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Abstract

Mixed-mode ion-exchange materials have been implanted in different sorptive extraction
techniques as they combine capacity and selectivity in a single material. They are a good
option for concentrating ionic (or ionisable) compounds from complex samples using an
appropriate washing step that simplifies the sample matrix. Research into the
development of in-house mixed-mode ion-exchange materials is therefore a field of
scientific interest. These materials are developed with the aim to improve the features of
both the core and the ionic moieties attached. The study of the optimal extraction
protocol to exploit the ionic interactions between the material and the target compounds
is a key point in method development.

This review is an overview of the preparation, characterisation, evaluation and application
of in-house mixed-mode ion-exchange materials. It mainly covers the technique of solid-
phase extraction; however, the latest advances in solid-phase microextraction, stir bar
sorptive extraction and other emerging microextraction techniques are also presented.
Examples of different applications that cover the extraction of different compounds in
several types of samples are also illustrated.

Keywords: Mixed-mode ion-exchange; complex samples; solid-phase extraction; solid-
phase microextraction; stir bar sorptive extraction; ionisable compounds

1. Introduction

Trace analysis of organic contaminants is always challenging due to the complexity
and diversity of the sample matrices. In spite of the recent advances in analytical
instrumentation, especially in chromatography and mass spectrometry (MS), analysing
complex samples requires sample treatment before the chromatographic analysis. By
including a sample treatment, the complexity of the extract is simplified to make it easier
to separate the target analytes from other components [1]. Several treatment techniques
have been used in the past decades to extract organic compounds from different types of
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samples. For liquid samples, although solvent extraction techniques have been
miniaturised to achieve high enrichment factors, minimise solvent consumption and
reduce waste, sorptive extraction techniques are the preferred extraction techniques.
The most commonly used sorptive extraction techniques are solid phase extraction (SPE)
followed by solid-phase microextraction (SPME) or stir bar sorptive extraction (SBSE), but
other techniques such as fabric phase soptive extraction (FPSE), stir bar sorptive-
dispersive microextraction (SBSDME), rotating disk sorptive extraction (RDSE),disposable
pippette extraction (DPX), capsule phase microextraction (CPME) and stir-cake sorptive
extraction (SCSE), among others, have recently been developed [2-8].

The selectivity and capacity of the sorptive extraction techniques are mainly
determined by the material, and a wide variety of them have been exploited. In SPE, the
first materials were silica-based, which are usually modified with Cis to be used to extract
apolar compounds. Nevertheless, they show limited recovery for polar and ionisable
compounds [9]. Later on, carbon-based sorbents were introduced, although their high
retention hinders the elution of analytes. Polymer-based sorbents were developed to
improve the properties of the previous materials. The first one was based on polystyrene-
divinylbenzene; however, its hydrophobic character is a limitation to trapping the most
polar compounds [10]. New generations of polymeric materials, namely hydrophilic
polymer sorbent and hypercrosslinked polymers, emerged to enhance capacity [11]. To
promote selectivity, molecularly imprinted polymers were synthesised to extract
selectively target analytes [12]. In addition, other emerging materials, such as metal-
organic frameworks, magnetic materials, nanomaterials, etc., have been developed
[13,14].

For other microextraction techniques, materials based on polydimethylsiloxane
(PDMS) were the first to be introduced in both SPME and SBSE; however, they lack
retention for the most polar compounds. Other materials have gradually appeared to
solve this drawback, such as polyacrylate (PA), carbowax (CW) and carboxen (CAR) for
SPME; and ethyleneglycol-Silicone and PA for SBSE [15].

The need to combine in a single material an improvement of capacity and selectivity
towards ionisable compounds evidences the interest in developing novel sorbents, such
as mixed-mode ion-exchange sorbents. These are developed by incorporating ionic
functional groups in a hydrophobic and/or hydrophilic base. Depending on the properties
of the material, the ionisable analytes can establish either ionic interactions with the ionic
groups of the material and hydrogen bonding, dipole-dipole or Van der Waals forces with
the skeleton [16,17]. The materials to prepare the mixed-mode ion-exchange sorbent are
silica- and polymer-based, and most commonly are the polymeric ones [18,19]. Moreover,
there are different types of mixed-mode ion-exchange materials that have different
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properties depending on the functional groups attached to the resin: strong anion-
exchange (SAX), strong cation-exchange (SCX), weak anion-exchange (WAX) and weak
cation-exchange (WCX). On one hand, strong ion-exchangers are charged throughout the
pH range and comprise sulfonic acids or quaternary amines, and are cationic or anionic
exchangers, respectively. On the other hand, weak exchangers tune their ionisation state
in accordance with the pH, since they are functionalised with carboxylic acids or tertiary,
secondary or primary amines, and are cationic or anionic exchangers, respectively.

It is crucial to select the appropriate SPE protocol to achieve good results when using
mixed-mode ion-exchange sorbents. For instance, the common SPE protocol for SCX
sorbents uses an acidic (pH 2-3) sample so that the basic analytes are in their protonated
form, and uses a basic elution medium (normally 3-5% NH4OH in MeOH) to break any
ionic interactions between the analytes and the sorbent, neutralising the basic analytes.
Conversely, in the general SPE protocol for SAX sorbents, the sample is always loaded at
pH 7-9 to deprotonate the acidic compounds and establish ionic interaction with the
quaternary amine groups of the sorbent. The elution of the acidic compounds is
performed at acidic pH to protonate the compounds and disrupt the ionic interaction. In
the case of WAX or WCX, the recommended protocol uses a neutral pH to load the sample
so that both the functional groups of the sorbent and the analytes are in ionic form. As an
elution solution, normally an acidified organic solution is employed for WCX sorbents to
neutralise the carboxylic acid groups of the sorbent; and a basic elution solution in organic
solvent is used for WAX sorbents to neutralise the amine groups of the sorbent. These are
general protocols, but they should be optimised depending on the pKa of the analytes and
the sorbents.

Mixed-mode ion-exchange sorbents can be either universal or very selective. They can
be universal because numerous compounds can be extracted from samples due to the
enhanced retention towards ionic compounds given by the presence of ionic
functionalities. In addition, their selectivity can be increased towards ionic analytes if the
compounds retained through other type of interactions are rinsed from the sorbents
using washing steps with organic solvents to disrupt these interactions [16,17,20].

Although several commercial mixed-mode ion-exchange sorbents have been
developed, in recent years different in-house sorbents have been prepared. This review
will focus on the synthesis, characterisation and application of in-house mixed-mode ion-
exchange materials to different sorptive techniques, being the SPE the most used, in
different types of samples.
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2. Solid-phase extraction

There is an increasing amount of mixed-mode ion-exchange materials due to the
challenging need to improve the SPE sorbents. Although commercial mixed-mode ion-
exchange sorbents, based on Strata-X, Oasis, Discovery and the Bond Elut series, among
others, are available and have been studied by the analytical chemistry community [21—
25], the necessity to enhance their capacity and selectivity properties has led to the
development of in-house mixed-mode ion-exchange sorbents. Various materials are
applied as in-house sorbents for SPE, most commonly silica and polymer based materials.
This section is divided into mixed-mode cation-exchange, mixed-mode anion-exchange
material and zwitterionic sorbent subsections. Each subsection covers the preparation,
characterisation, evaluation and application of each type of material. Table 1 details the
different in-house mixed-mode ion-exchange materials used in SPE, their optimal
conditions and their applications.

2.1. Mixed-mode cation-exchange sorbents

Mixed-mode cation-exchange sorbents contain sulfonic acid or carboxylic acid moieties
as functional groups anchored to the backbone, and have a SCX or WCX character,
respectively. There are diverse synthetic methods for obtaining in-house mixed-mode
cation-exchange. Regarding the polymeric backbone, traditional polymerisation methods,
such as precipitation polymerisation (PP) [26-28], bulk polymerisation [27], dispersion
polymerisation [28] and non-aqueous dispersion polymerisation [28] are mainly used to
prepare polymer-based mixed-mode materials. These can be prepared by
copolymerisation followed by a second step of functionalisation to incorporate the
functional group, or by copolymerisation with a monomer that already contains the
functional group. Studies that apply these in-house materials as SPE sorbents for the
extraction of analytes in complex matrices are presented in Table 1. For instance, Gilart
et al. [29] prepared two different cation-exchange polymeric materials employing
different polymerisation approaches. One was prepared by copolymerisation of the two
monomers, 2-hydroxyethyl methacrylate (HEMA) and divinylbenzene (DVB), followed by
a post-sulfonation with H2SO4 to obtain a SCX polymer. The monomers gave the polymer
hydrophilicity due to the ester and hydroxyl groups in the HEMA and also allowed n-nt
interactions due to the aromatic rings in the DVB. The other material was prepared by the
copolymerisation of three monomers: 2-acrylamido-2-methylpropane sulphonic acid
(AMPSA), HEMA (functional monomers) and pentaerythritol triacrylate (PETRA) (cross-
linker). HEMA and PETRA provided hydrophilicity to the material, and AMPSA provided an
ionic character since it contains a secondary amide group and a sulphonic acid in its
structure. The materials had different ion-exchange capacities, 0.84 mmol g for the
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AMPSA/HEMA/PETRA sorbent and 2.05 mmol g for the HEMA/DVB sorbent. The last of
these is the material with the most ion-exchange sites and surface area to keep the
analytes strongly retained. This was confirmed by the high recoveries of the analytes
when wastewater samples were extracted.

The sulfonation process to develop a SCX material was carried out beforehand mainly
using alkyl sulfates, such as acetyl sulfate and lauroyl sulfate [28,31], but these methods
have many drawbacks. Acetyl sulfate has a low cation-exchange capability, implying a
limited number of functional groups that can be introduced through the sulfonation
reaction. Although lauroyl sulfate has shown to be a better sulfonating reagent, it needs
to be freshly prepared before the sulfonation process by using chlorosulfonic acid, a very
toxic chemical, and there are some issues for obtaining and working with it. Another
sulfonation method is to use concentrated H2SOa4, which is much simpler than using alkyl
sulfate reagents. Moreover, using H2SO4 does not involve sulphonating or highly toxic
reagents. H2SOs has been successfully applied for the sulphonation of conventional
methods, such as PP [27,28,30].

Silica-based mixed mode ion-exchange materials are generally prepared in a single
step by means of adding the reagent with an ionic moiety into the solution mixture. The
procedure involves the previous activation of the silica with NaOH and/or HCI, followed
by a polycondensation of the monomers via sol-gel technology. The sol-gel process offers
high permeability, high mechanical strength, and good organic solvent tolerance. For
instance, Zheng et al. [32] developed a hybrid silica monolith functionalised with octyl and
thiol moieties in a single step with the sol-gel approach. After oxidisation using H202 to
yield sulfonic acid groups, the mixed-mode ion-exchange silica monolith provided a
hydrophobic and SCX character and was evaluated by u-SPE to extract sulphonamides
(amphoteric compounds) from milk samples. The sample matrix was adjusted to pH 2.5
since sulphonamides exist in protonated forms at acidic pH and they could interact with
the sulfonic acid groups of the silica monolith via cation-exchange interactions. This
material exhibited a good extraction capacity (recoveries ranging from 40 to 92 %) and
simplified the milk matrix of protein and fat, thus improving sulphonamide determination.

Other networks for developing mixed-mode ion-exchange materials for SPE sorbents,
like covalent triazine-based organic frameworks (CTFs), have recently appeared. CTFs are
of increasing interest as separation media for chromatography and sample pretreatment
due to their uniform and adjustable pore size, effective post-synthetic functionalisation
and their stable triazine-benzene structure that allows the materials to endure acid or
basic conditions, which is not the case for other porous materials. The CTFs are generally
prepared via cyclotrimerisation of 1,4-dicyanobenzene in molten ZnCl.. In one study [31],
the authors generated a SCX sorbent using CTFs. Once the CTFs were synthesised, they
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were functionalised with chlorosulfonic acid to incorporate the sulfonic acid into the CTF
matrix, obtaining CTF-SOsH. Afterwards, Ni particles were anchored on the CTF support
through a magnetising process followed by an in situ reduction. This generated a robust
magnetic hybrid SPE sorbent (Ni/CTF-SOsH) with high density and easily accessible ion-
exchange sites in a three-dimensional nanospace. The Ni/CTF-SO3H material showed very
good results (recoveries of 80-115%) for the extraction of alkaline benzimidazoles in
vegetables, fruits and juices, promoting efficient SCX and reversed-phase interactions, as
benzimidazoles contain hydrophobic aromatic rings and protonated nitrogen atoms that
interact through both ways with the sorbent.

Regarding the extraction protocol, as mentioned above, the loading conditions for SCX
materials involve the sample being adjusted at acidic pH, while the elution conditions use
basic additives. Moreover, the washing step is an important process of the SPE to keep in
mind. Table 1 details the washing conditions used in the suggested examples. As it can be
seen for mixed-mode SCX sorbents, organic solvent, such as MeOH [28,29] and acidified
aqueous solution (acidified with HCOOH or HCI) followed by organic solvent [27,30,31]
are generally used as washing solutions to remove the compounds retained in the sorbent
by reverse-phase interactions (i.e. acidic and neutral compounds), keeping the basic
compounds still bound to the sorbent by cation-exchange interactions. In a previous study
by our research group [28], the HXLNAD-SCX that was applied to extract a group of basic
drugs from effluent and influent wastewater, a washing step with 5 mL MeOH was
employed to break the reversed-phase interactions and consequently remove the acidic
drugs in the washing fraction. Negligible matrix effects (ME) (below 20%), were obtained
when 50 mL and 25 mL of effluent and influent sewage water samples were analysed
respectively. This is related to the high selectivity achieved towards the selected analytes.
In another example, Hu et al. [30] used 3 mL of 2% HCOOH aqueous solution (pH 2.0)
followed by 3 mL of 50% aqueous MeOH solution as washing solutions when extracting
by SPE alkylated purine adducts in 2 mL of urine sample using a SCX sorbent (sulphonate
functionalised poly(glycidyl methacrylate-divinylbenzene). The acidic aqueous washing
solution removed the protein and salt from the urine sample and the organic washing
solution was applied to wash off the weakly polar compounds and the undissociated
acidic compounds [30]. Some studies only used aqueous-based washing solutions to
remove interferents [32,33], and since these washing solutions are weaker than organic-
based ones, less interferents are removed from the matrix and, thus, the selectivity is
affected.

The synthetic methods to prepare WCX materials are similar to those used for SCX
materials. There are fewer studies that prepare and apply WCX materials compared to
SCX materials; they are shown in Table 1. In the SPE procedure of the WCX sorbents an
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acidic pH is not suitable for retaining the basic analytes because the carboxylic acid groups
of the sorbent are primarily in their non-ionised form and no ionic interactions are
established under this pH. Therefore, sample loading should be at neutral pH so that the
carboxylic acid would be in the ionic form. Bratkowska et al. [26] prepared
hypercrosslinked polymeric WCX resin by PP with the monomers vinylbenzylchloride
(VBC), DVB and methacrylic acid (MAA), acquiring the cation-exchange character by
means of the MAA residues. pH 7 was the optimal conditions to load the samples when a
polymeric WCX sorbent was used to extract, in this case, basic pharmaceuticals in 500 mL
of river water and 250 mL of effluent wastewater. To elute the basic analytes, an acidic
solution, such as 5 mL of 2% trifluoroacetic acid (TFA) in MeOH was found to be the best
eluent since acidification protonates the carboxylic acid residues in the sorbent, breaking
the cation-exchange interactions. Basified MeOH was used as the washing solution to
maintain the desired ionisation state of the analytes and the sorbent [26]. In another
study [34], a WCX material was developed by functionalising a mesoporous DVB resin with
maleic acid for extracting a group of basic drugs in environmental samples. The
functionalisation was carried out through a Diels-Alder reaction with maleic anhydride,
and posterior basic hydrolysis generated the carboxyl groups on the polymer surface. A
neutral pH was used to load the sample, pure MeOH in the washing step, thus reducing
the %ME to values between -30% and 7%, and eluting the analytes with 5 mL of 15%
HCOOH in MeOH. The apparent recoveries in 250 mL of river water, 100 mL of effluent
wastewater and 50 mL of influent wastewater ranged from 63-89%, 62-80% to 57-74%,
respectively.

To the best of our knowledge, no in-house mixed-mode WCX using silica-based
materials has been developed so far.

2.2. Mixed-mode anion-exchange sorbents

To prepare mixed-mode anion-exchange sorbents for SPE, similar synthetic
procedures to the cation-exchange procedures for functionalising silica and polymeric
supports are employed but obviously using different reagents/monomers to obtain the
materials with an anion-exchange character. Table 1 shows studies that prepare and
evaluate anion-exchange materials applied as SPE sorbents, as well as their SPE protocol
conditions. For polymer-based anion-exchange materials, most of the authors chose PP
using DVB and VBC as monomers [35,36]. However, Meischl et al. [37] employed PP using
VBC and ethylene glycol dimethacrylate (EGDMA) as monomer and crosslinker,
respectively, since the incorporation of EGDMA is a suitable tool for interacting with more
polar compounds, obtaining high recoveries and enrichment of non-steroidal anti-
inflammatory drugs (NSAIDs). The use of VBC made it possible to further functionalise the
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material through nucleophilic substitution reactions. In this case, the functionalisation
was carried out with imidazole, but other authors used dimethylbutylamine (DMBA) [35]
or trimethylamine (TMA) [36]. Liang et al. [36] achieved the quaternisation and
hypercrosslinking reactions in one single step, reducing the reaction time and simplifying
the procedure. In most cases these reactions need two or more steps. Other authors [38]
obtained SAX materials by copolymerisation of 2-(diethylamino)ethyl methacrylate
(DEAEMA) and DVB generating aminated polyDVB microparticles, which were then
functionalised with hyperbranched macromolecules and successive reactions to produce
multiple cationic quaternary amines. In this way, a highly branched three-dimensional
framework with large mesopores, well-defined particle sizes and a large number of
functional groups was developed. The Pickering emulsion polymerisation, used by Huang
[20], is another approach for preparing a spherical and porous SAX sorbent. Pickering
emulsion is the process in which solid particles are employed to stabilise the emulsion. It
requires the self-assembly of the particles at the interface of two immiscible liquids to
reduce the interfacial energy of the system. Compared to conventional surfactants,
Pickering emulsifier possesses a number of advantages, including the reduced foaming
problem and lower toxicity. The reagents 1,4-butanediol diglycidyl ether (BDDE) followed
by triethylamine (TEA) were used to functionalise the material.

The recommended SPE protocol for SAX resins suggests loading sample at neutral pH
so that the acidic analytes (in their ionic form at this pH) can cationically interact with the
guaternary amine of the SAX sorbent. Li et al. [9] applied this protocol and used pH 7.2-
7.8 to deprotonate the acidic analytes (a group of NSAIDs) to be retained in the SAX. The
eluent, 1% HAc in hexane/EtOAc (3/1, v/v), was used to protonate the acidic analytes and
disrupt the ionic interaction with the resin. All the SPE conditions are presented in Table
1.

As discussed previously for the cation-exchange materials, the washing step, normally
using organic solvents, should be included to promote selectivity. In one study [38],
described in Table 1, two different washing solutions were used when acidic NSAIDs were
extracted in 5 mL of urine sample using a SAX cartridge. Since the interferences were
retained either by ionic or reversed-phased interactions, they could be selectively washed
off. Therefore, two separate washing solutions were employed: 3 mL of 15% acetic acid
in water to remove polar interferences, followed by 5 mL of 5% MeOH in 50 mM NaAc
(pH 7.0) to further deprotonate the acidic analytes to enhance interactions with the
sorbent; and a second washing with 5 mL of MeOH to remove basic and neutral
interferences retained via hydrophobic interaction. The results obtained (%R ranged from
85% to 104%) indicated the excellent ability of the sorbent to selectively extract NSAIDs
from complex samples. In another study [20], where a SAX resin was used to extract a
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group of neutral, acidic and basic compounds from complex environmental water, similar
washing solutions (aqueous with acidic additive plus a methanolic one) were also applied;
however, the second one was used to elute the neutral and basic compounds and not to
remove them.

Metal organic frameworks (MOFs) have recently increased in interest for the analytical
community due to their mesmerising structures and unique properties, including high
surface areas, good chemical resistance, favourable thermal stability and well-defined
pore structures. A study by Li et al. [39] prepared a SAX dendrimer-functionalized
mesoporous silica material from a MOF material (KIT-6). The SAX material was evaluated
by SPE to extract acid drugs (ketoprofen, naproxen and ibuprofen) from 3 mL of urine
sample. Two washing solutions, 5 mL of 25 mM phosphate (pH 7.0) in 5% MeOH and 1 mL
of ethyl acetate (EtOAc), were applied. In the loading and the first washing step, high
molecular weight matrix components, such as proteins, were size-excluded thanks to the
small pore diameter (7.9 nm) of the sorbent. In the second washing step, the neutral
matrix interferences were washed off. At the end, most matrix interferences were
removed and a very clean extract was obtained. Recoveries were in the range of 86 to
114% for the selected acidic compounds.

Similar methodologies used for SAX sorbents were used for WAX sorbents. Table 1
lists some examples of WAX sorbents and their applications. For instance, Wdjciak-Kosior
[40] prepared a silica WAX sorbent based on polyaniline by in situ polymerisation of
aniline on the silica gel resin. The sorbent was applied for the SPE of leaf and root extracts
from Chelidonium majus to determine alkaline plant metabolites such as
benzophenanthridine, protoberberine and protopine alkaloids. The SPE protocol used 2
mL of H.0/MeOH (1/1, v/v) as a washing solution and 5 mL of 0.1M of NH4OH in MeOH
as elution solvent. Using optimised conditions, the selected alkaloids attained recoveries
over 96%. In another study, Gao et al. [41] developed a silica-based material with WAX
properties functionalised with tris(2-aminoethyl)amine and 3-phenoxybenzaldehyde,
introducing amino and phenyl groups attached to the surface of silica. The material was
functionalised in two sequential steps by adding the functional molecules to the SiO2-Cl
resin to obtain the mixed-mode ion-exchange material. The retention properties of the
material were evaluated with chlorophenols, some of them with an acidic character, in
20 mL of tap, river, wetland and lake water. This demonstrated that the established
protocol was applicable to water sample analysis (%R between 89% and 110%).

Our research group [19] prepared two different WAX polymer-based materials based
on hypercrosslinked polymer resins modified chemically with 1,2-ethylenediamine and
piperazine moieties by PP using VBC and DVB as monomers. Under optimal conditions
(see Table 1), the 1,2-ethylenediamine (EDA) functionalised material attained better
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recoveries (67%-109%) than the piperazine material for determining the selected acidic
model compounds from river water and effluent wastewater samples. The basic elution
solution (2 mL of 2% NH4OH in 1:4 MeOH:ACN) ensured the deprotonation of the
functional moieties of the sorbent and consequently the elution of the acidic compounds.

WAX materials using magnetic nanoparticles were also prepared and evaluated. For
instance, Zhang et al. [42] developed a novel amino-terminated WAX material based on
magnetic nanoparticles through cucurbit [6] uril promoted azide-alkyne cycloaddition
using 2-azidoethylamine as the functional monomer. The material was synthesised
following different steps: preparation of FesOs magnetic nanoparticles, incorporation of
SiO2 and modification with NH2, functionalisation with alkynyl and incorporation of
cucurbit [6] uril and 2-azidoethylamine in the alkyne-modified FesOs particles. The
proposed material was employed as dispersive SPE (dSPE) sorbent to extract salvianolic
acids in 1 mL of Danshen water extract samples. The recoveries were between 95% and
107% for most compounds. 1 mL of sample solution at pH 5.5 was loaded for 20 min and
then the analytes were eluted using 1 mL of 1% HAC in MeOH/H.0 (60/40, v/v) solution
at 30 °C for another 20 min. The same synthetic method was used by Ghambarian et al.
[43] to prepare FesOs silica coated nanoparticles modified with amino groups for the
extraction of two chlorophenoxyacetic acids (2-methyl-4-chlorophenoxyacetic acid and
2,4-dichlorophenoxyacetic acid) by dSPE from 25 mL of well and surface water samples
with good recoveries.

2.3. Zwitterionic sorbents

Zwitterionic materials were developed with the aim of retaining both acidic and basic
analytes simultaneously, thus improving the properties of the mixed-mode ion-exchange
materials. Some studies have prepared and evaluated zwitterionic materials used as
sorbents for SPE [44—47].

Some authors have prepared mixed-mode resins that combine WCX and WAX
features. For instance, Jin et al. [46] prepared a ternary mixed-mode silica sorbent with
carboxyl and amino groups via a Cu(l)-catalysed azide-alkyne cycloaddition (CuAAC) click
reaction and a subsequent reduction of the remaining azide to primary amine (WAX
character). The incorporation of 10-undecynoic acid conferred a WCX character to the
silica network. In this case the sample was loaded at pH 6. In the first elution step, 2 mL
of MeOH was chosen to elute the acidic and neutral analytes, retained by reversed-phase
interactions. In a second elution, a solution of 2 mL of 5% HCOOH in MeOH was selected
to elute the basic analytes because formic acid is able to make the carboxyl groups on the
sorbent protonated and breaks the cation-exchange interactions between the analytes
and the sorbent. Very good recoveries (all around 100%) were obtained in 2 mL of human
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serum for all the analytes at three different concentration levels. Neverthless, in spite of
developing a zwitterionic sorbent, only the WCX interactions were exploited.

In other examples, different combinations of hypercrosslinked zwitterionic polymeric
materials were synthesised and evaluated by SPE to retain ionisable compounds with
acidic and basic properties from river and effluent wastewater samples [45,47]. The
zwitterionic materials were synthesised via a three-step procedure: PP of DVB and VBC to
give poly(DVB-co-VBC) microspheres; hypercrosslinking of poly(DVB- co -VBC)
microspheres to give hypercrosslinked poly(DVB-co-VBC) microspheres (HXLPP);
functionalisation of HXLPP with either sarcosine further hydrolysed (HXLPP-WAX/WCX)
[45], or quaternised sarcosine groups (HXLPP-SAX/WCX) or taurine moieties (HXLPP-
WAX/SCX) [47]. Figure 1 shows the three different structures of the zwitterionic materials
prepared in-house and evaluated, the HXLPP-WAX/WCX, HXLPP-SAX/WCX and HXLPP-
WAX/SCX. In all materials, pH 6 was selected as the optimal pH to load the sample so that
all the acidic and basic analytes and the different functional groups of the sorbent would
be in ionic form. Excellent recoveries were attained in all sorbents evaluated for all the
compounds (from 80% to 108% when 100 mL of ultrapure water was loaded), except for
the strongly acidic analytes (acesulfame and saccharin), which were only retained in the
HXLPP-SAX/WCX material, with recoveries of 106% and 108%, respectively. This ability of
the HXLPP-SAX/WCX material to retain the strongly acidic compounds could be attributed
to the SAX character of the sorbent, as the other two have a WAX character.

Likewise, Wang et al. [44] evaluated a zwitterionic material that includes both primary
and secondary amines, and carboxylic acid groups into a silica resin, to retain acidic and
basic compounds. The material was synthesised by chemical immobilisation of ampholine
on the surface of the hybrid organic-inorganic silica network. A glutaraldehyde solution in
phosphate buffer was added to the silica resin and subsequently, ampholine containing
NaCNBHs was added on the activated support to generate the carboxylic acid groups. Like
other WCX studies, 10 mL of sample was adjusted at pH 6 and different elution conditions
were adopted depending on the type of compounds to be eluted. A basic aqueous
solution at pH 11 and acidic aqueous solution at pH 1, both in MeOH 50/50 (v/v), were
used to elute the acidic and basic compounds, respectively. The average recoveries of the
ten analytes obtained when a beverage sample was extracted ranged from 82% to 98%.

3. Solid-phase microextraction

Although there are several commercially available SPME fibres, none of them contain
a mixed-mode ion-exchange coating. However, the need to extract ionisable analytes has
led to mixed-mode ion-exchange SPME coatings being developed. As can be seen in Table
2, different in-house mixed-mode ion-exchange SPME materials have been developed
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and evaluated to determine analytes from environmental and biological samples. In this
section, we have not included the subsections about anionic and cationic materials since
less studies have been published compared to SPE in-house mixed-mode ion-exchange
materials.

HXLPP-WAX/WCX HXLPP-WAX/SCX HXLPP-SAX/WCX

A e T

i WAX SCX
oM SAX WCX

Figure 1. Structures of 3 different zwitterionic polymeric materials: HXLPP-WAX/WCX, HXLPP-
SAX/WCX and HXLPP-WAX/SCX.

In general, in-house mixed-mode ion-exchange sorbents for SPME can be developed
using various methodologies, such as in situ immobilisation [48—53] or sol-gel deposition
[54] and they can be polymer- or silica-based.

In-house sorbents on stainless steel fibres can be immobilised in situ using adhesives
[48,51] via sonification [50,52] by photopolymerisation [49] or even by electro-co-
deposition using potentiostatic polymerisation [53]. Adhesives such as Loctite 349 impruv
and Kasil 1 were used to immobilise a thin film of extraction phase on a flat stainless steel
blade. The metal blades were dipped into the adhesives under a UV lamp while rotating
to ensure all sides of the coatings were exposed to the UV lamp [51]. In other cases,
polydopamine was used as an adhesive for further incorporation of the functional groups
[48]. Sometimes an etching pretreatment with sulphuric acid [48] or concentrated nitric
acid [51] or both [52] is necessary before the functionalisation to improve adhesion and
porosity of the stainless steel wire. In situ photopolymerisation needs a UV crosslinker for
the covalent bonding of the monomer on the stainless steel wire. For instance, Cudjoe et
al. [51] compared different in-house SPME fibres by applying two different adhesives
(Loctite 349 impruv and Kasil 1) to commercially available SPE particles: polymeric SCX,
SAX, WCX and WAYX; silica Discovery DPA-6S; Cis + B (C1s with benzenesulphonic); Cs + B
(C8 with benzenesulphonic); Cus; silica Clean Screen DAU and GHB and silica Chromabond
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for the quantitative LC-MS/MS analysis of four polar neurotransmitters in two biological
matrices, cerebrospinal fluid and rat brain tissue, shown in Table 2. For the synthesis of
the fibres, the metal blade was dipped into the adhesive, and subsequently rotated in the
pile of particles. The mixed-mode sorbents (Cis + B; Cs + B; SCX); SAX); WCX; WAX) were
able to extract all four neurotransmitters in quantitative amounts, showing multiple
interaction modes, whereas the rest of the sorbents did not extract all target compounds
because they did not interact with analytes through ionic interactions. Comparing the
mixed-mode coatings, those with stronger ion-exchange properties performed better in
the extraction of the polar neurotransmitters (see Figure 2). There were no considerable
differences between the silica and polymer-based supports, meaning that the extraction
efficiency of the sorbent was not dependent on the type of base support.

=
o

Amount extracted (%)
O R N W B U ON © O

GABA GA DA 5-HT
Neurotransmitter

mC18+B m(C8+B mMAX mMCX mWCX mWAX

Figure 2. Comparison of the extraction efficiency of the proposed SPME coatings (polymer-based
MAX, MCX, WCX and WAX; silica-based C18+B and C8+B) for the extraction of neurotransmitters in
cerebrospinal fluid. Reprinted from [51] with permission from Elsevier.

Zhang et al [49] used the vinyl polyhedral oligomeric silsesquioxane (POSS) as a
crosslinker for bonding the guanidyl-functionalised L-cysteine (G-Cys) monomer on the
thiolated stainless steel fibre. The thiol functionalised stainless steel fibre was dipped into
the polymerisation solution and pulled out quickly so that a thin layer of hybrid coating
was formed. Then it was placed into the UV crosslinker for in situ photopolymerisation to
complete the chemical bonding between thiol and vinyl. Electrochemical techniques
normally need the presence of an electrolyte for the electropolymerisation of the
polymers. However, in the study by Behzadi et al. [53] the potentiostatic polymerisation
of poly(o-anisidine) and graphene oxide nanosheets (GONSs) was carried out without any
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supporting electrolyte. The carboxylic acid and hydroxyl groups in GONSs can act as the
necessary electrolyte. In other cases, graphene oxide nanosheets have been
demonstrated to be suitable material for incorporating the functional groups into the
stainless steel fibres [48,53].

As previously mentioned, sol-gel technology is a well-known method for preparing
organic-inorganic hybrid materials, synthesising polymer or composite materials under
extraordinarily mild conditions. The sol-gel process makes it possible to incorporate
additives, such as nanoparticles, into the first stage of the sol preparation without
inhibiting the formation of the silica network. Silica has been reported to be a suitable
supporting matrix for immobilising noble metal nanoparticles and avoiding their
aggregation. For instance, Chen et al. [54] prepared a mixed-mode SPME fibre with SAX
character by sol-gel deposition of a mixed-mode coating to an anodised Ti wire support
for the extraction of perfluorooctane sulphonate and perfluorooctanoic acid from river
water. The mixed-mode coating was composed of 3-(trimethoxysilyl)-1-propanamine and
dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride. The SPME fibre was
prepared by covalently bonding the designed mixed-mode coating to a Ti wire, with TiO2
nanotube arrays on the surface, through the sol-gel process. The target analytes were
extracted at pH 2, as both analytes are mainly present as anions at this pH and the coating
is more positively charged in a more acidic solution. Therefore, a higher extraction
efficiency is achieved in a more acidic solution. The authors compared the extraction
efficiency of the selected anion-exchange material to commercially available coatings,
such as PDMS, PA, and Cis/NH>-functionalised fibres (see Figure 3). They found that when
the in-house anion-exchange coating was used, the extraction efficiency was 4 and 55
times higher than the commercial PDMS and PA, respectively. This significant
improvement can be attributed to the cooperative effects of hydrophobic and ionic
interaction originated from the functional groups of the mixed-mode coating, which leads
to strong adsorptions toward the acidic analytes.

As seen in the SPE section, pH has a crucial influence on achieving a good ionic
interaction between the analytes and the coating. Moreover, the ionic state of the
analytes and the charge of the fibre coating are pH-dependent. As pointed out in the
introduction, different sample and elution pH conditions have been reported depending
on the functional group incorporated into the mixed-mode ion-exchange material, as
seen in Table 2. Desorption can be achieved by liquid desorption (LD) [50,54] or thermal
desorption (TD) [49,52], and the last one is limited to the further GC analysis.

For LD, the influence of pH is shown in the study by Wang et al. [48], who developed
an mixed-mode WCX coating to extract quaternary alkaloids in 5 mL of herb and plasma
samples by SPME. They selected pH 6 as the optimal pH to load the sample and pH 3 as
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the optimal pH value to desorb the analytes. The authors observed that the extraction
efficiency of the WCX coating decreased as the elution pH increased.

100000
W 55 um PA
100 pm PDMS
80000 - the proposed fiber
’ E==d C  -functionalized fiber
N 18
§\ B NH,-functionalized fiber
S 60000 1 § ’
& N\
\
g .
& 40000 - § .
\| &
b o
20000 - § i 5
§ e
B

PFOS PFOA

Figure 3. Comparison of the extraction efficiencies of the selected SPME fibre to commercially
available PDMS, PA, and C18/NH2-functionalised fibres for the extraction of perfluorooctane
sulfonate and perfluorooctanoic acid. Reprinted from [54] with permission from Elsevier.

For those with TD, increasing the desorption temperature led to a decrease in the
partition coefficient of the targets between the coating and the gaseous phase,
minimising the desorption time and carry-over. However, excessive temperature can
damage the coating and result in a shortened lifetime. For instance, some authors chose
280 °C as the optimal temperature to desorb acidic compounds when an anion-exchange
mixed-mode sorbent was used [49], although lower temperatures (80 °C) have also been
used [52]. The temperature also obviously depends on the stability of the fibre.

SPME is an equilibrium-based extraction procedure and therefore a time-dependent
process. As can be seen in Table 2, in most cases the equilibrium time was reached at 30-
40 min, and then the peak areas remained steady with a longer extraction time [49,50,52].
In other cases, the equilibrium time was longer, 60 min [54].

Another important extraction parameter is the addition of salt. For ionic compounds,
increasing the ionic strength of the sample solution can usually improve its activation
state in water, and thus increase the solubility in water. For positively charged coatings,
such as the SAX mixed-mode coating mentioned previously [54], increasing the ionic
strength tends to screen the electrostatic attraction between the negatively charged
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analytes and the surface due to the electrical double layer compression, and consequently
no salt is added to the sample.

When mixed-mode ion-exchange SPME coatings are used, few methods include a
washing step. Reyes-Garcés et al. [55] introduced a washing step consisting of three
consecutive washes of 1500 pL of nanopure water for 5 s each for determining
pharmaceuticals and illicit drugs in blood using a SCX sorbent. In this way, the presence
of proteins, salts, and other interferences that could affect the instrumental analysis are
easily avoided. The rest of the extraction conditions are presented in Table 2.

Important parameters are the stability and robustness of the materials, evaluated by
performing several extractions or testing the materials in different extraction solvents or
temperatures. For instance, Feng et al. [50] reported a decrease in peak areas of 22-27%
in the 50th—70th extractions compared to the first 20 extractions when the SPME fibre
was applied. Chen et al. [54] tested the robustness of the fibre by dipping it into organic
solvents, such as MeOH, ACN, acetone and n-hexane. The authors observed no losses in
the extraction efficiency after exposing it to these organic solvents overnight. The SPME
fibre’s great robustness towards organic solvents can be attributed to the chemical
bonding between the mixed-mode coating and the anodised Ti wire. At very high
temperatures the fibres can be unstable. For instance, a weight loss of about 20 wt% was
observed at 380°C in the study by Zhang [49], implying the decomposition of the
monomer covalently bonded on the surface of the fibre. However, despite the high
stability of the fibres, for metabolomic applications the authors suggest using the
biocompatible SPME fibres only once to avoid carry over due to the traces of metabolites
from previous extractions remaining in the coating.

4. Stir bar sorptive extraction

Although commercially available SBSE materials, such as PDMS for the extraction of
non-polar compounds and EG-silicone for polar compounds, have been used for SBSE
applications, new in-house mixed-mode ion-exchange materials have been developed to
improve the retention of ionic or ionisable compounds. In-house mixed-mode materials
are mainly developed using two different techniques: sol-gel technology [56] or one pot
polymerisation [56-59]. Examples of these materials applied in SBSE are presented in
Table 3.

Sol-gel is employed to prepare SBSE surface coating materials taking advantage of
their properties. Using this synthetic method, OH-PDMS is added to the sol-gel mixture
due to its ability to lengthen the silica network (increasing the surface area of the coating
material), distribute the stationary phase uniformly, and reduce the coating layer fragility,
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preventing the cracking of the coating layer [56]. Hu et al. [56] developed a WAX coating
with amino ionic functional groups for SBSE based on multi-walled carbon nanotubes-
4,4’'-diaminodiphenylmethane/polydimethylsiloxane for the extraction of seven phenols
in lake water, which were then determined using HPLC-UV. The mixed-mode ion-
exchange material was synthesised by sol-gel technology. The pretreated bars were
immersed vertically into the sol solution containing all the reagents. However, since the
sample was loaded at pH 4, no ionic interactions were stablished but hydrophobic, nt-it
and intermolecular hydrogen bonds between 4,4’-diaminodiphenylmethane and phenols.
The LD solvent, MeOH/1mM NaOH (8/2), was selected to neutralise the amino moieties
of the coating, disrupting the interactions between the phenols and the coating (%R of
79-123% in the water sample and 71-119% in the soil sample).

In one pot polymerisation, the reaction is carried out successively in only one reactor,
where all the reactants are included. It is implemented due to its simplicity, simple workup
and short reaction time. For instance, in the study by Huang [59] a SBSE with SAX
monolithic coating was prepared by in situ copolymerisation of DVB and 2-
(methacryloyloxy)ethyltrimethylammonium chloride, whose quaternary amines provide
the ionic character to the material. The developed material displays SAX interactions with
the selected analytes, inorganic anions such as Br, NO*, PO4s> and SO4%, since it contains
quaternary ammonium groups in the monolith structure. Hence, 50 mL of commercial
purified water samples was loaded and NaOH aqueous solvent was the suitable
desorption solvent, reaching recoveries of 70-93% for all the anions in all water samples
analysed. In this study the SAX monolithic coating was not exploited as mixed-mode
material since only ionic interactions are present between the analytes and the coating.
Another example was recently presented by our research group [60], in which a
polytetrafluoroethylene (PTFE)-based magnet was coated with a weak anion exchanger
monolith (glycidyl methacrylate-EGDMA polymer further modified with EDA). Later, this
SBSE-EDA was successfully applied under optimal conditions (10 mL of ultrapure water
adjusted to pH 6 stirred at 600 rpm for 180 min; elution with 3 mL ACN containing 5%
NH4O0H in the ultrasonic bath for 20 min) to extract a group of acidic compounds with
recoveries ranging from 37% to 74%.

Recently, magnetic materials, mentioned previously, such as functionalised
nanoparticles, or composite materials made of nanoparticles embedded in polymeric
sorbents, have gained popularity in SBSE as they can be recovered by applying a magnetic
field. In addition, stir bars made with magnetic nanoparticles have lower extraction times
and acquire more versatility than the commercial stir bars. Some examples of in-house
mixed-mode ion-exchange stir bar devices based on magnetic materials are shown in
Table 3. Wang et al. [61] employed a novel covalent modification method for the in situ
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immobilisation of aluminium-based MOF (MIL-68) onto a poly (ether ether ketone) (PEEK)
tube by bonding with benzoic acid groups. They applied this to extract three parabens at
pH 6, including methyl paraben, ethyl paraben and propyl paraben from cosmetics,
sunscreen and day cream. However, once again the MIL-68 @PEEK material is not used as
ion-exchange mixed-mode coating, since at pH 6 the selected parabens are protonated
and could not establish ionic interactions with the coating.

Ghani et al. [62] prepared in situ Zn-Al layered double hydroxide (LDH) on the surface
of a nanoporous anodised aluminium bar to be applied in the SBSE of three organic acidic
compounds, including p-hydroxybenzoic acid, 3,4-dihydroxybenzoic gallic acid and
quercetin from 10 mL of commercial and natural white and red grape juice, cranberry
juice and non-alcoholic beer samples. A porous anodised aluminium bar was
electrochemically prepared and used as nanoporous substrate for in-situ growth of LDH.
The incorporation of LDH gave the stir bar attractive properties such as high anion
exchange capacity, compositional flexibility and biocompatibility. The target analytes
were desorbed by LD employing 50 puL of MeOH containing 10 mM NaOH, and good
recoveries were obtained.

The SBSE conditions are shown in Table 3. It can be seen that low agitation speeds of
200-400 rpm were preferred for most of the studies [58,59,61-63], considering that a
higher speed would cause abrasion loss of the coating. The studies by Hu et al. [56] and
Yao et al. [57] are exceptions since the robustness of the stir bars made it possible to
submit them to 700-800 rpm. Most of the authors reported an extraction time between
1 h and 2.5 h necessary for the stir bars to reach equilibrium, except Ghani et al. [62]
whose stir bars were based on Zn-Al LDH and required only 20 min.

The desorption step is generally carried out by LD or TD. As in SPME, the desorption
of thermal-sensitive and polar compounds from the coating is usually performed by LD.
The desorption solution is chosen to obtain an effective and strong elution of the
compounds, using the minimal volume for entirely immersing the stir bar in the
desorption tube. Another reason to select the suitable desorption solvent concerns the
chromatographic behaviour. The solvent should be compatible with the mobile phase and
column used for the analysis. If not, an evaporation to dryness followed by a
reconstitution with a more compatible solvent is necessary [57,63]. Acetone, MeOH
and/or ACN in acidic or basic medium are the preferred desorption solvents used in an LD
[56-58,61—63]. For instance, when WAX material is used as coating, normally the
desorption solvent is basified with NaOH or ammonia to neutralise the functional groups
of the coating (amine groups) and therefore disrupt the ionic interactions between the
acidic compounds and the sorbent [56,57,59,62].
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An acidic medium was introduced to the desorption organic solvent for strong cation-
exchangers [58,63]. For instance, Huang et al. [63] performed an SBSE to determine
nitroimidazoles in 100 mL of honey employing a SCX stir bar based on poly(methacrylic
acid-3-sulphopropyl ester potassium salt-co-divinylbenzene) monolithic material with
sulphonic groups (see Table 3). When the optimal desorption solvent, MeOH:H,0 (pH 2)
(90:10), is used, recoveries from 71% to 114% were attained for the selected analytes in
real honey samples. Tests with 100% MeOH as desorption solvent showed that MeOH
disrupts the hydrophobic interactions between coating and analytes; however, if there is
no acidified water in the desorption solvent, the extraction efficiencies decreased, as the
ionic interactions were not disrupted and the nitroimidazoles were not completely eluted.

Many types and sizes of in-house stir bars are obtained depending on the synthetic
method. Rods of around 0.1-0.5 pum of thickness are obtained when sol-gel technology is
used, while thicker rods (1 mm) are obtained when in situ polymerisation methods are
used. They can be reused several times (more than 25-50 extractions) without losing their
efficiency, which supports their good stability and proper mechanical fulfiiment to
prevent their degradation and facilitate their bonding to the glass layer that covers the
magnetic rod.

In terms of extraction conditions, most authors reported sample loading pH values
between 6 and 8 [59,61,62] for mixed-mode anion-exchange materials. However, Yao et
al. [57] chose pH 3 to extract perfluoroalkyl acids from river and lake water samples using
a WAX stir bar based on poly(1-vinylimidazole-ethyleneglycol dimethacrylate) monolith
(poly(VI-EGDMA)), because at weak acidic pH the imidazole groups of the coating are in
an ionic state, as well as the perfluoroalkyl acids. The SBSE conditions are described in
Table 3. Regarding strong cation-exchangers, as mentioned in the introduction section,
the loading solution is normally acidified to pH 2-3 to protonate the basic analytes,
although a value of 5 has also been used depending on the analytes [58,63].

As can be seen in some of the examples shown, successful mixed-mode ion-exchange
stir bars have been developed. However, in some applications, the extraction and
desorption conditions are not suitable for exploiting the mixed-mode ion-exchange
interactions and a washing step was not included in any of the examples, which also limits
the selectivity of the method. Therefore, a lot of research can be conducted to improve
the development and application of mixed-mode ion-exchange SBSE.

5. Other techniques

Mixed-mode ion-exchange materials have been used in other microextraction
techniques, mainly based on modifications of the previously described microextraction
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techniques, such as stir bar sorptive-dispersive microextraction (SBSDME) [64] or the
more recent stir extraction formats, such as capsule phase microextraction (CPME) [65]
and stir-cake sorptive extraction (SCSE) [66], or fabric phase sorptive extraction (FPSE).
Figure 4 shows the schematic configuration of these emerging techniques. For instance,
SBSDME unifies the principles of SBSE and dispersive solid-phase extraction (dSPE) using
a neodymium stir bar coated with a magnetic material as the extraction device. As
magnetic materials can be recovered by applying a magnetic field, composite materials
made of nanoparticles embedded in polymeric sorbents have been widely applied in
microextraction techniques. In the study by Grau et al. [64], a magnetic composite made
of CoFe204 magnetic nanoparticles embedded in a mixed-mode WAX sorbent (Strata-X-
AW) was used as coating to extract triphenyl phosphate (TPP) and diphenyl phosphate
(DPP) in urine samples. A wet chemical co-precipitation method was used to prepare the
magnetic nanoparticles, which were then inserted into the polymeric resin. CoFe204
magnetic nanoparticles were preferred to the classical Fes04 due to their higher chemical
stability. As expected, DPP (pKa=1.12) was the only analyte to establish WAX interactions
with the sorbent, as TPP is not ionisable. Similar results were obtained when loading at a
pH below 9, as the amines of the sorbent and DPP are both in ionic state.

Huang et al. [66] prepared a new monolithic sorbent for SCSE from poly(allyl thiourea-
co-divinylbenzene) (ATDB) by in-situ polymerisation to provide the ATDB-SCSE device. The
novel material, which presents primary and secondary amines as functional groups, was
used to extract phenols in different types of water, such as tap, lake and reservoir water.
Similar to the study by Grau et al. [64], the extraction of phenols improved when the pH
was increased from 3 to 8, and then decreased when the pH was increased further. This
is due to the competition between the hydroxyl groups in the sample and phenol groups
of the analytes to interact with the activated amino groups of the coating, weakening the
anion-exchange interactions. This demonstrates that the amino groups of the sorbent
conferred a WAX character to the ATDB-SCSE device.

Another new microextraction technique is the CPME, which consists of two fused
porous polypropylene membranes, one accommodates the sorbent and the other
encapsulates a magnetic metal rod. In one CPME study [65], the authors prepared two
mixed-mode ion-exchange materials combining Cig with sulphonic moieties (SCX) and Cis
with quaternary amines (SAX) using sol-gel technology to retain selectively basic and
acidic analytes, respectively. First the tubular membranes were prepared, then the
monolithic sorbent was developed in situ inside the membrane using the sol-solution.
During extraction, for the material with an SCX character, pH 5 was selected to load the
sample, while for the SAX, it was pH 7. Regarding the desorption conditions, MeOH
containing 5% HCOOH was selected for the material with a Cis and SCX character, and
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MeOH containing 5% NH4OH for the other material with a Cis and SAX character. Under
these conditions, each material provided suitable retention and selectivity.

Extraction

a} SBSDME Monolith cake
Hoidar
| FPSE medium

=1 @ Iron wire

—
e

~oF e
Sorbent + magnetic h-—-i i \
metal rod ~

b) CPME

Elution

Biia

<) SCse d) FPSE

Figure 4. Schematic configuration of some emerging techniques: a) SBSDME [79]; b) CPME; c) SCSE;
d) FPSE [80].

Mixed-mode ion-exchange materials have also been used in FPSE [67,68]. Agadellis et
al. [67] prepared a mixed-mode strong cation-exchange membrane to determine four
tetracycline antibiotic residues (oxytetracycline, tetracycline, chlortetracycline,
doxycycline) in milk, after protein precipitation, by HPLC-UV. The membrane, coated on
100% cellulose cotton, contained propyl sulfonic acid, (strong cation exchanger) and C18.
The material was synthesised using the sol-gel technique. The use of a mixed-mode
material was essential for this study since the structure of tetracyclines present both
positive and negative charge centres at different solution pH values, and for this reason
the determination of tetracyclines makes it a major challenge. At lower pH values
tetracyclines exist mainly as cation, and at higher solution pH values they exist mainly as
anionic species. At the natural pH of milk (6.7-6.9), tetracyclines mostly exist as
zwitterions due to the simultaneous ionization of both cationic and anionic functional
groups. Zwitterionic FPSE materials were also prepared and evaluated [68] for the
extraction of five triazine herbicides (simazine, atrazine, prometryn, terbuthylazine and
propazine) from fruit juice samples to be analysed by HPLC-DAD. The novel zwitterionic
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membrane was prepared by combining Cis, propyl sulfonic acid (strong cation-
exchanger), and propyl-N,N,N-trimethylammonium chloride (strong anion-exchanger) in
a sol-gel siloxane network, chemically coated on 100% cotton cellulose fabric substrate.
Triazines exist in neutral state in juice samples, while a large number of ionic species,
mainly organic acids and bases, are present in ionic state as interferents of the matrix.
The zwitterionic material could efficiently help cleaning all the acidic interferences from
fruit juices thanks to their ability to retain the ionic species present in the fruit juice
sample trough the ionic functional groups attached to the material. By this way, the
concentration of ionic species of the matrix is reduced, enabling the retention of neutral
triazines by the Cis groups of the material.

Thus, these examples evidence that mixed-mode ion-exchange is spreading through a
broad range of sorptive extraction techniques.

Conclusions

New in-house mixed-mode ion-exchange materials have been developed mainly for
SPE but they are also gaining importance for other sorptive extraction techniques.
Precipitation polymerisation, sol-gel technology and in situ immobilisation are the main
synthetic approaches for creating the basis that is further functionalised with ionic
moieties.

Zwitterionic materials recently appeared with the purpose of extracting acidic and
basic compounds simultaneously, and are mainly applied in SPE.

These in-house mixed-mode ion-exchange materials were successfully applied to
selectively extract acidic and basic analytes from complex samples when optimal
extraction protocols that take into account the pHs in the different steps are applied.
However, it should to be mentioned that promising mixed-mode ion-exchange materials
have been developed but in some cases not used at the optimum conditions to exploit
the potential of these materials.

One of the future trends in in-house mixed-mode technology is to apply it to emerging
extraction techniques, so that the mixed-mode ion-exchange materials extend the
application field of the techniques. Furthermore, mixed-mode ion-exchange materials will
be applied in the future to other extraction techniques and supports and will expand the
application field to other kinds of samples and analytes.
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