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A facile route for the chemical functionalisation of
polydivinylbenzenes and the application of
amphoteric polydivinylbenzene microspheres to
the simultaneous solid-phase extraction of acidic
and basic drugs from water samples+
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Mixed-mode ion-exchange sorbents with amphoteric character are intriguing materials because not only
can anions and cations be extracted from liquid samples using one single sorbent rather than two (anion
extraction under one set of conditions, cation extraction under a second set of conditions), but it may be
feasible to establish extraction conditions where anionic and cationic analytes can be extracted simul-
taneously. In the present study, an unusual but versatile synthetic route was used to install amphoteric
character into polydivinylbenzene microspheres produced through precipitation polymerisation. The key
synthetic step used for the chemical functionalisation of the polydivinylbenzenes exploited Diels—Alder
cycloaddition chemistry to target the pendent styryl groups that are present in polydivinylbenzenes. With
maleic anhydride as a dienophile, Diels—Alder cycloaddition yielded polydivinylbenzenes decorated with
anhydride moieties. Whilst such materials are interesting in their own right as reactive resins, ring-opening
of the polymer-bound anhydride units with ethylenediamine yielded an amphoteric material with both
weak anion-exchange (WAX) and weak cation-exchange (WCX) character. This polymer was evaluated as
a pH-tuneable sorbent for the solid-phase extraction (SPE) of acidic and basic pharmaceuticals from
water samples. Following optimisation of the analytical method including the SPE, the method was sub-
jected to validation and then applied to the extraction and determination of acidic and basic pharmaceuti-
cals present at low concentrations in river water, effluent wastewater and influent wastewater samples.
Simultaneous extraction and determination of acidic and basic compounds was found to be achievable,
with method quantification limits down to 1 ng L™,

an urgent need to understand more about their occurrence
and their toxicological effects,"” which is why several studies

In recent years, the public awareness of contaminants of emer-
ging concern (CECs) has been increasing due to the potential
harm to human health and the environment. The CEC classifi-
cation includes a very diverse range of chemical substances,
including per- and polyfluoroalkyl substances, endocrine dis-
ruptors, pharmaceuticals and personal care products. There is
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have been performed in recent years to determine and
monitor emerging contaminants in different regions around
the world."™ For example, pharmaceuticals reach the environ-
ment primarily through wastewater disposal, since wastewater
treatment plants cannot effectively remove them from
wastewater,”” and pharmaceuticals in water present a danger
to the environment and human health.®™*° For these reasons,
the development of reliable, sensitive methods for pharma-
ceutical determination in environmental samples is critical.
The majority of pharmaceuticals in use around the world
have either acidic or basic properties. For instance, many
f-blockers, opioids and antidepressants are basic,
whereas fluoroquinolones, angiotensin II receptor blockers
(“sartan drugs”) and non-steroidal anti-inflammatory drugs
tend to be acidic. This acidic/basic character can be exploited
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in solid-phase extraction (SPE) through using mixed-mode ion-
exchange sorbents, which are sorbents that combine reversed-
phase interactions and ion-exchange interactions within a
single material."" Indeed, there are many studies reported
where acidic and basic pharmaceuticals have been extracted
using commercial mixed-mode ion-exchange sorbents.">™* To
determine anions and cations using these commercial sor-
bents, two different sorbents are normally required — an anion-
exchanger to extract acidic pharmaceuticals and a cation-
exchanger to extract the basic pharmaceuticals - although
anion-exchangers and cation-exchangers have been combined
in the same SPE cartridge'® or connected in series'® to stream-
line extraction processes. In recent times, an intriguing altera-
tive has emerged; amphoteric sorbents offer anion-exchange
and cation-exchange properties,'”>* potentially enabling the
extraction of acidic and basic compounds using one single
sorbent, whether it be silica-based'®?°>* or polymer-
based.'”"'® Some silica-based sorbents which combine strong
anion-exchange and strong cation-exchange character®®>*?*
have been evaluated by our group in recent years. In these
studies, however, it was observed that acidic analytes were lost
in the washing step. In a separate study involving organic poly-
mers, an amphoteric polymeric sorbent combining weak
anion-exchange (WAX) and weak cation-exchange (WCX) moi-
eties was developed,®® and in this case it was found that a
washing step could be tolerated in the simultaneous determi-
nation of acidic and basic analytes. In the latter study,”® the
polymers were decorated with sarcosine (N-methylglycine) resi-
dues; quaternisation of the tertiary amine groups in sarcosine
enabled access into SAX/WCX variants (SAX = strong anion-
exchange), whereas functionalisation of the precursor poly-
mers with taurine enabled access into WAX/SCX variants (SCX
= strong cation-exchange).'”

In the present study, a two-step synthetic methodology is
used to install amphoteric character into polydivinylbenzene
microspheres produced through precipitation polymerisations,
where the key polymer-analogous reaction used is a Diels-
Alder (D-A) cycloaddition. A prerequisite for success of the
cycloaddition is that the polydivinylbenzenes have accessible
pendent styryl groups, and since this is the case for these
polymer microspheres as well as most commercial and non-
commercial polydivinylbenzenes, including suspension
polymerised products, the applicability of the methodology
reported here is wide. Indeed, over the years, the pendent
styryl groups present in divinylbenzenes have been exploited
as functional handles using a range of chemistries, including
anti-Markovnikov addition reactions®® and olefin cross meta-
thesis methods.>” Whilst some D-A cycloaddition methods for
the functionalisation of suspension polymerised polydivinyl-
benzene products have been reported in the literature as
well,>>*® the methodology has been largely ignored and never
applied to the chemical functionalisation of the small,
uniform particles that are particularly attractive for separation
processes. Use of maleic anhydride as a dienophile in a Diels-
Alder cycloaddition with polydivinylbenzene microspheres
gives polymer-bound anhydride groups. Ring-opening of the
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anhydride groups with diamines delivers amphoteric polymer
microspheres with WAX and WCX character. To exemplify the
amphoteric character and the utility of the polymers in separ-
ation processes, we have exploited ethylenediamine-based
amphoteric polymer microspheres in SPE followed by liquid
chromatography and high resolution mass spectrometry
(LC-HRMS) for the simultaneous extraction and determination
of acidic and basic pharmaceuticals present in river water,
effluent wastewater and influent wastewater samples.

2. Experimental

2.1. Reagents and standards

For the synthesis of the WAX/WCX sorbent, divinylbenzene-80
(DVB-80) (technical grade, 80%), was supplied by Sigma-
Aldrich (Saint Louis, MO, USA). Prior to use, it was passed
through a column containing aluminium oxide (neutral, acti-
vated, from Sigma-Aldrich) to remove the polymerisation
inhibitor. The free radical initiator 2,2'-azobisisobutyronitrile
(AIBN) (98%) was used as received from Sigma-Aldrich.
Acetonitrile (ACN) (99.9%, HPLC grade) was supplied by VWR
Chemicals (Portland, OR, USA) and toluene (>99.3%, lab
reagent) and tetrahydrofuran (THF) were supplied by Sigma-
Aldrich; they were used as received. For the chemical modifi-
cation of polydivinylbenzene microspheres, maleic anhydride
(MA) (>98%) and tetracyanoethylene (TCNE) (96%) were used
as received from Fluka and Sigma-Aldrich, respectively. For the
ring-opening of polymer-bound anhydride units, ethylenedia-
mine (EDA) (>99%) was purchased from Sigma-Aldrich and
used as received.

Five basic pharmaceuticals (venlafaxine [VEN], atenolol
[ATE], metoprolol [MTO], propranolol [PRO] and trimethoprim
[TRI]) and four acidic pharmaceuticals (diclofenac [DIC], beza-
fibrate [BEZ], valsartan [VAL] and diclofenac [DIC]) and the
metabolite of clofibrate (clofibric acid [CLO]) were acquired
from Sigma-Aldrich as pure standards (purity >96%).
Solutions at 1000 pg L™" were prepared in methanol (MeOH)
and stored in a freezer (—20 °C) in dark bottles. Each week,
working solutions of all analytes were prepared in a mixture of
ultrapure water and MeOH (90/10, v/v) and stored in a refriger-
ator (4 °C) in dark bottles.

HPLC and MS grade ACN, HPLC grade MeOH and MS
grade water were purchased from Carlo Erba (Val de Reuil,
France). Formic acid, HCl, acetic acid and NH,OH were pur-
chased from Sigma-Aldrich. A Millipore purification system
(Burlington, MA, USA) was used to obtain ultrapure water.

2.2. Synthesis and characterisation of the WAX/WCX sorbent

The WAX/WCX sorbent was synthesised via a three-step syn-
thetic protocol (Fig. 1): (i) precipitation polymerisation (PP) of
DVB-80 to give polyDVB-80 microspheres; (ii) chemical modifi-
cation of the polyDVB-80 microspheres via a Diels-Alder (D-A)
cycloaddition with MA; (iii) ring-opening of polymer-bound
anhydride units with EDA.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Reaction scheme outlining the synthesis of the WAX/WCX sorbent: Stepl. Precipitation polymerisation (PP) of DVB-80 to give
polyDVB-80 microspheres; Step 2. Chemical modification of the polyDVB-80 microspheres via a Diels—Alder (D—A) cycloaddition with MA; Step 3.

Ring-opening of polymer-bound anhydride units with EDA.

ATR-FTIR was carried out using a Thermo Scientific Nicolet
iS5 FTIR spectrometer. Samples were scanned 16 times each,
over the range 400-4000 cm™". Spectra were recorded and ana-
lysed using Omnic Series Software from Thermo Scientific.
Elemental microanalysis was conducted by the University of
Strathclyde Microanalysis Service; C, H, and N contents were
determined using a PerkinElmer 2400 Series II analyser.
Scanning electron microscopy (SEM) was carried out using a
Cambridge Stereoscan 90 Scanning Electron Microscope; prior
to imaging, samples were sputter-coated with gold using a
Polaron SC500A Sputter Coater. Average particle sizes were
determined (n = 100) using Image] (v1.54, National Institutes
of Health) image processing software. Nitrogen sorption ana-
lysis was carried out using a Micromeritics ASAP 2020
Porosimeter.

2.2.1. Synthesis of polyDVB-80 microspheres. ACN
(300 mL) and toluene (100 mL) (75/25 v/v) were added to a
Nalgene bottle (1 L). DVB-80 (8 mL, 7.312 g, 56.16 mmol, 2
vol% relative to solvent) was added to the solvent mixture and
the monomer solution was ultrasonicated for 15 minutes.
AIBN (0.146 g, 0.89 mmol, 2 wt% relative to DVB-80) was
added and the solution was sparged with nitrogen for a
further 15 minutes. The bottle was sealed immediately under
nitrogen and placed on a Stuart Scientific Low-Profile Roller at
a rotation rate of approximately 5-10 rpm in a temperature-
controlled incubator. The temperature was ramped from
ambient temperature to 60 °C over approximately 2 hours and
then held at 60 °C for 24 hours, during which time precipi-
tation of the polymer particles occurred to give a white, milky
suspension of polymer particles. The product was collected via
vacuum filtration on a 0.45 pm nylon membrane filter, washed
with ACN and dried overnight in vacuo (40 °C, ~0.01 bar). The
product was isolated as a fine white powder (2.182 g, 29%).
FTIR Jpa/cm™": 3024 (aromatic C-H str.), 2925 (aliphatic C-H
str.), 1606 (aromatic C=C str.), 1525 (aromatic C—=C str.), 1448
(aliphatic C-H bend), 990 (vinyl C-H def.), 906 (vinyl C-H
def.), 844 (1,4-disubstituted aromatic out-of-plane C-H def.),
798 (1,3-disubstituted aromatic out-of-plane C-H def.), 711
(1,3-disubstituted aromatic C-H def.). Elemental microanalysis
(found, %): C, 91.4; H, 7.9; N, 0.4. SEM analysis: mean particle

This journal is © The Royal Society of Chemistry 2025

diameter = 5.0 + 0.2 pm, Cy = 3.0%. N, sorption analysis:
Langmuir specific surface area = 576 m> g~', specific pore
volume = 0.23 cm® g~', mean pore diameter = 3.1 nm.

2.2.2. D-A reaction between polyDVB-80 and MA.
PolyDVB-80 microspheres (2.019 g) were suspended in toluene
(200 mL) in a three-necked, round-bottomed flask (250 mL)
fitted with a reflux condenser. MA (5.905 g, 60.22 mmol) was
dissolved in the suspension. The flask was sealed with a
rubber septum and the mixture was sparged with nitrogen.
The mixture was heated under reflux and a nitrogen atmo-
sphere for 48 hours, during which time the white solid
changed to an off-white/orange coloured solid. The product
was collected via vacuum filtration on a 0.45 pm nylon mem-
brane filter, washed with toluene and dried overnight in vacuo
(40 °C, ~0.01 bar). The product was isolated as a fine, off-
white/orange coloured powder (1.745 g). FTIR fpa/em™': 3034
(aromatic C-H str.), 2935 (aliphatic C-H str.), 1799 (anhydride
C=0O0 str.), 1608 (aromatic C=C str.), 1519 (aromatic C=C
str.), 1453 (aliphatic C-H bend), 1068 (anhydride OC-O-CO
str.), 993 (vinyl C-H def.), 917 (1,2,4-trisubstituted aromatic
out-of-plane C-H def.), 802 (1,3-disubstituted aromatic out-of-
plane C-H def.), 714 (1,3-disubstituted aromatic C-H def.).
Elemental microanalysis (found, %): C, 78.9; H, 6.8; N, 0.3; O
(by difference), 14.0; anhydride loading level = 3.3 mmol g ™.
SEM analysis: mean particle diameter = 4.2 + 0.2 pm, Cy =
5.6%. N, sorption analysis: Langmuir specific surface area =
484 m” g™, specific pore volume = 0.21 cm® g™, mean pore
diameter = 3.2 nm.

2.2.3. Ring-opening of polymer-bound anhydride units
using EDA. EDA (2.493 g, 41.48 mmol) was dissolved in dry
THF (50 mL) in a 100 mL three-necked, round-bottomed flask.
The anhydride-containing polymer (1.50 g) was added, and the
mixture was stirred using an overhead stirrer for 1 hour at
ambient temperature and under a nitrogen atmosphere. The
mixture was then refluxed for 12 hours, after which time the

mixture was removed from the heat and cooled to ambient
temperature. The product was collected via vacuum filtration,
washed with MeOH and dried overnight in vacuo (40 °C, ~0.01
bar). The product was isolated as a yellow powder (1.390 g).
FTIR Opa/em™': 3300 (amine N-H str.), 2927 (aliphatic C-H

Polym. Chem., 2025,16, 751-761 | 753
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str.), 2847 (aliphatic C-H str.), 1713 (carboxylic acid C=0 str.),
1615 (amide I C=O str.), 1513 (amide II C=N str.), 1350
(amine C-N str.), 835 (1,4- and 1,2,4-trisubstituted aromatic
out-of-plane C-H def.), 796 (1,3-disubstituted aromatic out-of-
plane C-H def.), 720 (1,3-disubstituted aromatic C-H def.).
Elemental microanalysis (found, %): C, 77.4; H, 7.4; N, 4.1; O
(by difference), 11.0; WAX/WCX loading level = 2.3 mmol g~*
(from elemental microanalytical data). WAX/WCX loading level
(from titration analysis) = 3.5 mmol g~'. SEM analysis: mean
particle diameter = 5.1 + 0.2 um, Cy = 3.4%. N, sorption ana-
lysis: BET specific surface area <5 m* g™,

2.2.4. Determination of the ion-exchange capacity of the
WAX/WCX sorbent. Dry polymer (~50 mg) was weighed accu-
rately by difference into a flask and a known volume of a stan-
dard solution of aqueous sodium hydroxide then added
(15 mL; ~0.1 M). The mixture was stirred gently for a period of
18 hours at ambient temperature. The polymer was then separ-
ated from the liquid phase by filtration, the polymer washed
with water and the combined liquid portions back-titrated
using a standard solution of aqueous hydrochloric acid (~0.1
M).

2.3. SPE procedure

150 mg of WAX/WCX sorbent was packed into an empty 6 mL
SPE cartridge (Symta, Madrid, Spain) fitted with 10 pm poly-
ethylene frits (Symta) below and above the sorbent bed. A 2 pm
stainless steel frit (Sigma-Aldrich) was also placed below the
sorbent to prevent sorbent loss.

Before the loading of the sample, the sorbent was con-
ditioned with 5 mL of MeOH and 5 mL of ultrapure water
adjusted to pH 5. Then, a fixed volume of sample adjusted to
PH 5 (100 mL for river water samples, 50 mL for effluent waste-
water samples and 25 mL for influent wastewater samples) was
loaded at an approximate flow rate of 5 mL min~'. 1 mL of
MeOH was used in the cleaning step and the elution step con-
sisted of 5 mL of 5% NH,OH in MeOH. The eluates were evap-
orated to dryness using a miVac Duo centrifuge evaporator
(Genevac, Ipswich, UK) and reconstituted with 1 mL of water/
ACN (95/5, v/v). Prior to extraction, river water samples were fil-
tered through a 0.45 pm nylon membrane filter (Scharlab),
whereas wastewater samples were filtered through a 1.2 pm
glass-fibre membrane filter (Fisherbrand, Loughborough, UK)
prior to filtration with a 0.45 pm filter. To establish the
optimal loading volume for each sample type, several loading
volumes were used for each sample type and then the loading
volume that gave acceptable recoveries for each sample type
was selected. The loading volumes were higher for cleaner
samples (river water, 100 mL) and lower for dirtier samples
(influent wastewater, 25 mL).

2.4. Chromatographic conditions

Two liquid chromatographs were used. To optimise the SPE
method, an Agilent 1200 (Agilent, Waldbronn, Germany) series
equipped with a binary pump, an autosampler, a column
oven, an automatic injector and a diode array detector (DAD)
was used. To analyse the samples, the method was transferred
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to LC-HRMS using an Accela 1250 UHPLC, equipped with an
Accela Autosampler and a quaternary pump, coupled to an
Exactive Orbitrap mass spectrometer (Thermo Scientific,
Bremen, Germany) equipped with a heated electrospray ionis-
ation and a high-energy collision dissociation cell.

The chromatographic conditions used were similar to a pre-
vious study>* and are included in the ESL}

3. Results and discussion
3.1. Synthesis of the WAX/WCX sorbent

Precipitation polymerisation (PP) was the polymerisation
method of choice for preparing polydivinylbenzene micro-
spheres in the low micron size range to be carried forward to
polymer-analogous reactions. This is because PP is a surfac-
tant- and stabiliser-free method of free radical polymerisation
that yields high quality polymer microspheres with low mean
particle diameters and narrow particle size distributions.
Particle diameters, porous morphology and chemical function-
ality can all be controlled through rational selection of
reagents/monomers and the polymerisation conditions (e.g.,
monomer and initiator concentrations). Typical PP conditions
for the synthesis of porous microspheres require the inclusion
of a porogen in the solvent mixture. For this reason, toluene
was included at 25 vol% in conjunction with ACN. Under these
conditions, good quality polyDVB-80 microspheres were
obtained, and nitrogen sorption analysis showed that they
were porous in the dry state.

To maximise the number of pendent styryl groups (ie.,
unreacted vinyl groups) which could be exploited in D-A
cycloadditions, DVB-80 was selected in preference to DVB-55
since DVB-80 is comprised of 80% divinylbenzene isomers
compared to 55% of divinylbenzene isomers for DVB-55. In a
study of suspension polymerised DVB resins, Law et al.*’
reported that approximately 45% of the DVB-derived vinyl
groups remain pendent and unreacted following polymeris-
ation of DVB-80, compared to 32% when using DVB-55. While
the microspheres in the present work were synthesised via PP
rather than by suspension polymerisation, it can be antici-
pated that polyDVB-80 microspheres prepared by PP will
contain a higher level of pendent styryl groups than a
polyDVB-55 prepared using a nominally identical PP method.
Pendent vinyl groups give rise to a very diagnostic signal in the
FTIR spectrum of the microspheres (at 995 cm™'), and this
signal can be used to verify the presence of vinyl groups in the
polyDVB-80 microspheres and to monitor the progress of any
subsequent reactions that consume pendent vinyl groups.

To install anhydride moieties into the
polyDVB-80 microspheres, a D-A cycloaddition with MA was
employed. D-A chemistry represents an attractive but under-
utilised approach for functional polymer production because
polydivinylbenzenes are used in a wide range of applications.
Furthermore, there are several dienophiles besides anhydrides
that can be exploited as coupling partners in D-A reactions
(e.g., styrenes®® and TCNE [see ESIf]) and this versatile

This journal is © The Royal Society of Chemistry 2025
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approach can be applied to other polymer formats too (see
ESIt for a cognate approach using core-shell polydivinylben-
zenes). The D-A cycloaddition between
polyDVB-80 microspheres and MA was thermally-promoted
and conducted in toluene. Toluene is a good wetting/swelling
solvent for such materials and allows MA access to the porous
network, however it was inevitable that some styryl groups
located deep within the pore network would remain inaccess-
ible to the MA. For the subsequent ring-opening of the
polymer bound anhydride units, EDA was used to produce the
amphoteric WAX/WCX material (for this polymer-analogous
reaction, EDA was used in excess to drive the ring-opening
reaction to completion and to suppress the likelihood of EDA
acting as a crosslinker between neighbouring anhydride

groups).

3.2. Characterisation of the WAX/WCX sorbent

FTIR spectroscopy was used to monitor the presence of the
pendent vinyl groups in polydivinylbenzenes produced by PP,
their subsequent consumption in D-A cycloaddition reactions,
and the ring-opening of polymer-bound anhydride groups
with EDA. Fig. 2 shows the FTIR spectrum of the WAX/WCX
sorbent, whereas Fig. S1t shows the FTIR spectra of
polyDVB-80 microspheres, the corresponding D-A adduct with
MA and the ring-opened derivative formed upon reaction with
EDA. The spectra are consistent with the structures presented
in Fig. 1. As can be seen in Fig. S1,} the signal at ~995 cm™"
that is assigned to pendent vinyl groups in the polydivinylben-
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zene microspheres diminishes dramatically in intensity as the
vinyl groups are consumed by reaction with MA.
Simultaneously, new signals appear at 1792 and 1069 cm™" in
the FTIR spectrum of the D-A adduct, and these are assigned
to the C=0O and the OC-O-CO stretches, respectively, of
polymer-bound anhydride groups. Following treatment with
EDA, the anhydride signals disappear and are replaced by diag-
nostic signals assignable to the amine (3300 and 1350 cm™%),
carboxylic acid (1713 cm™") and amide (1615 and 1513 cm ™)
groups present in the WAX/WCX sorbent (Fig. 2).

Nitrogen  sorption  analysis revealed that the
polyDVB-80 microspheres and the D-A adducts were macroreti-
cular, ie., porous in the dry state. Whilst some drop-off in
specific surface area is to be expected as mass is added to the
microspheres through polymer-analogous reactions, most dry
state porosity was lost as a result of the ring-opening reaction
with EDA. This may be due to partial pore-blocking through
crosslinking and/or (reversible) collapse of some pores as the
amphoteric motifs form and then desolvate upon drying.
However, for SPE the WAX/WCX polymer microspheres are
exploited in a wet state and not the dry state so were taken
forward to SPE nevertheless since access to functional groups
in the wet state is the critical consideration.

SEM was used to monitor the particle size and particle size
distribution of the polymer microspheres. The high quality of
the polymer microspheres was retained throughout the
polymer analogous reactions. An SEM micrograph of the final
WAX/WCX product is shown in Fig. 3; with a mean particle dia-
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Fig. 2 FTIR spectrum of the amphoteric WAX/WCX polymer microspheres.

This journal is © The Royal Society of Chemistry 2025

Polym. Chem., 2025,16, 751-761 | 755


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py01312c

Open Access Article. Published on 08 1403. Downloaded on 08/11/1404 09:59:31 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

11:35AM Wed 13 Sep 2023

Fig. 3 SEM micrograph of the amphoteric WAX/WCX polymer
microspheres.

meter of 5.1 um and a size dispersity of 3.4%, such mono-
disperse microspheres are attractive for use in separation
applications since they are small in size and uniform in terms
of size distribution.

Elemental microanalysis was used to measure the carbon,
hydrogen and nitrogen contents of the polymers and allow for
an estimation of the functional group loading levels (expressed
in mmol g~'). Whilst estimating the functional group loading
levels from elemental microanalytical data is complicated by
the heterogeneity of the polymers, it was found, as expected,
that the carbon content falls significantly upon introduction
of oxygen-containing anhydride groups by the D-A cyclo-
addition (from 91.4 to 78.9%) and that the nitrogen-content
rises significantly as a result of the ring-opening of anhydrides
with nitrogen-containing EDA (from 0.3 to 4.1%). From the
elemental microanalytical data, the functional group loading
levels were estimated to be 3.3 and 2.3 mmol g~ for the anhy-
dride-containing polymer and its ring-opened derivative,
respectively. However, a more reliable measure of the func-
tional group loading level of the ring-opened derivative (i.e.,
the WAX/WCX sorbent) was obtained using a titration method;
with this method, the ion-exchange capacity of the WAX/WCX
polymer microspheres was found to be 3.5 mmol g™".

3.3. Evaluation of the WAX/WCX polymer microspheres as an
SPE sorbent

The extraction of acidic and basic analytes using a sorbent
that has both weak anion-exchange character and weak cation-
exchange character is a complex task. Both the analytes and
sorbent (Fig. 1) have ionisable groups that need to be charged
to promote the ion-exchange interactions. In this regard, and
considering the pkK, values of the analytes (Table S1t) which
range from 7.1 to 10.1 for the basic analytes and from 3.2 to
4.5 for the acidic analytes, plus the previous experience gained
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when working with polymer-based amphoteric sorbents,"”'? it
was decided to carry out a pH screening study. 10 mL volumes
of ultrapure water with pH adjusted to 3, 5, 6, 7 and 9 were
loaded onto the sorbent, 1 mL of MeOH was used as washing
step, and 5 mL of 5% NH,OH in MeOH followed by 5 mL of
5% acetic acid in MeOH were used for elution.

To evaluate the results, SPE recoveries (%Rsp) were calcu-
lated as the ratio between the measured concentration after
SPE and the theoretical concentration when working with
ultrapure water and analysis by LC-DAD. As expected, pH 3
and pH 9 provided the poorest results. At pH 3, the basic ana-
Iytes have %Rgpg lower than 40% due to the protonation of the
carboxylic groups in the sorbent. Meanwhile, at pH 9 the
acidic analytes had %Rgspg, lower than 45% due to the deproto-
nation of the primary amines in the sorbent. pH 5, 6 and 7
provided the most interesting results, as can be seen in Fig. 4.
The best results were obtained at pH 5 for all of the basic com-
pounds (%Rspr higher than 80%) and for most of the acidic
compounds (highest %Rgpg for DIC, BEZ and FEN). In the case
of pH 7, this pH value provided the best results for some of
the acidic analytes, such as CLO and VAL (which have the
lowest pK, values), and good results for the rest of analytes.
BEZ, which has a pK, value close to that of VAL, also had a rela-
tively high %Rgp value at pH 7. pH 6 gave lower recoveries
than were obtained at pH 5 or 7, with values ranging from 36
to 71%.

Since the best results for most of the compounds (except
for CLO and VAL) were obtained at pH 5, this pH value was
selected for the subsequent experiments. In previous studies
where WAX/WCX sorbents were used, the pH was slightly
acidic; for instance, Jin et al.>* and Nadal et al."® selected a pH
value of 6 when extracting acidic and basic compounds simul-
taneously. However, in the present study it has been demon-
strated that pH 5 yields the best results.

The initial elution step consisted of 5 mL of 5% NH,OH in
MeOH followed by 5 mL of 5% acetic acid in MeOH. It was
observed during the pH optimisation stage that the acidic and
basic analytes were eluted with 5 mL of 5% NH,OH in MeOH,
meaning that ammonium hydroxide can disrupt the anion-
and cation-exchange interactions. The anion-exchange inter-
actions are disrupted by the neutralisation of protonated
amine groups in the sorbent, whereas the cation-exchange
interactions are disrupted by the deprotonation of the basic
analytes. For this reason, the acidic elution was removed.
Other studies where cation-exchange and anion-exchange
groups were combined in one sorbent also used solutions of
NH,OH in MeOH for the elution step.”'***

The volume of MeOH used in the washing step was also
evaluated, by using 3 mL of MeOH instead of 1 mL of MeOH.
This led to a slight decrease in the %Rgpg of the basic com-
pounds; the recovery values ranged from 82 to 89% with 1 mL
of MeOH and from 71% to 81% with 3 mL of MeOH. However,
the decrease in recovery for the acidic analytes was more
evident, ranging from 42% (CLO) to 84% (DIC) with 1 mL of
MeOH and from 24% (CLO) to 59% (BEZ) with 3 mL MeOH.
For this reason, to avoid high losses of analytes in the washing

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 SPE recoveries when 10 mL of ultrapure water at pH 5, 6 and 7 was loaded onto SPE cartridges packed with the WAX/WCX sorbent.

step it was decided to maintain the washing volumes as 1 mL,
similarly to the volumes used in previous studies."”"’

The loading volume was increased from 10 mL to 100 mL
to obtain a higher preconcentration factor, without the need
for excessively long percolation times. No significant losses
were observed when inspecting the %Rgpr values, therefore
100 mL was selected as the loading volume for ultrapure water.
Due to the complexity of the environmental water samples, the
volume of river water samples was kept at 100 mL but was
reduced to 50 mL for effluent wastewater samples and to
25 mL for samples to prevent
breakthrough.

It is important to compare the performance of a WCX

influent wastewater

sorbent described previously®® with the performance of the
new WAX/WCX polymer microspheres, since both are prepared
by polymer-analogous reactions on polymer-bound anhydride
motifs. However, only the extraction of cationic analytes can be
compared since the WCX sorbent does not contain WAX moi-
eties. In the previous study, ATE, TRI, MTO and PRO were
extracted with recoveries ranging from 74 to 106% when
100 mL of ultrapure water was applied to 200 mg of sorbent.
In the present study, the recoveries ranged from 82 to 85%,
and this may be due to the nearby WAX centres which will

repel cations when the WAX centres are protonated. However,
this effect is not as marked as it was when sorbents that
strong anion-exchange cation-exchange
2024 were evaluated, when the inclusion of a
MeOH washing step led to the elution of the acidic analytes. It
seems that when a material has anion-exchange and cation-
exchange character, to retain both acidic and basic analytes it
is helpful if at least one of the two ion-exchange groups is a
weak ion-exchanger.

combine and

interactions

3.4. Validation of the analytical method

After the optimisation of the method using LC-DAD, the
method was transferred to LC-HRMS to apply it to the determi-
nation of the pharmaceuticals in river water, effluent waste-
water and influent wastewater samples. The method was vali-
dated using the parameters outlined in the ESI.T The apparent
recoveries (%R,pp) were obtained at two concentrations
(Table 1 presents the concentrations used for each matrix). As
can be observed, good recoveries were obtained for most com-
pounds. Focusing on river samples, %R, ranged from 32 to
69%, with most values around 45-50% except for VEN (27 and
29%) and VAL at high concentration (27%). Nadal et al'’
obtained similar recoveries (25-87%) for acidic and basic ana-

Table 1 Apparent recoveries at two concentration levels and matrix effects

River water Effluent wastewater Influent wastewater
%Ruwpp  %Rapp _ %ME  Rayp  Rayp  %ME_ Ry, Ry %ME
5ugL 0.5 pg L 0.5pgL 10 ug L 1pugL 1ugL 20 ug L 2pugL 2pugL
Basic ATE 61 69 -2 54 48 —48 35 34 —-49
TRI 43 39 —18 36 45 —24 29 28 —20
MTO 33 32 -9 40 41 +10 25 22 +57
VEN 27 29 +20 61 52 -17 45 34 +14
PRO 46 44 +13 56 58 +46 35 38 —28
Acidic CLO 54 57 —-16 78 67 -2 77 73 —6
BEZ 47 62 +3 67 66 +11 64 55 —38
VAL 27 37 —6 55 46 +40 65 72 +38
FEN 47 53 —24 76 75 +15 40 46 —28
DIC 44 42 —-31 37 53 -17 39 44 —-34

This journal is © The Royal Society of Chemistry 2025
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lytes when percolating 250 mL of river samples through a
WAX/WCX polymeric sorbent, while Salas et al.'® obtained
higher recoveries (39-109%) when combining two commercial
strong ion-exchangers in one SPE cartridge (when loading
100 mL of river water samples). For the effluent wastewater
samples, the recoveries ranged from 36 to 78%, which are
slightly lower values than reported by Nadal et al."” when per-
colating 100 mL of effluent wastewater samples through a SAX/
WCX sorbent (24-105%). Lavén et al.'® also obtained slightly
higher values when loading 50 mL of effluent wastewater
samples onto two strong ion-exchangers connected in series
(45-141%). In the case of influent wastewater samples, the
recoveries ranged from 34 to 77%, except for TRI (28 and 29%)
and MTO (22 and 25%). The results are very similar to the data
reported by Salas et al."®> when 50 mL of influent wastewater
was loaded (values ranged from 34 to 76%).

Coming to the matrix effects (%ME), and considering that
+20% is considered acceptable in terms of matrix effects, the
results for river water samples are remarkably good. As can be
observed in Table 1, only FEN and DIC had %ME values
outside these acceptability limits (%ME values were —24 and
—31%, respectively). In the case of effluent wastewater
samples, the results were also very good; only ATE, PRO and
VAL gave values higher than +20%. Finally, regarding influent
wastewater samples, the use of 1 mL of MeOH as washing step
was not sufficient to reduce the matrix effects of the most
complex matrix. Only TRI, VEN and CLO had low %ME,
ranging from —20 to +14%, however only ATE and MTO pre-
sented high %ME values (—49% and +57, respectively). The
results with river water and effluent wastewater samples are
comparable to the data recorded by Nadal et al,'”” who
reported matrix effects ranging from +17 to —30% for river
water samples and from +18 to —12% for effluent wastewater
samples. Compared with the study by Lavén et al.,'® the results
arising from the present study are comparable.

Table S21 shows the MDL and MQL values; these are in the
low ng L' range and, in some cases, below 1 ng L™". The
exception was FEN, for which the instrumental limits were
high due to low ionization yield. In the case of accuracy,
the relative recoveries obtained range from 88 to 114%. As for
the precision, the %RSD values obtained for repeatability
were lower than 12% and for reproducibility between days
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the values were lower than 18%, which is considered
acceptable.

3.5. Analysis of environmental water samples

The five basic and five acidic pharmaceuticals were deter-
mined in four samples of river water, effluent wastewater and
influent wastewater collected in the province of Tarragona
(Spain). The concentrations were determined through external
calibration curves and from the apparent recoveries (section
3.4) and following the confirmation parameters.*’

Table 2 presents the results obtained for the compounds
present in the different samples analysed, together with the
uncertainty. Starting with river water samples, this was the
sample where lowest occurrence was found. Only PRO and
MTO were quantified in all samples, whereas TRI was the com-
pound with the highest occurrence in one sample (398 ng L")
and FEN was not even detected. Similar compounds were
found in surface water from China,*' the UK** and Germany,**
although in the German samples the values of PRO and TRI
were lower (<13 and <62 ng L™", respectively).

For the effluent wastewater samples, all of the compounds
were quantified, except for FEN. Three of the samples pre-
sented significantly lower concentrations (<1000 ng L™" for all
compounds) than the remaining one (for which concen-
trations were as high as 6132 ng L' [TRI] and 8324 ng L™
[MTO]). When Vergili et al.>* determined TRI, VEN and DIC in
effluent wastewater samples from Turkey, DIC was found in
significantly higher concentrations, ranging from 300 to 3400
ng L', while TRI and VEN were below the MQL (10 ng L™).

The samples with highest occurrence were the influent
wastewater samples. Similarly to effluent wastewater samples,
it was possible to quantify all compounds in all samples
(except for FEN). One sample presented high concentrations of
some compounds, such as TRI (17167 ng L™"), MTO (34 464
ng L") and VAL (21 891 ng L™"). On the other hand, one of the
samples presented low concentrations of all compounds,
where the compound with highest occurrence in this sample
was VAL (628 ng L™"). Van Nuijs et al.** determined ATE, MTO
and VEN in influent wastewater samples from Belgium and
similar ATE levels were found, ranging from 41 to 2118 ng L™,
while MTO and VEN were found at even lower concentrations,
252-1190 ng L' and 119-480 ng L™, respectively.

Table 2 Concentration levels in ng L™ for the selected analytes in river water, effluent wastewater and influent wastewater samples

River water

Effluent wastewater Influent wastewater

Basic ATE <MDL-92 + 11
TRI <MDL-398 + 48
MTO 4+1-117 15
VEN <MQL-146 + 17
PRO 15 +2-139 + 16

Acidic CLO <MDL-45 + 6
BEZ <MQL-43 + 5
VAL <MQL-123 + 23
FEN <MDL
DIC MQL-155 + 19

758 | Polym. Chem., 2025, 16, 751-761

603 £ 7-5424 + 621
322 +£30-17 167 + 2087
377 £44-34 464 £ 4270
196 + 21-8034 + 967
98 +11-6140 + 723

55+ 6-3444 + 376
354 £ 35-6132 + 734
154 + 18-8324 £ 1176
210 + 24-3654 = 438
144 £ 16-2367 £ 292

34 +4-700 + 86

44 + 3-1227 + 146

896 + 165-5731 + 1045
MQL-557 + 68

76 + 4-789 £ 97

60 + 15-1257 + 155

279 + 34-1532 £ 178
628 £102-21 891 + 2685
MQL + 43-852 + 122
108 + 11-597 + 77
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Overall, it can be concluded that this new amphoteric
polymer performs very well as an SPE sorbent for the extrac-
tion and determination of low concentrations of acidic and
basic analytes, even when challenged with the most complex
environmental water samples.

4. Conclusions

In this study, polydivinylbenzene-based microspheres with
WAX and WCX character have been designed, synthesised and
evaluated as an amphoteric SPE sorbent. The D-A cyclo-
addition chemistry used to functionalise the polydivinylben-
zenes with anhydride functional groups represents an unusual
strategy for the chemical functionalisation of polymer resins,
but it is a facile and versatile method which can, in principle,
be applied to a broad range of crosslinked polymers provided
that they have pendent diene or dienophile motifs.

The amphoteric sorbent was used to determine five acidic
and five basic pharmaceuticals in river water, effluent waste-
water and influent wastewater samples, and was found to be
capable of extracting acidic and basic analytes simultaneously,
with good validation parameters. Introduction of a washing
step into the SPE protocol reduced the matrix effects. These
results highlight the attractiveness of using sorbents that
combine weak anion- and cation-exchange interactions for the
extraction of acidic and basic pharmaceuticals from complex
aqueous samples.
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