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ABSTRACT

This study presents a novel mixed-mode weak cation-exchange (WCX) material. This material was pre-
pared by means of the functionalization of a mesoporous divinylbenzene (DVB) resin with maleic acid
(maleic acid-DVB), which yielded a high carboxylic moiety content resulting in WCX interactions as well
as suitable specific surface area for reversed-phase interactions. After the optimization of the solid-phase
extraction (SPE) protocol to enhance the selectivity of the sorbent, this material was evaluated as a novel
WCX sorbent in the SPE of a group of drugs from environmental water samples. The method is based
on SPE followed by liquid chromatography (LC) coupled to high resolution mass spectrometry (HRMS)
with an Orbitrap analyzer, and was validated and applied for the determination of basic drugs in river,
effluent and influent wastewater samples. Maleic acid-DVB sorbent yielded suitable recovery rates (57%
to 89%) and an acceptable matrix effect (<32%) thanks to the effective washing step included when these
environmental waters were loaded through the novel resin. The method was applied to different envi-
ronmental water samples and some basic drugs were suitably quantified in these environmental samples.

© 2021 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The analysis of complex samples to determine target com-
pounds at trace levels is a major challenge in analytical chem-
istry. To respond to this challenge, analytical methods are be-
ing developed based on high-tech techniques such as hyphenated
chromatography-mass spectrometry. However, even when these
techniques are applied, sample treatment is mandatory to both en-
rich the compounds and clean up the sample matrix.

Among the different extraction techniques for liquid samples,
solid-phase extraction (SPE) remains the most commonly used,
mainly because of the availability of sorbents that cover the differ-
ent interactions with the target compounds. Because of this, sev-
eral applications have been described in the literature where SPE
coupled to chromatography with mass spectrometry (MS) -based
detectors are reported to determine different types of compounds
from a broad range of samples [1-4].

Numerous SPE materials are currently available. On the one
hand, there are materials that exploit capacity, such as silica
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modified with Cyg or polymer-based materials, including macro-
porous crosslinked polymers and hypercrosslinked polymers both
hydrophobic and hydrophilic. In addition, there are emerging ma-
terials like highly ordered mesoporous silica, carbon nanotubes, or
hybrid materials such as metal-organic frameworks or magnetic
nanoparticles [1,5,6]. On the other hand, there are materials devel-
oped to improve selectivity, such as molecularly imprinted poly-
mers (MIPs) [7].

Furthermore, capacity and selectivity can be combined in a
single material, giving rise to mixed-mode ion-exchange mate-
rials. These materials combine silica- or polymer-based skeleton
(non-specific interactions) functionalized with ionizable moieties
(specific ionic interactions with ionic compounds). Depending on
the moiety attached, mixed-mode ion-exchange materials can be
classified as strong cation-exchange (SCX - sulfonic group), weak
cation-exchange (WCX - carboxylic group), strong anion-exchange
(SAX - quaternary amine) and weak anion-exchange (WAX - ter-
tiary or secondary amine). Strong ion-exchange materials remain
charged regardless of pH, whereas the charge or lack of charge
of weak ion-exchange materials is pH dependent. Therefore, ion-
exchange interactions enable ionizable compounds or interferences
to be selectively extracted by controlling the charge state of the
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compounds/material through the pH in the SPE protocol [5,8].
In addition, these ion-exchange interactions remain bound after
a washing step using an organic-based solvent (i.e. methanol -
MeOH), which is capable of washing out compounds/interferences
bound to the sorbent through non-specific interactions. This effec-
tive washing simplifies the extraction process and favors the re-
duction of the matrix effect (ME).

In view of these advantages, commercially available mixed-
mode ion-exchange sorbents are sold by a variety of different man-
ufacturers, including Oasis, Strata, and the Isolute series, among
others. Numerous examples can be found in the literature of the
application of these commercial mixed-mode ion-exchange sor-
bents to selectively extract different types of compounds, including
drugs [9,10], herbicides [11], and amino acids [12], among other
compounds, from complex samples such as biological fluids [12],
environmental waters [10,11] and food [9]. For example, cysteine
(an amino acid) was effectively extracted (recoveries of 93-97%)
from saliva, human serum and pharmaceutical preparations using
a Strata-X-C cartridge (30 mg) (SCX material) and applying a wash-
ing step based on 0.5 mL of MeOH [12]. Sartan drugs were com-
pletely extracted (recoveries of 93-104%) from tap, river, effluent
and influent sewage samples using Oasis WAX (150 mg) (WAX ma-
terial) with a washing step of 5 mL of MeOH/water (50/50, v/v)
[10]. In addition, this washing step minimized the ME which, in
the case of this study, was at most 24% in influent wastewater (the
most complex sample analyzed) [10].

Apart from commercially available materials, some researchers
have prepared in-house mixed-mode ion-exchange materials that
present outstanding features. For instance, a series of mixed-mode
ion-exchange materials developed from hypercrosslinked skeletons
(improved capacity) was prepared (i.e. HXLPP-SCX [13], HXLPP-
SAX [14], HXLPP-WCX [15] and HXLPP-WAX [16]) and success-
fully evaluated by our research group to selectively extract dif-
ferent types of compounds from environmental samples [13-
16]. Specifically, HXLPP-SCX (hypercrosslinked resin functional-
ized with lauroyl sulfate that acts as SCX) was successfully ap-
plied for the determination of a group of drugs in environmen-
tal waters, achieving ME values not higher than 30% as a re-
sult of the washing step (5 mL of MeOH) included [13]. Other
authors, such as Meischl et al. [17], also functionalized vinyl-
benzyl chloride-ethyleneglycol dimethacrylate (VBC-EGDMA) with
trimethylamine, imidazole, piperidine and pyrrolidone to prepare
four mixed-mode ion-exchange materials with anion-exchange ca-
pabilities. They were then evaluated for the selective extraction
of pharmaceuticals from tap and river water. Other examples in-
clude a hybrid silica monolith functionalized with sulfonic moieties
that was successfully prepared and evaluated to extract sulfon-
amides in milk [18], or the functionalization of silica coated mag-
netic nanoparticles with 3-aminopropyltriethoxysilane moieties to
obtain a material that displays SAX interactions [19]; in this last
example, magnetic nanoparticles were used to extract herbicides
from environmental samples.

In this study, we propose a material prepared via the sus-
pension polymerization of divinylbenzene (DVB), which gives the
sorbent particles and their porous structure great mechanical
strength. The material was further modified through a Diels-Alder
reaction with maleic anhydride, and subsequent base hydrolysis
generated the carboxyl groups on the polymer surface, which are
responsible for cation-exchange properties. Therefore, it is possible
to use this sorbent in SPE systems as a mixed-mode WCX material
applicable, for example, in the determination of basic compounds
in environmental waters. The implementation of carboxyl groups
in a polymer structure may also result in another specific inter-
action, like hydrogen bonding. This property of the proposed sor-
bent was used in the sorption of triazine-based herbicides from
aqueous solutions [20-22], suggesting that it would yield satis-
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factory results in sorption from environmental samples as well
[23].

In this paper, we present the preparation of a novel WCX ma-
terial based on mesoporous poly(DVB) functionalized with maleic
acid and its application in SPE. The performance of this material is
evaluated as a mixed-mode WCX material to selectively extract a
group of drugs from environmental samples such as river, effluent
and influent sewage. Then, the developed method was applied to
different environmental water samples.

2. Materials and methods
2.1. Materials, reagents and standards

The following chemicals were used for the preparation of the
materials: DVB (80%), benzoyl peroxide (BPO), sodium chloride,
88% hydrolyzed polyvinyl alcohol (PVA), toluene, and n-heptane
purchased from Sigma-Aldrich (St. Louis, MO, USA). The monomer
was purified by distillation before use. Ultrapure water (Merck Mil-
lipore, Burlington, MA, USA) was used for the aqueous phase in the
polymerization reaction.

For the analytical evaluation, standards of atenolol (ATE), raniti-
dine (RAN), trimethoprim (TRI), caffeine (CAFF), metoprolol (MET),
propranolol (PROP), naproxen (NAP), fenoprofen (FEN) and di-
clofenac (DICLO) were purchased from Sigma-Aldrich. Standard so-
lutions of each analyte were prepared at 1000 mg/L in MeOH and
stored at -20°C. Solution of all analytes was prepared at 100 mg/L
concentration in MeOH: H,0 (1/1, v/v) and also stored at -20°C.
Working solutions of all analytes were prepared weekly and stored
at 4°C. The compound structure and its pK, are shown in Table S1.

HPLC grade MeOH and acetonitrile (ACN) were supplied by
J.T. Baker (Deventer, the Netherlands). The ultrapure water was
provided by means of a Synergy UV water purification system
(Merck Millipore). Formic acid (HCOOH) and ammonium hydrox-
ide (NH4OH) purchased from Sigma-Aldrich, and hydrochloric acid
(HCI) (Scharlab, Barcelona, Spain) were needed for the regulation
of pH in the mobile phase and extraction solutions.

2.2. Preparation and characterization of polymer material

PolyDVB polymer beads were synthesized in radical suspen-
sion polymerization. The continuous water phase comprised 2%
w/w sodium chloride and 1% w/w PVA (calculated for the organic
phase). The dispersed organic phase contained monomer (DVB),
initiator (BPO - 0.5% w/w calculated for the organic phase) and
the solvents toluene and n-heptane (1:7 w/w). The prepared poly-
mer beads were modified with maleic anhydride in the Diels-Alder
reaction as described in [24]. First, maleic anhydrate was dissolved
in toluene and then the previously prepared polyDVB beads were
added. The modification was carried out at 110°C for 48 hours. Af-
ter that, base hydrolysis was performed using 3 mol/L sodium hy-
droxide. The products were then placed in ion-exchange columns
and washed with water, HCl and again with water because they
contained carboxyl groups in acidic form. A detailed summary and
the modification are described in [25].

The material obtained (maleic acid-DVB) was fully characterized
by calculating the water regain, carboxylic acid content, and mea-
suring the specific surface area and pore size.

The water regain, W (g/g), of the material was determined using
the centrifugation method and was calculated using Equation (1):

W = (my —my)/my (1)

where my, (g) is the weight of the wet polymer after centrifugation
in a small column with a fritted-glass bottom and my (g) is the
weight of polymer after drying at 100°C overnight.
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The content of the carboxyl groups was determined by reversed
HCI titration. First, the polymer beads were presoaked in water
for 24 hours. They were subsequently centrifuged for 5 minutes
at 3000 rpm, and then the analyzed material (~1.2 g) plus 50 mL
of 0.1 mol/L sodium hydroxide were placed in the shaker for 24
hours. Finally, 20 mL of solution was sampled and titrated with 0.1
mol/L HCl using phenolphthalein as an indicator.

Pore size and surface area were obtained by examining nitro-
gen adsorption at the temperature of liquid nitrogen using a Mi-
cromeritics ASAP 2020 analyzer. The resulting data were subjected
to a Brunauer-Emmett-Teller (BET) analysis. The total pore volume
was estimated from a single point adsorption at relative pressure
of 0.988. Scanning electron micrographs (SEM) were taken to ob-
tain more direct insight into the porous polymer structure. The
morphology of the obtained polymer beads was assessed using a
scanning electron microscope manufactured by FEI (Quanta 250).
The topography of the surface was evaluated using a secondary
electron detector.

2.3. Solid-phase extraction procedure

200 mg of the in-house prepared sorbent (maleic acid-DVB)
was manually packed into a 6 mL cartridge with two polyethylene
10 pum frits. The commercial sorbent, Strata-X-CW 33u Polymeric
Weak Cation from Phenomenex (Torrance, CA, USA), was also eval-
uated for comparison purposes. The cartridges were placed in a
vacuum manifold (Teknokroma, Barcelona, Spain) for the off-line
SPE. The optimized SPE protocol was the same for both sorbents.
The cartridges were preconditioned with 5 mL of MeOH and 5 mL
of ultrapure water (pH 7). Then, samples also adjusted to pH 7
were loaded at a flow rate of about 10 mL/min. The cartridges were
washed with 5 mL of MeOH and the analytes were eluted with 5
mL of 15% HCOOH in MeOH. The extract was evaporated to dry-
ness using a miVac Duo centrifuge evaporator (Genevac, Ipswich,
UK) and reconstituted with 1mL of MeOH: water (1/9, v/v). The
extracts were filtered with 0.45 pm PTFE syringe filters (Scharlab)
before being injected into the liquid chromatograph.

The SPE protocol was initially evaluated in ultrapure water and
then tested using river water from the Ebre River and effluent and
influent wastewater from a treatment plant in the region of Tar-
ragona, Spain. All water samples were collected in pre-cleaned bot-
tles and stored at -20°C until analysis. The water samples were fil-
tered through a 1.2 um glass-fiber membrane filter (only wastew-
ater) and through a 0.45 pum nylon membrane filter (Fisherbrand,
Loughborough, UK) prior to analysis.

2.4. Instrumentation and chromatographic conditions

For SPE evaluation, we used an Agilent 1260 system (Agilent
Technologies, Waldbronn, Germany) equipped with a binary pump,
a solvent degasser, a manual injector and a column heater cou-
pled to a UV detector. To analyze the environmental water sam-
ples, we used an Accela 1250 UHPLC system coupled to an Ex-
active Orbitrap™ mass spectrometer from Thermo Scientific (Bre-
men, Germany). The UHPLC was equipped with a quaternary pump
(1250 bar), a refrigerated automatic injector (10°C) and a column
oven (thermostatized at 30°C). The mass spectrometer worked
with a heated electrospray ionization (HESI) source and a higher-
energy collisional dissociation (HCD) cell to fragment the analytes
for confirmation.

The analytical column was a Luna Omega Polar C;g (150 mm x
3 mm i.d. 5 um) from Phenomenex, and the injection volume was
20 uL in all instances. The mobile phase was a mixture of 0.1%
HCOOH in H,O (solvent A) and ACN (solvent B), and was pumped
at 0.4 mL/min. The signal was measured at 220 nm for all the com-
pounds.
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The optimal gradient profile started with 5% of solvent B, which
was maintained for 2 minutes, and then, increased to 50% in
7 minutes, and then increased again to 100% within 2 minutes,
which was held for 3 minutes; then, it was returned to initial con-
ditions within 2 minutes, being maintained for 4 minutes. The total
analysis time lasted 20 minutes.

In the ion source, ATE, RAN, TRIM, MET, PROP, CAFF and NAP
were ionized in positive mode using the following optimal param-
eters: spray voltage, 4 kV; skimmer voltage, 25 V; capillary voltage,
40 V; and tube lens voltage, 80 V. FEN and DICLO were ionized in
negative mode, with the optimal parameters as follows: spray volt-
age, 3.5 kV; skimmer voltage, -18 V; capillary voltage, -25 V; and
tube lens voltage, -75 V. Gas flow rates and temperatures were the
same for both ionization modes: sheath gas, 30 AU (adimensional
units) and auxiliary gas, 5 AU; and, the heater and capillary tem-
peratures were 350°C in both cases. The probe position settings
were side to side 0, vertical C, and micrometer 0.5.

Acquisition was performed for 14 minutes using two time win-
dows. The first one (0-11 minutes) only operated in positive mode,
whereas the second one (11-14 minutes) operated in both modes.
In both windows, two scan events were used for each ionization
mode: a full scan (at 50,000 FWHM with 250 ms of injection time)
and a fragmentation scan (at 10,000 FWHM with 50 ms of injec-
tion time). Those in the first window comprised two scan events,
while four scan events were used in the second window, as it op-
erated in both ionization modes. The optimal voltage in the HCD
cell selected in the fragmentation was 25 eV for the positive ana-
lytes and 15 eV for the negative ones. For quantification, the proto-
nated or deprotonated ions were measured (with a mass extraction
window of 5 ppm) and the selected fragments and ion ratios were
considered for confirmation. Table S1 shows the exact mass for the
monitored ions of each compound. Figure S1 shows an extracted
ion chromatogram of a standard solution.

3. Results and discussion
3.1. Material characterization

To obtain the polymer beads, the polyDVB was synthesized in
radical suspension polymerization, resulting in a product in the
form of regular microspheres with diameters in the range of 0.4—
0.8 mm. The polymer was chemically modified by means of a
Diels-Alder reaction in which polyDVB reacts as a diene and maleic
anhydride as a dienophile. The efficiency of the modification reac-
tion of polyDVB microspheres with maleic anhydride was 54%. The
generation of the carboxyl groups capable of specific interactions
was followed by ring opening of the maleic anhydride with base
hydrolysis. The cycloaddition reaction scheme and basic hydrolysis
data are shown in Fig. 1.

Suspension polymerization of DVB yielded spherical white
polymer beads. Further modification with maleic anhydride and
sodium hydroxide resulted in slightly beige spheres. Their SEMs
are presented in Fig. S2 (supplementary material).

Sorption capacities are highly dependent on the porous struc-
ture of the material used. In the case of polymeric materials, their
porous structures are designed by modifying the solvent mixtures
used during the polymerization step. The appropriate solvents used
in the polymerization process were selected based on the value
called the solubility parameter (§). Solvents having a § similar to
the & of the monomer resulted in smaller pores and a higher sur-
face area (sol solvents). The use of non-sol solvents (the difference
in solubility parameters is greater than 1 Hildebrand unit) resulted
in worse solvation of monomer and, consequently, increased pore
size, which in turn led to a decreased surface area. The solvents
responsible for the creation of the porous structure in the mate-
rial obtained were toluene and n-heptane (1:7 w/w). The solubility
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Fig. 1. Scheme of the modification of polyDVB with maleic anhydride to obtain maleic acid-DVB.

parameter values for toluene and n-heptane are 18.2 MPa!/? and
15.1 MPa!/2, respectively, whereas the § for DVB is 18.2 MPal/2,
The pore structure of the synthesized adsorbent is noticeable in
the scanning electron microscopy images, which are presented in
Fig. S3 (supplementary material).

The parameters of the porous structure, including pore size
(6.62 nm), pore volume (0.96 cm3/g) and surface area (578 m?/g),
were calculated on the basis of nitrogen sorption measurements at
liquid nitrogen temperature. The study shows that the tested sor-
bent has a mesoporous structure and a well-developed surface area
(578 m2/g). The water regain (2.54 g/g) of the tested polymer is
characteristic for porous materials and is the result of the reten-
tion of water in the pores of the polymer.

The synthesized material has an acidic group content of 3.58
mmol/g, which indicates the presence of carboxyl groups in the
sorbent structure that have been introduced through the modifi-
cation of the free vinyl groups in the polyDVB. These groups can
increase the sorption capacity by creating specific interactions be-
tween the sorbent and sorbate. More importantly from an analyt-
ical point of view, the presence of carboxyl groups in the poly-
mer structure also adds ion-exchange properties to the result-
ing sorbent. Moreover, the ion-exchange capacity (3.58 mmol/g) is
larger than other already reported ion-exchange sorbents. This is
attributed to the four carboxylic acid groups per pendent moiety,
whereas most of the already developed ion-exchange sorbents de-
veloped only own one ionic group per pendent moiety.

It is important to note that the presence of this high carboxylic
acid content (3.58 mmol/g) may induce an improved ion-exchange
capacity compared to other sorbents also modified with carboxylic
acid moieties but with lower acidic group contents. For instance,
the commercially available sorbent Oasis WCX, functionalized with
carboxylic acid obtained via the oxidation of the intermediate chlo-
rinated resin, contains about 0.75 mmol/g of acidic groups [26]. A
similar content (0.72 mmol/g) was found in the in-house prepared
sorbent based on terpolymer: methacrylic acid (MAA - containing

the carboxylic acid moieties), vinylbenzyl chloride (VBC) and DVB
[15]. Therefore, our next aim is to further exploit the WCX features
of maleic acid-DVB sorbent, whose features envisaged an outstand-
ing selectivity during its application in analytical fields.

3.2. Chromatographic evaluation

Ascentis Express C;g (100 mm x 4.6 mm i.d, 2.7 um) and Luna
Omega Polar Cig (150 mm x 3 mm i.d., 5 um) columns were com-
pared for the separation of the compounds. Both columns provided
successful separation of the compounds using the optimized gradi-
ent (section 2.5) with a similar total elution time (13 minutes at
most); however, the Luna Omega Polar C;g provided a shift of up
to 3 minutes in the retention time of the first eluting compounds.
As this shift might be beneficial when injecting complex samples
(expected reduction of the ME), the Luna Omega Polar C;g was se-
lected for this study.

Solutions of a mixture of all the compounds were infused un-
der the chromatographic mobile phase composition and flow con-
ditions in order to optimize the parameters that affect ionization
and transfer to the Orbitrap analyzer. The basic and neutral com-
pounds were tested under positive ionization mode, whereas the
acidic compounds were tested in both ionization modes. All ana-
lytes exhibited better performance in the positive ionization mode,
except for FEN and DICLO, which were ionized in negative mode.
In all instances, either the protonated [M+H]* or deprotonated [M-
H]~ ions were selected as diagnostic ions. Next, ranges of gas flow
rates, voltages and temperatures and different ionization probe po-
sitions were tested to optimize the HRMS conditions. The optimum
parameters are those detailed in section 2.5. Fragmentation condi-
tions in the Exactive Orbitrap mass analyzer were optimized for
each diagnostic ion separately to achieve the highest abundance of
the two fragment ions (Table S1). Collision energies were tested
from 0 to 60 eV. A compromise energy of 25 eV was established
for the analytes (basic) eluting in the first window, and of 15 eV
for those in the second window.
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Table S1 details the accurate mass and the chemical formula
of the diagnostic ions and fragments. The selected ions agree with
those tested in previous studies in which HRMS analyzers such as
Orbitrap [27] and Q-Orbitrap [28] were used.

All selected compounds presented good linearity (r2=0.998) in
LC-HRMS, and the linear ranges were between 0.5 and 1000 pg/L
for ATE, PROP and DICLO, and between 1 and 1000 pg/L for the
rest of the compounds, except RAN which only achieved up to 100
ng/L. Instrumental limits of detection (ILDs) were established as
the concentrations whose signal-to-noise ratio (S/N) was greater
than 3, and which had one fragment with a signal intensity higher
than 1 x 103 in the Orbitrap analyzer. The IDLs ranged from 0.05
to 0.1 pg/L. The instrumental limits of quantification (IQLs) adopted
were the lowest concentration in the calibration curve, which also
accomplished a S/N of more than 10; they were set at 0.5 and 1

pg/L.
3.3. SPE optimization

To check the WCX features of the maleic acid-DVB sorbent, we
selected a group of basic, neutral and acidic pharmaceuticals (pKj
values listed in Table S1) to assess its ionic and reversed-phase in-
teractions. In an SPE protocol that exploits the WCX features of a
sorbent, the sample is loaded at basic or neutral pH so that the
sorbent is in its anionic form and is able to ionically interact with
the basic analytes (protonated), while the neutral and acidic ana-
lytes (in neutral form) are only retained through reversed-phase
interactions. These neutral and acidic analytes (or interferences)
are eluted during the washing step, while the basic analytes are
selectively eluted during the elution step, which includes an acidic
additive to protonate the sorbent and release the ionic interactions.

The initial experiments for the SPE optimization were per-
formed by loading 100 mL of ultrapure water at pH 7 spiked with
the analyte mixture at 0.5 mg/L and eluting the analytes with 5
mL of 5% HCOOH in MeOH. None of the extracts obtained during
the SPE optimization were evaporated, instead they were diluted
with aqueous solution so that the injection solution was compati-
ble with the initial mobile phase. Furthermore, to keep it simpler,
all these extracts were injected into LC-UV.

First, the elution conditions were established by testing differ-
ent percentages (5%, 10% and 15%) of HCOOH and different vol-
umes (2, 5 and 10 mL) of MeOH. Both 10 mL of 10% HCOOH in
MeOH and 5 mL of 15% HCOOH in MeOH provided complete re-
coveries for all the analytes. 5 mL of 15% HCOOH in MeOH was
selected in order to maintain the elution volume as low as pos-
sible, because that makes the analysis time shorter if evaporating
the extract to dryness. Percentages of up to 10% HCOOH in MeOH
are usually selected in the elution solution when WCX sorbents
are used [27,29,30]. However, in other cases, a higher percentage
of HCOOH (i.e. 40%) [9] or stronger acids (i.e. trifluoroacetic acid)
[15] have been selected. In fact, a greater amount of HCOOH re-
quired in the elution step is compatible with the high carboxylic
acid content (3.58 mmol/g) in the resin. Thus, 15% HCOOH is com-
pletely feasible in the elution solution.

Next, a washing step with 2 mL MeOH was used to check the
selectivity of the sorbent. As expected, when the washing step was
included, the acidic and neutral compounds were washed out, as
MeOH broke the reversed-phase interactions, while the basic an-
alytes remained bound through ionic interactions until the elu-
tion step. Therefore, the selectivity of the sorbent was success-
fully demonstrated. The next step was to optimize the type and
volume of washing solvent. Different volumes (2, 5 and 10 mL)
of ACN and MeOH, and mixtures of the two, were assayed. The
elimination of acidic and neutral compounds (also interferences
when move to complex environmental samples) was more rele-
vant when using MeOH (up to 100%) than with the other solvents
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tested (70-90%). As for the volume, when 2 and 5 mL of MeOH
were used in the washing step, none of the basic analytes were
lost in this step; however, when 10 mL was tested, 22% of RAN
and 30% of PROP were washed out, while the rest of the basic
compounds remained. Thus, the optimized washing step consisted
of 5 mL MeOH. It should be mentioned that in the SPE protocol of
other WCX sorbents, a lower volume of methanolic solution [15,31]
or even a solely aqueous-based washing solution [9,30] has been
applied. In fact, with this volume of pure organic solvent in the
washing step, the elimination of a large quantity of interferences
present in complex environmental samples is likely, and thus the
reduction of the ME.

Once the SPE protocol had been established, the next step was
to evaluate the loading volumes through the maleic acid-DVB car-
tridge. As shown in Table 1, the recoveries obtained when 100 mL
or 250 mL were percolated were very similar to values ranging
from 74% to 106% for all basic compounds, with the analytes RAN
and PROP (% recovery values of 74-78%) presenting the lowest val-
ues. Nonetheless, the values obtained (% recoveries 51-77%) when
500 mL of sample was loaded decreased compared to those when
250 mL was percolated. Thus, the sample volume was fixed at 250
mL. This volume of sample loading was consistent with the quan-
tity of sorbent packed (200 mg). If we were interested in raising
the capacity of the sorbent, a larger amount of sorbent would have
been packed (i.e. 500 mg). Another interesting feature to observe
in Table 1 is the selectivity of the sorbent, since the neutral and
acidic compounds are completely eluted in the washing step.

To further demonstrate the WCX features of the maleic acid-
DVB sorbent, its performance was compared to the commercially
available sorbent Strata-X-CW. This is also a macroporous resin
(800 m?/g) with COOH functionalization (0.74 mmol/g); but Strata-
X-CW presents hydrophilic moieties in its structure (DVB function-
alized with pyrrolidone moieties), whereas maleic acid-DVB sor-
bent is completely hydrophobic since it is based solely on DVB.
In any case, the results obtained (Table 1) from the Strata-X-CW
are very similar to those of the in-house sorbent. Both sorbents
present similar mesoporous structure resulting in similar specific
surface area. What is more noticeable, as stated in section 3.1, is
the difference in carboxylic acid content (3.58 mmol/g of acidic
groups in the in-house sorbent versus 0.74 mmol/g in the com-
mercially available product), which might result in a greater num-
ber of ion-exchange interactions that enhance the selectivity of the
sorbent in comparison to the commercially available ones. Other
studies have also evaluated other commercially available sorbents,
such as Oasis WCX, for the extraction of a similar group of com-
pounds [15,27]. For instance, a multi-layered approach that con-
sisted of the combination of Oasis WAX and Oasis WCX packed in a
single 100 mg cartridge was tested for the same basic compounds.
In this case, the recoveries when 50 mL of ultrapure water adjusted
to pH 5 were loaded using a protocol that included a washing step
with 2 x 1 mL MeOH were between 91% and 56% [27].

3.4. Application to environmental samples

The optimized SPE protocol was then tested in river and
wastewater samples to examine the performance of the in-house
sorbent when dealing with complex samples. At this stage, the
acidic and neutral analytes were not evaluated as it had already
been proven that they would be lost during the washing step. The
in-house sorbent using the optimum protocol was applied to an-
alyze 250 mL of river water, 100 mL of effluent wastewater and
50 mL of influent wastewater; volumes that were selected based
on the ultrapure water results and previous experience. ME (%ME)
and apparent recovery (%Rapp) percentages were assessed and are
shown in Table 2. The ¥ME was calculated from the concentration
obtained (Cposrspiked) When the sample extract was spiked before
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Table 1
Recovery values (%) when the maleic acid-DVB and Strata-X-CW were applied to the preconcentration of ultrapure water samples.
% RECOVERY
Maleic acid-DVB Strata-X-CW
100 mL 250 mL 500 mL 100 mL
wash el wash el wash el wash el

ATE BASIC 106 + 7 95 +7 64 + 6 112 + 12
RAN 78 £ 11 76 £ 7 51 +£10 97 £ 7
TRIM 90+ 5 87 £ 4 77 £5 95 + 8
MET 87+ 4 84 +6 74 +£7 96 + 6
PROP 74+ 8 76 + 8 63 +£6 88 £ 6
CAFF* NEUTRAL 88 +5 89 +7 87 +4 93 +6
NAP*  ACIDIC 91 + 6 98 + 3 94 + 5 93 +3
FEN* 96 + 3 95 +£5 98 +7 98 + 8
DICLO* 97+ 3 98 +£ 7 95 + 5 97 £ 2

* recovery values in the washing step

Table 2

Matrix effect (¥ME) and apparent recoveries (%Rpp) percentages for the
basic pharmaceuticals when 250 mL of river water spiked at 200 ng/L,
100 mL of effluent wastewater spiked at 500 ng/L and 50 mL of influent
wastewater spiked at 1000 ng/L were percolated through maleic acid-
DVB sorbent.

River Effluent Influent

%ME  %Rapp %ME  %Rapp %ME  %Rapp
ATE -18 74+ 6 -27 62 +£5 -28 67 £ 11
RAN =27 66 + 8 -32 67 £10 -30 57 £ 12
TRIM +7 89 + 10 -18 72 £ 11 -24 73 £ 8
MET -7 83 + 11 -12 80 +16 -18 74 + 8
PROP  -20 63 +£6 -15 66 £ 7 -28 58 + 10

injection into the LC-HRMS compared to the concentration when
a standard (Cgapdarg) Was injected into the LC-HRMS as described
elsewhere as: SME = 100-[(Cpost_spiked/Cstandard )X100]. The %Rapp
represents the recovery of the whole method (SPE/LC-HRMS) and
it was calculated from the concentration obtained (Cpre_spikea) after
the entire procedure when the sample was spiked with the analyte
mixture before the SPE in comparison to the concentration when
a standard (Csgapngarg) Was injected into the LC-HRMS as described
elsewhere as: %Rapp = (Cpre-spiked/Cstandard)X100. In all instances, a
non-spiked sample was analyzed and the signal of the natural oc-
curring analytes were subtracted. In fact, initially, the %Rapp and
%ME tests were performed at two concentration levels (20 ng/L
and 200 ng/L for river; 50 ng/L and 500 ng/L for effluent; 100 ng/L
and 1000 ng/L for influent); however, due to the presence of al-
most all analytes in the non-spiked wastewater samples, the re-
sults are only presented when the samples were spiked at high
concentration levels.

The %ME (Table 2) observed was low, in general rising at most
to -32% and in the form of ion suppression in all cases, except for
TRIM in river water, which presented little ion enhancement (+7%).
As expected, the ME values encountered in the river water samples
were lower (from -7% to -27%) than in effluent wastewater (from
-12% to -32%) or influent wastewater (from -18% to -30%), which is
attributed to the decreasing sample volume loaded in agreement
with the increasing complexity (content of organic matter). The
low ME encountered might be due to high content of carboxylic
acid that is able to establish specific interactions and the presence
of the washing step, which simplified the complexity of the matrix.
As for Strata-X-CW slightly higher ¥ME were obtained with values
ranging from -43% (ATE) to + 23% (PROP) in effluent wastewater
samples or from -35% (RAN) to -31% (MET) in influent wastewater.
Similar ME values were found when an in-house mixed-mode SCX
resin was used with a protocol that involved 5 mL of MeOH in the
determination of similar basic compounds from effluent and influ-

ent wastewater samples [13]. Nonetheless, in another study where
a cartridge combining SCX/SAX was used, the ME values obtained
when 100 mL of effluent wastewater were analyzed were similar
(from -15% to -28%) with the exception of ATE (-49%) and TRIM
(-48%), with values higher than expected considering the volume
used for washing (15 mL MeOH) [27]. Other studies have presented
methods that involve an SPE protocol without a washing step and
they report higher ME values [28, 32, 33]. For instance, Strata X
was used for the determination of a group of pharmaceuticals, and
presented a ME in effluent wastewater of up to -57% for ATE [28].
In another study, Oasis MCX and Strata X were assembled in se-
ries to extract as many compounds as possible (including a simi-
lar group of pharmaceuticals); however, this strategy also increased
the retention of matrix components, which raised the ME to values
between -77% and -84% [32]. Differences in ¥ME arose when com-
paring the protocols with and without washing step. In this sense,
values higher than 100 % in form of ion enhancement were en-
countered for cocaine and its metabolite when the extraction with
Oasis WCX did not include the washing step. Nonetheless, when
the washing step based on MeOH was included, these ¥ME values
decreased to +20% (cocaine) and -18% (its metabolite) [33].

The %Rapp (Table 2) obtained were very similar for all three ma-
trices, with values ranging from 57 to 89%, which might be at-
tributed to the sample volume loaded and the complexity of the
samples. It should be noted that as these %R,pp values are practi-
cally not affected by the ME, the %Rapp values are better than those
reported for similar compounds [13,27,32].

The SPE/LC-HRMS method using maleic acid-DVB as a sorbent
was validated for river water and wastewater by assessing the lin-
earity, method detection limits (MDLs) and method quantification
limits (MQLs), and repeatability and reproducibility. Table S2 de-
tails the validation values obtained with the three type of envi-
ronmental samples. In the case of river water, the matrix-matched
calibration curve was experimentally prepared by spiking the river
water at eight concentration levels. Linearity was good (R?>0.996)
between the 2.5 ng/L (for ATE and PROP) or 5 ng/L (for TRIM and
MET) and 1000 ng/L, except for RAN (10-500 ng/L). The MDLs were
the spiked concentrations (from 0.1 to 1 ng/L) that showed a sig-
nal for the most abundant fragment of around 103 and they were
from 0.25 ng/L to 1 ng/L, while the MQLs (2.5 to 10 ng/L) were the
first concentration point of the matrix-matched calibration curve.
In the case of wastewater, as all the compounds (with the excep-
tion of RAN) were present in the non-spiked samples, the external
calibration curves considering %Rapp were used for quantification.
Similarly, MQLs and MDLs were estimated from LOQs and LODs
also considering %Rapp. MDLs were between 1 and 2.5 ng/L for ef-
fluent and between 2 and 5 ng/L for influent; while MQLs ranged
from 10 to 25 ng/L for effluent and from 20 and 50 ng/L for in-
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Fig. 2. Extracted ion chromatogram of the diagnostic ions ([M+H]") and the two fragments (F1, F2) of a non-spiked influent wastewater sample when analyzed by SPE using

maleic acid-DVB sorbent and LC-HRMS under the optimum conditions.

Table 3

Concentrations of the analytes found in river, effluent wastewater
and influent wastewater when samples were analysed by SPE using
maleic acid-DVB followed by LC-HRMS.

Conc. (ng/L) (N=5)

River Effluent Influent
ATE <MQL - 55.64 67.40 - 539.12 45425 - 1332.41
RAN n.d. n.d. nd. - < MQL
TRIM n.d. -16.61 21.27 - 658.18 8.03 - 183.26
MET n.d. -15.84 5.09 - 81.75 69.55 - 117.40
PROP n.d. -2.63 7.31 - 26.57 n.d. - 14.83

fluent. Intra-day repeatability and inter-day repeatability (n=5) of
the method expressed as a percentage of relative standard devia-
tion (%RSD) were evaluated for all three matrices, with values from
3% to 22%. It should be mentioned that the figures of merit are in
line with those reported in the literature [27,28,34].

The method developed was used to analyze different water
samples from the Ebre River and effluent and influent wastewa-
ter samples from sewage treatment plants in the Tarragona area
(north-eastern Spain). Table 3 summarizes the range of concentra-
tions found in each type of sample. The presence of compounds
was confirmed based on an exact mass (error < 5 ppm) of their
diagnostic and fragment ions, the ion ratio between the fragment
and the diagnostic ion and their retention time (+ 0.1 min), ensur-
ing at least four identification points depending on the compound.
All the analytes were present in all types of samples, with the ex-
ception of RAN which was only present in one influent wastewa-
ter sample below MQL. As an example, Figure 2 shows the extract
ion chromatogram from the analysis of one influent sewage sam-
ple. However, in the river water samples analyzed, as expected,
the analytes were either present at low concentration levels or
not detected. The concentration values found in effluent wastew-
ater samples were lower or similar to those found in the influ-
ent samples; however, in some instances (in one sample for TRIM
and in two for PROP) higher concentrations than those in the in-

fluent samples were quantified. This might be attributed to the
fact that the sampling of the effluent and influent samples was
not performed in the same period. This trend was also found in
other studies where samples from the same wastewater treatment
plants were analyzed [27,35], and in which, in fact, the concentra-
tion ranges reported for these pharmaceuticals were also similar.
Moreover, the levels reported in influent wastewater samples from
other treatment plants were similar, with the exception of ATE for
which lower levels (250-400 ng/L [36] or 50-150 ng/L [28]) were
reported.

Although the performance of the maleic acid-DVB sorbent has
been tested for these analytes in these types of samples, it is possi-
ble to test it for a broader range of basic analytes in other complex
matrices.

3.5. Conclusions

This work reports the preparation of a novel WCX based on
the modification of polyDVB particles with maleic acid. One of the
main features of this novel resin is the notable carboxylic acid con-
tent compared to that of commercially available WCX sorbents,
which enhance the selective ion-exchange interactions with the
target compounds.

The WCX features of the maleic acid-DVB resin were success-
fully exploited in the SPE, where under the optimized protocol in-
volving a washing step with 5 mL MeOH it is capable of selec-
tively extracting a group of basic compounds. This washing step
also aided in the reduction of the ME (-32% at most) when dif-
ferent complex samples such as effluent and influent wastewater
samples were analyzed by means of SPE/LC-HRMS. The limits of
the method were at a low ng/L level, which enables the quantifica-
tion of most of the compounds present in the environmental sam-
ples analyzed.

The developed resin could also be applied in the selective ex-
traction of other basic compounds from different types of complex
samples.



N. Fontanals, J. Zohar, E. Borrull et al.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

The authors would like to thank the Ministerio de Economia,
Industria y Competitividad, the Agencia Estatal de Investigacion,
and the European Regional Development Fund (ERDF) (Project:
CTQ2017-88548-P) for the financial support received.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.chroma.2021.462165.

References

[1] E.C.E. Poole, Handbooks of Separation Science: Extraction: Solid-Phase Extrac-
tion, Elsevier Inc., Amsterdam, 2020.

[2] V. Leendert, H. Van Langenhove, K. Demeestere, Trends in liquid chromatogra-

phy coupled to high-resolution mass spectrometry for multi-residue analysis

of organic micropollutants in aquatic environments, TrAC - Trends Anal. Chem.

67 (2015) 192-208, doi:10.1016/j.trac.2015.01.010.

Z. Niu, W. Zhang, C. Yu, J. Zhang, Y. Wen, Recent advances in biological sample

preparation methods coupled with chromatography, spectrometry and electro-

chemistry analysis techniques, TrAC Trends Anal. Chem. 102 (2018) 123-146,

doi:10.1016/j.trac.2018.02.005.

P. Parrilla Vazquez, C. Ferrer, MJ. Martinez Bueno, A.R. Fernandez-Alba, Pes-

ticide residues in spices and herbs: Sample preparation methods and deter-

mination by chromatographic techniques, TrAC Trends Anal. Chem. 115 (2019)

13-22, doi:10.1016/j.trac.2019.03.022.

N. Fontanals, R.M. Marcé, F. Borrull, Materials for solid-phase extraction of or-

ganic compounds, Separations 6 (2019) 56, doi:10.3390/separations6040056.

EJ. Carrasco-Correa, M. Vergara-Barberdn, E.F. Simé-Alfonso, ]J.M. Herrero-

Martinez, Smart materials for solid-phase extraction applications, in:, Hand-

book of Smart Materials in Analytical Chemistry, 2019, pp. 531-580, doi:10.

1002/9781119422587.ch17.

[7] T. Zhou, L. Ding, G. Che, W. Jiang, L. Sang, Recent advances and trends of

molecularly imprinted polymers for specific recognition in aqueous matrix:

Preparation and application in sample pretreatment, TrAC Trends Anal. Chem.

114 (2019) 11-28, doi:10.1016/j.trac.2019.02.028.

N. Fontanals, F. Borrull, RM. Marcé, Overview of mixed-mode ion-exchange

materials in the extraction of organic compounds, Anal. Chim. Acta 1117 (2020)

89-107, doi:10.1016/j.aca.2020.03.053.

[9] Y. Wang, S. Li, F. Zhang, Y. Lu, B. Yang, F. Zhang, X. Liang, Study of matrix effects
for liquid chromatography-electrospray ionization tandem mass spectrometric
analysis of 4 aminoglycosides residues in milk, J. Chromatogr. A 1437 (2016)
8-14, doi:10.1016/j.chroma.2016.02.003.

[10] G. Castro, I. Rodriguez, M. Ramil, R. Cela, Selective determination of sartan
drugs in environmental water samples by mixed-mode solid-phase extrac-
tion and liquid chromatography tandem mass spectrometry, Chemosphere 224
(2019) 562-571, doi:10.1016/j.chemosphere.2019.02.137.

[11] P. Zhang, A. Bui, G. Rose, G. Allinson, Mixed-mode solid-phase extraction cou-
pled with liquid chromatography tandem mass spectrometry to determine
phenoxy acid, sulfonylurea, triazine and other selected herbicides at nanogram
per litre levels in environmental waters, ]. Chromatogr. A 1325 (2014) 56-64
http://dx.doi.org/10.1016/j.chroma.2013.12.021.

[12] K. Wréblewski, A. Petruczynik, T. Tuzimski, D. Przygodzka, G. Buszewicz,
P. Kotodziejczyk, P. Tutka, Comparison of various chromatographic systems for
analysis of cytisine in human serum, saliva and pharmaceutical formulation by
hplc with diode array, fluorescence or mass spectrometry detection, Molecules
24 (2019) 2580, doi:10.3390/molecules24142580.

[13] N. Fontanals, N. Miralles, N. Abdullah, A. Davies, N. Gilart, P.A.G.A.G. Cormack,
Evaluation of strong cation-exchange polymers for the determination of drugs
by solid-phase extraction-liquid chromatography-tandem mass spectrometry, J.
Chromatogr. A 1343 (2014) 55-62, doi:10.1016/j.chroma.2014.03.068.

[14] D. Bratkowska, A. Davies, N. Fontanals, P.A.G. Cormack, F. Borrull, D.C. Sherring-
ton, RM.R.M. Marcé, Hypercrosslinked strong anion-exchange resin for extrac-
tion of acidic pharmaceuticals from environmental water, J. Sep. Sci. 35 (2012)
2621-2628, doi:10.1002/jssc.201200451.

3

[4

[5

[6

[8

Journal of Chromatography A 1647 (2021) 462165

[15] D. Bratkowska, R.M. Marcé, PA.G.A.G. Cormack, D.C. Sherrington, F. Borrull,
N. Fontanals, Synthesis and application of hypercrosslinked polymers with
weak cation-exchange character for the selective extraction of basic pharma-
ceuticals from complex environmental water samples, J. Chromatogr. A 1217
(2010) 1575-1582, doi:10.1016/j.chroma.2010.01.037.

[16] N. Fontanals, PA.G. Cormack, D.C. Sherrington, Hypercrosslinked polymer mi-
crospheres with weak anion-exchange character. Preparation of the micro-
spheres and their applications in pH-tuneable, selective extractions of analytes
from complex environmental samples, J. Chromatogr. A 1215 (2008) 21-29,
doi:10.1016/j.chroma.2008.10.124.

[17] F. Meischl, C.G. Kirchler, S.E. Stuppner, M. Rainer, Comparative study of substi-
tuted poly(4-vinylbenzyl chloride/ethylene glycol dimethacrylate) sorbents for
enrichment of selected pharmaceuticals and estrogens from aqueous samples,
J. Hazard. Mater. 355 (2018) 180-186, doi:10.1016/j.jhazmat.2018.05.016.

[18] M.M. Zheng, G.D. Ruan, Y.Q. Feng, Hybrid organic-inorganic silica monolith
with hydrophobic/strong cation-exchange functional groups as a sorbent for
micro-solid phase extraction, ]. Chromatogr. A 1216 (2009) 7739-7746, doi:10.
1016/j.chroma.2009.08.085.

[19] M. Ghambarian, M. Behbahani, A. Esrafili, H.R. Sobhi, Application of a disper-
sive solid-phase extraction method using an amino-based silica-coated nano-
magnetic sorbent for the trace quantification of chlorophenoxyacetic acids in
water samples, J. Sep. Sci. 40 (2017) 3479-3486, doi:10.1002/jssc.201700572.

[20] S. Ronka, M. Kujawska, H. Juskiewicz, Triazines removal by selective polymeric
adsorbent, Pure Appl. Chem. 86 (2014) 1755-1769, doi:10.1515/pac-2014-0722.

[21] S. Ronka, Removal of triazine-based herbicides on specific polymeric sorbent:
fixed bed column studies, Pure Appl. Chem. 88 (2016) 1179-1189, doi:10.1515/
pac-2016-0905.

[22] S. Ronka, Removal of triazine-based herbicides on specific polymeric sor-
bent: batch studies, Pure Appl. Chem. 88 (2016) 1167-1177, doi:10.1515/
pac-2016-0906.

[23] S. Ronka, M. Kucharski, Application of novel polymeric, highly specific adsor-
bent for the removal of terbuthylazine from complex environmental samples,
Int. J. Environ. Anal. Chem. (2020) 1-14, doi:10.1080/03067319.2020.1776862.

[24] BR. Stranix, G.D. Darling, Cycloaddition functional polymers from
vinylpolystyrene, US Patent 6534611 (2003).

[25] M. Kica, S. Ronka, The Removal of Atrazine from Water using Specific
Polymeric Adsorbent, Sep. Sci. Technol. 49 (2014) 1634-1642, doi:10.1080/
01496395.2014.906461.

[26] D.W. Brousmiche, J.E. O’Gara, D.P. Walsh, PJ. Lee, P.C. Iraneta, B.C. Tram-
mell, Y. Xu, C.R. Mallet, Functionalization of divinylbenzene/N-vinylpyrrolidone
copolymer particles: Ion exchangers for solid phase extraction, ]J. Chro-
matogr. A 1191 (2008) 108-117 http://www.sciencedirect.com/science/article/
B6TG8-4RSBY5M-1/2/d64d9f221f9b12b7d8bfe46c90b769e.

[27] D. Salas, F. Borrull, N. Fontanals, R.M. Marcé, Combining cationic and anionic
mixed-mode sorbents in a single cartridge to extract basic and acidic pharma-
ceuticals simultaneously from environmental waters, Anal. Bioanal. Chem. 410
(2018) 459-469, doi:10.1007/s00216-017-0736-5.

[28] L Pugajeva, J. Rusko, I. Perkons, E. Lundanes, V. Bartkevics, Determination of
pharmaceutical residues in wastewater using high performance liquid chro-
matography coupled to quadrupole-Orbitrap mass spectrometry, J. Pharm.
Biomed. Anal. 133 (2017) 64-74, doi:10.1016/j.jpba.2016.11.008.

[29] N. Fontanals, RM. Marcé, F. Borrull, Solid-phase extraction followed by lig-
uid chromatography-high resolution mass spectrometry to determine synthetic
cathinones in different types of environmental water samples, J. Chromatogr.
A 1524 (2017) 66-73, doi:10.1016/j.chroma.2017.10.002.

[30] M. Scheurer, F. Sacher, H.-J. Brauch, Occurrence of the antidiabetic drug met-
formin in sewage and surface waters in Germany, J. Environ. Monit. 11 (2009)
1608-1613, doi:10.1039/b909311g.

[31] S. Jin, Y. Qiao, J. Xing, Ternary mixed-mode silica sorbent of solid-phase ex-
traction for determination of basic, neutral and acidic drugs in human serum,
Anal. Bioanal. Chem. 410 (2018) 3731-3742, doi:10.1007/s00216-018-1037-3.

[32] J. Nurmi, J. Pellinen, Multiresidue method for the analysis of emerging con-
taminants in wastewater by ultra performance liquid chromatography-time-
of-flight mass spectrometry, J. Chromatogr. A 1218 (2011) 6712-6719, doi:10.
1016/j.chroma.2011.07.071.

[33] N. Fontanals, F. Borrull, R.M. Marcé, On-line weak cationic mixed-mode solid-
phase extraction coupled to liquid chromatography-mass spectrometry to de-
termine illicit drugs at low concentration levels from environmental waters, .
Chromatogr. A 1286 (2013) 16-21, doi:10.1016/j.chroma.2013.02.069.

[34] E. Carmona, V. Andreu, Y. Picé, Multi-residue determination of 47 organic com-
pounds in water, soil, sediment and fish—Turia River as case study, ]. Pharm.
Biomed. Anal. 146 (2017) 117-125, doi:10.1016/j.jpba.2017.08.014.

[35] N. Fontanals, N. Miralles, N. Abdullah, A. Davies, N. Gilart, PA.G. Cormack,
Evaluation of strong cation-exchange polymers for the determination of drugs
by solid-phase extraction-liquid chromatography-tandem mass spectrometry, J.
Chromatogr. A 1343 (2014) 55-62, doi:10.1016/j.chroma.2014.03.068.

[36] M. Papageorgiou, I. Zioris, T. Danis, D. Bikiaris, D. Lambropoulou, Compre-
hensive investigation of a wide range of pharmaceuticals and personal care
products in urban and hospital wastewaters in Greece, Sci. Total Environ. 694
(2019) 133565, doi:10.1016/j.scitotenv.2019.07.371.


https://doi.org/10.1016/j.chroma.2021.462165
http://refhub.elsevier.com/S0021-9673(21)00289-2/sbref0001
http://refhub.elsevier.com/S0021-9673(21)00289-2/sbref0001
https://doi.org/10.1016/j.trac.2015.01.010
https://doi.org/10.1016/j.trac.2018.02.005
https://doi.org/10.1016/j.trac.2019.03.022
https://doi.org/10.3390/separations6040056
https://doi.org/10.1002/9781119422587.ch17
https://doi.org/10.1016/j.trac.2019.02.028
https://doi.org/10.1016/j.aca.2020.03.053
https://doi.org/10.1016/j.chroma.2016.02.003
https://doi.org/10.1016/j.chemosphere.2019.02.137
http://refhub.elsevier.com/S0021-9673(21)00289-2/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00289-2/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00289-2/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00289-2/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00289-2/sbref0011
https://doi.org/10.3390/molecules24142580
https://doi.org/10.1016/j.chroma.2014.03.068
https://doi.org/10.1002/jssc.201200451
https://doi.org/10.1016/j.chroma.2010.01.037
https://doi.org/10.1016/j.chroma.2008.10.124
https://doi.org/10.1016/j.jhazmat.2018.05.016
https://doi.org/10.1016/j.chroma.2009.08.085
https://doi.org/10.1002/jssc.201700572
https://doi.org/10.1515/pac-2014-0722
https://doi.org/10.1515/pac-2016-0905
https://doi.org/10.1515/pac-2016-0906
https://doi.org/10.1080/03067319.2020.1776862
http://refhub.elsevier.com/S0021-9673(21)00289-2/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00289-2/sbref0024
http://refhub.elsevier.com/S0021-9673(21)00289-2/sbref0024
https://doi.org/10.1080/01496395.2014.906461
http://www.sciencedirect.com/science/article/B6TG8-4RSBY5M-1/2/d64d9f2f21f9b12b7d8bfe46c90b769e
https://doi.org/10.1007/s00216-017-0736-5
https://doi.org/10.1016/j.jpba.2016.11.008
https://doi.org/10.1016/j.chroma.2017.10.002
https://doi.org/10.1039/b909311g
https://doi.org/10.1007/s00216-018-1037-3
https://doi.org/10.1016/j.chroma.2011.07.071
https://doi.org/10.1016/j.chroma.2013.02.069
https://doi.org/10.1016/j.jpba.2017.08.014
https://doi.org/10.1016/j.chroma.2014.03.068
https://doi.org/10.1016/j.scitotenv.2019.07.371

	Development of a maleic acid-based material to selectively solid-phase extract basic compounds from environmental samples
	1 Introduction
	2 Materials and methods
	2.1 Materials, reagents and standards
	2.2 Preparation and characterization of polymer material
	2.3 Solid-phase extraction procedure
	2.4 Instrumentation and chromatographic conditions

	3 Results and discussion
	3.1 Material characterization
	3.2 Chromatographic evaluation
	3.3 SPE optimization
	3.4 Application to environmental samples
	3.5 Conclusions

	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


