplishing at the same time high enrichment factor. To address
this issue, two circles of 1 cm FG@PEG were used and three volumes of 5, 10, 20 mL of ultrapure
water spiked with the target analytes were tested. The lowest adsorption rates were achieved with
20 mL of sample, while 5 and 10 mL provided satisfactory rates, respectively. When the sample
volume was increased from 5 mL to 10 mL, adsorption slightly increased for most analytes. Taking into
consideration the preconcentration factor and making a compromise between the adsorption efficiency
and the sensitivity of the method, 10 mL of sample was selected for further analysis.

A series of extraction times of 10, 20, 25, 30, 35, and 40 min was studied under two stirring speeds
(250 and 350 rpm). The scale of 350 rpm was by far more effective in all cases. From Supplementary
Figure S4b, it is obvious that the equilibrium of target analytes onto the sorbent is accomplished within
35 min, while further stirring time did not significantly improve the adsorption rates. For this reason,
35 min was chosen as the optimal extraction time and employed for the subsequent tests.

Generally, increasing the ionic strength of a solution results in an improvement in the extraction
efficiency when salting-out effect plays a crucial role in the procedure. The effect of ionic strength on
the adsorption of target analytes was examined using NaCl at concentrations ranging between 0%,
5%, and 10% (w/v). With the addition of 5% w/v of NaCl no significant improvement in the extraction
efficiency was assessed. On the other hand, higher salt content of 10% w/v decreases the adsorption of
several analytes and has a negative impact especially for non-polar ones (Supplementary Figure S4c).
Target compounds with logP > 3.5 like the studied NSAIDs present the lowest adsorption rate with the
highest salt content. This finding is in accordance with other reports [65–67].

Following the optimization of the adsorption step of FPSE, desorption conditions of extraction
technique such as elution solvent, volume as well as elution time were evaluated. Different solvents,
such as acetone, acetonitrile, and methanol, were evaluated under the same conditions: extraction time
35 min, 10 mL of sample, 1 mL of elution solvent, stirring for 15 min–350 rpm. Acetone presented
the lowest recoveries especially for polar analytes (logP < 3), followed by acetonitrile while methanol
exhibited the higher elution efficiencies. To increase the desorption yield, taking into consideration the
pH dependency on sorbent, formic acid or ammonia was added at various percentages (1–5% v/v) to
increase the acidity or alkalinity. The results (Figure 3a) showed that the extraction efficiency reached
the maximum when two consecutive elution systems of MeOH with 5% f. a v/v and MeOH with 5%
v/v NH3 were employed. Analytes with maximum recovery in acidified methanol showed the lowest
recovery in alkaline methanol and vice versa. This may be attributed to the different physicochemical
properties of the analytes and the variation in pKa. During desorption process, the ionic state of each
compound should be promoted, reducing in this way the adsorption onto the sorbent and facilitating
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the transfer of the analytes in elution solvent [68]. As an example, considering the pKa of fluoxetine,
in alkaline pH, the compound exists in its neutral form, maintaining its adsorption onto the FPSE
media, thus an acidified solvent would be more suitable for the successful desorption. For sulfonamide
compounds, the same vice versa phenomenon occurs. In low pH values sulfonamides exist in their
neutral form which enables the retention onto the sorbent, indicating that a desorption solvent in
alkaline media would be more efficient. To overcome this observation, the elution of the target analytes
was accomplished with consecutive elution steps by adding aliquots of MeOH 5% NH3 v/v and MeOH
5% f. a v/v. In this way, we take advantage of the optimal elution conditions for all target analytes by
avoiding the performance of two different extraction processes, simplifying FPSE.
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For determining the volume of the elution solvent two fractions of 1 mL and 5 mL were investigated.
The results demonstrated similar recoveries for both selected volumes, thus 1 mL was selected for
further studies. In addition, to increase the preconcentration factor, the 1 mL acidified/alkaline
methanol elution extracts were evaporated until dryness and reconstituted in 150 µL of mobile phase
initial conditions.

Finally, regarding the effect of desorption time 5, 10, 15, and 20 min of stirring (350 rpm) was
investigated. From Figure 3b it is noticed that recoveries increase with time of exposure of the FPSE
media. Specifically, the maximum recoveries were achieved within 10 and 15 min, while 5 min of
stirring was not long enough to achieve complete desorption. On the other hand, 20 min of stirring
provided lower desorption efficiencies, probably due to the back re-sorption of analytes onto the coated
media [48,52].

In accordance with the obtained results, the optimum conditions for FPSE procedure were as
follows: 10 mL of aqueous sample adjusted to pH 3 (with no addition of NaCl) was extracted for 35 min
under continuous stirring at 350 rpm. Desorption occurred with 1 mL of methanol (acidified/alkaline)
within 10 min of stirring at 350 rpm. The optimal conditions were applied to wastewater effluents for
the determination of target analytes.

3.3. Analytical Performance

The FPSE method developed for the determination of the selected analytes in aqueous media
was validated. The validation procedure was conducted in pooled samples of effluent wastewater of
Ioannina city as well as effluent wastewater from University hospital of Ioannina, providing excellent
performance criteria, such as sensitivity, linearity, precision, reproducibility, and accuracy. Matrix effect
studies were also evaluated for the investigated aqueous matrices.

Accuracy of the developed method was expressed as the percentage of relative recovery (RR %).
They were estimated from absolute recoveries of ultra-pure spiked water samples. Relative recovery
is defined as the % concentration of target analytes recovered from the wastewater effluent with
reference to the concentration found at spiked ultra-pure water. For this purpose, three replicates
of spiked effluent sample at three concentration levels of LOQ, 10 times LOQ and 100 times LOQ
(low, medium, high) were analyzed under the optimum conditions. Blank samples (non-spiked) were
analyzed as well. Due to the fact that non-spiked effluent samples already contained some of the
compounds, the concentration of the respective non-spiked sample (blank) was subtracted from the
concentration in the spiked sample and then divided by the spiked level. For the medium spiking level
relative recoveries ranged from 83.7% to 114.0%, as presented in Supplementary Table S4. Intra-day
precision (n = 5) and inter-day precision also referred to as reproducibility (n = 15) expressed as relative
standard deviation percentage (RSDr and RSDR) were lower than 8% and 11%, respectively, for all
target compounds (Supplementary Table S4).

The limit of detection (LOD) was calculated as the lowest concentration of analyte that provides a
signal-to-noise ratio equal to 3 (S/N = 3.) Similarly, the limit of quantification (LOQ), was determined
as the concentration that generates a S/N = 10. LODs and LOQs were ranged from 3.1–149.4 ng/L
and 9.3–447.7 ng/L, respectively. Linearity of the method was investigated by triplicate analysis in
effluent wastewater by constructing an 11-point method calibration curve covering the range of LOQ to
approximately 100 times LOQ for each target analyte. Coefficients of determination (R2) were greater
than 0.99 indicating that linearity is satisfactory for all target analytes. The aforementioned analytical
parameters as well as matrix effect values (ME %) of effluent water are presented in Table 1.

Matrix effect studies (ME) were performed for pooled sample of effluent waters, from University
hospital of Ioannina and Ioannina city to evaluate the contribution of the matrix to signal enhancement
or suppression. For this purpose, the slopes of the respective matrix-matched calibration curves were
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compared with the slope of the calibration curve prepared in solvent and calculated according to
Equation (1).

Matrix e f f ect (%) =

(
Slope matrix−matched
Slope standard solution

− 1
)
× 100 (1)

A value of zero indicates that there is no ME, while for a positive value there is an ion enhancement
signal and for a negative value an ion suppression signal. Low matrix occurs when values range
between +20% and −20%, while values between −50% and +50% indicate medium matrix effect.
Finally, higher values of +50% and less than −50% are considered as strong matrix effect [9,12,13].
From the results depicted in Supplementary Figure S5, significant matrix effects were observed. ECs
analyzed in PI mode were noticed to be subjected to ion suppression while those in NI mode showed
ion enhancement. Most of the target compounds in WWTP effluent displayed medium matrix effect,
with only exceptions sulfacetamide, trimethoprim, sulfamethoxazole, sulfaquinoxaline, carbamazepine
which presented low ME (−20 < ME < +20). On the other hand, diclofenac and triclosan were the
only compounds that displayed high matrix effect expressed as signal enhancement 54.7% and 52.8%,
respectively. The results were expected taking into consideration the complex matrix of effluent water
and the high content of organic matter. In any case, matrix matched-calibration curves were used for
the quantification of target analytes to avoid inaccurate results.

Table 1. Linearity as correlation coefficient (R2), Detection and Quantification Limits and Matrix Effect
values (ME %).

Compound R2 LOD
ng/L

LOQ
ng/L ME %

Acesulfame 0.9932 149.4 444.7 −30.4
Amitriptiline 0.9952 9.4 28.2 −46.2

Carbamazepine 0.9989 3.1 9.3 −14.3
Clomipramine 0.9987 16.6 49.9 −50.5

Cyclobenzaprine 0.9988 5.2 14.4 −47.4
Diclofenac 0.9912 68.5 204.5 54.7

Erythromycin-H2O 0.9974 7.4 45.8 −22.7
Fluoxetine 0.9947 15.7 47.1 −34.2

Indomethacin 0.9934 106.0 320.0 32.4
Mefenamic acid 0.9961 60.1 179.9 35.3

Paroxetine 0.9928 4.5 13.3 −29.7
Salicylic acid 0.9922 119.9 354.7 23.2

Sulfacetamide 0.9918 100.8 300.8 6.8
Sulfamethazine 0.9958 53.2 157.8 −44.7

Sulfamethoxazole 0.9972 18.7 55.4 −5.9
Sulfamethoxy-pyrid 0.9959 5.0 14.2 −28.1

Sulfapyridine 0.9934 40.1 119.7 −36.1
Sulfaquinoxaline 0.9935 34.5 100.6 −12.0
Tolfenamic acid 0.9980 33.0 98.0 48.3

Triclosan 0.9944 49.5 146.9 52.8
Trimethoprim 0.9979 17.7 52.3 −20.6

3.4. Application to Real Samples

To investigate the applicability of the method in real water samples, two pooled effluent waters
of three different sampling days collected from Ioannina city and University hospital WWTPs were
analyzed (triplicate analysis). The mean concentrations determined with FPSE method are summarized
in Table 2. Out of 21 target compounds 11 were detected but two were found below LOQ (fluoxetine and
indomethacin). The mean concentrations of the detected compounds varied from 55.4 to 1135.4 ng/L and
63.9 to 728.4 ng/L for effluent urban water and hospital effluent, respectively. Maximum concentrations
were detected for acesulfame in urban effluent water followed by salicylic acid which presented
high concentration in both effluents. In addition, a high concentration of the anti-inflammatory
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drug diclofenac in effluent hospital water substantiates the decision of European Union to establish
regulations within the framework of EU-wide water monitoring in the adopted Directive, 2013/39/EU
that concerns priority substances in the field of water policy [26]. Salicylic acid on the other hand is
ubiquitous in wastewater effluents of Greece [56,69] since it is the metabolite of aspirin (acetylsalicylic),
a popular first line anti-inflammatory drug which can be purchased without prescription. Similarly,
high concentrations of acesulfame were expected due to its many applications as food additives,
as sugar substitute in beverages, sanitary products, pharmaceuticals, and personal care products [70].

Table 2. Mean concentrations (n = 3) with Standard Deviation (SD) of target analytes in urban
(WWTP-U) and hospital (WWTP-H) effluent waters.

Concentration (ng/L) (SD)

Analyte WWTP-U WWTP-H

Acesulfame 1135.4 (2.6) 157.6 (0.5)
Amitriptiline <LOD <LOD

Carbamazepine 115.3 (1.8) 138.6 (1.5)
Clomipramine <LOD <LOD

Cyclobenzaprine <LOD <LOD
Diclofenac 83.2 (3.5) 152.1 (1.6)

Erythromycin-H2O 123.5 (0.9) 92.8 (1.2)
Fluoxetine <LOQ <LOQ

Indomethacin <LOD <LOD
Mefenamic Acid 184.3 (4.2) 63.9 (2.45)

Paroxetine <LOD <LOD
Salicylic Acid 683.5 (4.3) 728.4 (1.45)
Sulfacetamide <LOD <LOD

Sulfamethazine <LOD <LOD
Sulfamethoxazole 214.3 (0.7) 320.5 (1.8)

Sulfamethoxy-Pyridazine <LOD <LOD
Sulfapyridine <LOD <LOD

Sulfaquinoxaline <LOD <LOD
Tolfenamic Acid <LOD <LOD

Triclosan 100.4 (4.6) 169.4 (2.9)
Trimethoprim 55.4 (0.6) 426.9 (1.7)

<LOD = below detection limit, <LOQ = below quantification limit, SD = Standard Deviation.

Finally, the identification of detected target compounds was employed with data-dependent
MS/MS by using the predominant advantage of Orbitrap mass spectrometry, of high mass accuracy
both for precursor ion and fragment ion as well. The main process was based on the criteria for
both screening and confirmatory analytical methods for pharmaceutical residues according to the
identification points proposed by EU Commission Decision 2002/657/EC in combination with FDA
guidelines that take full advantage of the capabilities of modern HRMS instruments [71,72], and also the
last update exploring the means of identification of small molecules [72]. An example of identification
with MS/MS fragmentation is illustrated (Figure 4) for carbamazepine. The full scan MS spectrum of
the chromatographic peak detected at 4.57 min (on the top of Figure 4), showed an abundant signal
at m/z 237.1023 which corresponds within 0.255 ppm to the theoretical exact mass of carbamazepine.
Additional MS/MS data shows two intense fragment ions which correspond to protonated molecules
of C14H12N+ (194.096 m/z) and C14H10N+ (192.0810 m/z) with mass errors in relation to an exact mass
below 5 ppm in both cases. High mass accuracy results for precursor ion as well as for its fragments
confirm the presence of carbamazepine in real effluent water.



Separations 2020, 7, 46 14 of 19

Separations 2020, 7, x FOR PEER REVIEW  14 of 19 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.  Identification  of  carbamazepine  in  effluent  wastewater  by  performing  UHPLC–LTQ 

Orbitrap tandem mass spectrometry fragmentation. 

4. Conclusions 

In this study, a step by step optimization of operational parameters of Orbitrap MS was assessed 

to  take  full  advantage of  the utilities of  this high‐resolution  and mass  accuracy  analyzer  for  the 

determination of selected classes of ECs in effluent water. Chromatographic conditions taking into 

consideration the effects of distorted peaks as well as parameters that influence the ionization were 

also evaluated. UHPLC‐LTQ Orbitrap MS proved to be a powerful technique for the quantitation and 

identification of analytes of interest in effluent matrix with excellent mass accuracies below 2 ppm 

and 5 ppm for positive and negative ionization, respectively. Sample pretreatment of effluent water 

was  performed with  the  aid  of  FPSE which was  optimized  and  validated,  providing  excellent 

analytical performance. Finally, application  to real samples revealed  the presence of eleven  target 

compounds which were  successfully  identified  by MS/MS  fragmentation,  providing  high mass 

accuracy as well. 

@ [ ]

192.0 192.5 193.0 193.5 194.0 194.5 195.0
m/z

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

R
el

a
tiv

e
 A

b
u

n
d

a
n

ce

194.0964
C 14 H12 N

192.0816
C 14 H10 N

0.255 ppm 

carbamazepine 

RT: 0.01 - 9.99

1 2 3 4 5 6 7 8 9
Time (min)

0

10

20

30

40

50

60

70

80

90

100

R
e
la

tiv
e
 A

b
u
n
d
a
n
ce

4.57

4.89

236.5 237.0 237.5 238.0 238.5 239.0
m/z

0

20

40

60

80

100

120

140

160

180

200

220

240

260

280

R
e
la

tiv
e
 A

b
u
n
d
a
n
ce

237.1023
C 15 H13 O N2

236.0717

237.1484 238.1057 2
236.1281 237.4770 238.7356

Fragmentation MS/MS 

‐0.134 ppm 

4.290 ppm 

Figure 4. Identification of carbamazepine in effluent wastewater by performing UHPLC–LTQ Orbitrap
tandem mass spectrometry fragmentation.

4. Conclusions

In this study, a step by step optimization of operational parameters of Orbitrap MS was assessed
to take full advantage of the utilities of this high-resolution and mass accuracy analyzer for the
determination of selected classes of ECs in effluent water. Chromatographic conditions taking into
consideration the effects of distorted peaks as well as parameters that influence the ionization were
also evaluated. UHPLC-LTQ Orbitrap MS proved to be a powerful technique for the quantitation and
identification of analytes of interest in effluent matrix with excellent mass accuracies below 2 ppm and
5 ppm for positive and negative ionization, respectively. Sample pretreatment of effluent water was
performed with the aid of FPSE which was optimized and validated, providing excellent analytical
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performance. Finally, application to real samples revealed the presence of eleven target compounds
which were successfully identified by MS/MS fragmentation, providing high mass accuracy as well.

Supplementary Materials: The following are available online at http://www.mdpi.com/2297-8739/7/3/46/s1,
Table S1: Physicochemical properties and chemical structures of target analytes, S2.1: Standard Solutions and
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C18 (100 mm × 2.1, 1.9 µm), (B) Speedcore- Diphenyl (50 mm × 2.1, 2.6 µm), Figure S2: Response variance with
different voltage of Tube Lens (a) Positive Ionization, (b) Negative Ionization, Figure S3: Effect of AGC target
values on the response of studied analytes (a) positive and (b) negative ionization mode, Figure S4: Optimization
of FPSE extraction: (a) sample pH, (b) extraction time, (c) ionic strength, Table S4: Recoveries and precision results
expressed as RSDr and RSDR: within each spiking level, Figure S5: Matrix effects for the target analytes in the
effluent water.
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