
Journal of Chromatography A 1676 (2022) 463237 

Contents lists available at ScienceDirect 

Journal of Chromatography A 

journal homepage: www.elsevier.com/locate/chroma 

Development of sol-gel silica-based mixed-mode zwitterionic sorbents 

for determining drugs in environmental water samples 

Alberto Moral a , ∗, Francesc Borrull a , Kenneth G. Furton 

b , Abuzar Kabir b , Núria Fontanals a , ∗, 
Rosa Maria Marcé a 

a Department of Analytical Chemistry and Organic Chemistry, Universitat Rovira i Virgili, Sescelades Campus, Marcel ·lí Domingo 1, Tarragona 43007, Spain 
b Department of Chemistry and Biochemistry, Florida International University, International Forensic Research Institute, Miami, FL 33199, USA 

a r t i c l e i n f o 

Article history: 

Received 31 March 2022 

Revised 10 June 2022 

Accepted 10 June 2022 

Available online 12 June 2022 

Keywords: 

Mixed-mode zwitterionic sorbents 

Silica sorbents 

Environmental samples 

Solid-phase extraction 

Basic compounds 

a b s t r a c t 

Four novel mixed-mode zwitterionic silica-based functionalized with strong moieties sorbents were syn- 

thesized and evaluated through solid-phase extraction (SPE) to determine acidic and basic drugs in en- 

vironmental water samples. All sorbents had the same functionalization: quaternary amine and sulfonic 

groups and C 18 chains so that hydrophobic and strong cationic exchange (SCX) and strong anionic ex- 

change (SAX) interactions could be exploited, in addition, two of them had carbon microparticles embed- 

ded. 

All sorbents retained both acidic and basic compounds in the preliminary assays but only the ba- 

sic compounds were retained selectively through ionic exchange interactions when a clean-up step was 

introduced. The SPE method was therefore optimized to promote the selective retention of the basic com- 

pounds, initially with the two best-performing sorbents. 

After optimization of the SPE protocol, these sorbents were evaluated for the analysis of environ- 

mental water samples using liquid chromatography-tandem mass spectrometry (LC-MS/MS). The method 

with the best-performing sorbent was then validated with 100 mL of river samples and 50 mL of efflu- 

ent wastewater samples in terms of apparent recoveries (%R app ) spiking samples at 50 ng/L (river) and 

200 ng/L (river and effluent), matrix effect, linear range, method quantification and detection limits, re- 

peatability, and reproducibility. It should be highlighted that %R app ranged from 40 to 85% and matrix 

effects ranged from -17 to -4% for spiked river samples. When the method was applied to river and efflu- 

ent wastewater samples, most compounds were found in the range from 24 to 1233 ng/L with detection 

limits from 1 to 5 ng/L. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Complex samples require selective sample treatments to sepa- 

ate the analytes from the interferences that may cause matrix ef- 

ect, mainly in liquid chromatography-mass spectrometry (LC-MS). 

ne way to achieve this is to use selective materials in sorptive ex- 

raction techniques, the most representative of which is solid phase 

xtraction (SPE) [ 1 , 2 ]. Variants of this technique are also used,

uch as microsolid-phase extraction (μSPE) [3] , dispersive solid- 

hase extraction (dSPE) [4] , on-line SPE [5] and pipette tip solid- 

hase extraction (PT-SPE) [6] , as well as other sorptive extraction 
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echniques such as stir bar sorptive extraction (SBSE) [7] or fabric 

hase sorptive extraction (FPSE) [8] . 

In recent years, research has focused on developing new sor- 

ents [9] that can improve the sensitivity and selectivity of the 

ethods in which they are applied, through the decrease of the 

nterferences and the matrix effect. 

Mixed-mode ion-exchange sorbents are an example of these 

ew types of sorbents [ 10 , 11 ]. These sorbents can retain non-

harged compounds through hydrophobic interactions and charged 

ompounds through ion-exchange interactions, thus enabling them 

o interact with a wide range of compounds. The compounds re- 

ained by hydrophobic interactions are eluted with an organic elu- 

nt. Those retained by ion-exchange interactions, on the other 

and, require an acidic or basic eluent to disrupt the interactions 

ith the sorbent. This duality affords great flexibility. For instance, 

f the target compounds are in the ionic state (e.g. acidic or basic 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ompounds), a clean-up step with an organic solvent can remove 

he hydrophobic compounds attached to the sorbent. The acidic or 

asic compounds can then be eluted selectively with an acidic or 

asic solvent [10–12] , which neutralizes the compounds and en- 

bles the ionic interactions to be disrupted. 

These sorbents can be classified according to the type of ion- 

xchange interaction established. On the one hand, the sorbents 

re anionic exchangers if they retain anionic compounds, being 

trong exchangers (SAX) or weak exchangers (WAX) depending on 

he functionalization. On the other hand, the sorbents are cationic 

xchangers if they retain cationic compounds. In this case, they can 

lso be strong (SCX) or weak (WCX) depending on the functional- 

zation. 

The pH in the different steps of the extraction protocol is there- 

ore the key parameter when this kind of sorbent is used. To select 

he pH to promote high retention of the analytes, the pK a of each 

ompound must be taken into account to ensure that, at that pH, 

he analytes are charged and can interact with the sorbent, which 

s also charged at the working pH. 

The most common mixed-mode ion-exchange sorbents are 

olymeric sorbents, and they are available commercially as, for ex- 

mple, Oasis (from Waters) or Strata X (from Phenomenex). An- 

ther interesting group are silica-based sorbents, though these are 

ess stable at extreme pH than polymeric sorbents. They also usu- 

lly present low retention of polar compounds, though this may 

e beneficial since they have fewer unspecific interactions than 

olymeric-based sorbents [12] . However, silica-based sorbents have 

igh organic resistance and good mechanical stability. Moreover, 

he silanol groups present in the silica network are easy to mod- 

fy, which enables a wide range of functionalization [13–19] . Liu 

t al. [14] , for example, developed two sorbents when function- 

lizing mesoporous silica with octadecylsilane or octylsilane and 

ulfonic acid to obtain a mixed-mode sorbent based on reversed- 

hase and SCX interactions. These sorbents were satisfactorily eval- 

ated for determining veterinary drug residues. 

One of the main problems with mixed-mode ion-exchange sor- 

ents is that most of them are only based on one type of ionic

nteraction (as occurs with the commercial sorbents [12] ), which 

eans that they are selective for only one type of compound (ba- 

ic or acidic). One approach to extract both acidic and basic com- 

ounds could be the combination of commercial polymeric anionic 

nd cationic mixed-mode ion-exchange sorbents in a single car- 

ridge [20] or in series [ 21 , 22 ] to determine acidic and basic com-

ounds in one extraction. For instance, commercial anionic and 

ationic Oasis sorbents were combined in a single cartridge to se- 

ectively extract acidic and basic compounds from water samples 

20] . Another approach is the development of sorbents that com- 

ine anionic and cationic interactions, i.e. zwitterionic exchangers. 

ne of the developments in the field of new sorbents is the study 

f materials that can simultaneously retain cationic and anionic 

ompounds through zwitterionic-exchange interactions. One exam- 

le is the microporous polymer developed by Nadal et al. [23] , 

hich was used to determine a mixture of drugs, pharmaceuti- 

als and sweeteners with acidic and basic character in water. In 

his study, polymeric-based microspheres were developed for SPE 

ased on weak anionic and cationic interactions that were con- 

rolled using the pH of the loading solution. By loading samples 

t pH 6, it was possible to retain acidic and basic compounds to 

etermine those compounds in river and effluent wastewater sam- 

les through liquid chromatography-mass spectrometry in tandem 

C-MS/MS. 

Some silica-based [ 16 , 18 ] and polymer-based [23–25] zwitte- 

ionic sorbents have already been developed, though research 

s still needed. The silica-based sorbents reported [ 16 , 18 ] are 

ased on weak ionic interactions since they are functionalized 

ith carboxylic groups and primary amines, in both cases the 
2 
hargeability of the sorbents depended on the pH along the SPE 

rotocol. 

In our study, we present a series of zwitterionic silica-based 

orbents based on the functionalization of a silica network. Two 

f these sorbents were based on silica without modification and 

wo were based on silica with carbon microparticles embedded. 

ll sorbents were functionalized with quaternary amines and sul- 

onic acid groups, therefore the novelty of the sorbents arise in 

he functionalization of silica with strong ionic moieties, so that, 

he sorbent will be always charged at any pH . Once the sorbents 

ere synthesized, they were evaluated using SPE and the best- 

erforming sorbent was used to selectively determine basic drugs 

n river and effluent wastewater water samples through LC-MS/MS. 

. Experimental 

.1. Reagents and standards 

Chemicals and reagents for sol-gel mixed-mode zwitterionic 

orbents include methyl trimethoxysilane (MTMS), tetramethyl 

rthosilicate (TMOS), activated carbon, trifluoroacetic acid (TFA), 

sopropanol (IPA), methylene chloride, methanol (MeOH), and am- 

onium hydroxide purchased from Sigma-Aldrich (St. Louis, MO, 

SA). Octadecyl trimethoxysilane (C 18 -TMS), 3-mercaptopropyl 

rimethoxysilane (3-MPTMS), N-Trimethoxysilylpropyl-N,N,N- 

rimethyl ammonium chloride and 4-(Trimethoxysilylethyl) ben- 

yltrimethyl ammonium chloride were obtained from Gelest Inc. 

Morrisville, WI, USA). 

Thirteen drugs were selected for the sorbent evaluation. Six of 

hese were basic, atenolol (ATE), trimethoprim (TRI), metoprolol 

MTO), venlafaxine (VEN), ranitidine (RAN) and propranolol, while 

even were acidic, bezafibrate (BEZ), clofibric acid (CLO), diclofenac 

DICLO), fenoprofen (FEN), flurbiprofen (FLB), naproxen (NPX) and 

alsartan (VAL). All these drugs were purchased as pure standards 

rom Sigma-Aldrich (purity > 96%). 

Stock solutions of individual standards were prepared in 

ethanol (MeOH) at a concentration of 10 0 0 mg/L and stored at 

20 °C. Working solutions of a mixture of all compounds were 

repared weekly in a mixture of ultrapure water and MeOH (80/20 

/v) and stored at 4 °C in brown bottles in the dark. Ultrapure 

ater was provided by a water purification system (Millipore, 

urlington, United States), while “HPLC grade” MeOH and acetoni- 

rile (ACN) were purchased from J. T. Baker (Deventer, The Nether- 

ands). “MS grade” ACN and water were purchased from Scharlab 

Barcelona, Spain). Formic acid (HCOOH), acetic acid (AcOH) and 

Cl were acquired from Sigma-Aldrich. 

.2. Synthesis of sol-gel mixed-mode zwitterionic sorbents 

Sol solutions to create the sol-gel mixed-mode zwitteri- 

nic sorbents were obtained by sequential addition and sub- 

equent vortexing of methyl trimethoxysilane (MTMS), tetram- 

thyl orthosilicate (TMOS), octadecyl trimethoxysilane (C 18 -TMS), 

-mercaptopropyl trimethoxysilane (3-MPTMS), N-trimethoxysilyl 

ropyl N,N,N-trimethyl ammonium chloride (N-TMPTMAC), iso- 

ropanol (IPA) and trifluoroacetic acid (TFA, 0.1M) in a 50 mL cen- 

rifuge tube. The relative ratios of the various ingredients (MTMS, 

MOS, C 18 -TMS, 3-MPTMS, N-TMPTMAC, IPA, and TFA were 1: 1: 

.1: 0.1: 0.2: 3.8: 3, respectively. To introduce phenylethyl linker 

onnected to trimethyl ammonium chloride, N-trimethoxysilyl 

ropyl N,N,N-trimethyl ammonium chloride was replaced with 4- 

trimethoxysilylethyl) benzyl trimethyl ammonium chloride in an- 

ther set of sol-gel sorbents. The mixture was vortexed for 5 min 

nd then sonicated for 15 min to remove any trapped air bub- 

les from the sol solution. The sol solution was kept at room tem- 

erature for 8 h to allow the sol-gel precursors to be hydrolysed. 
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reshly prepared ammonium hydroxide (1 M) was then added in 

roplets to the sol solution under continuous stirring in a mag- 

etic stirrer. The solution slowly became viscous before turning 

nto solid gel. To produce activated carbon impregnated sol-gel sor- 

ent, 0.5 g of activated carbon was added to the sol solution before 

mmonium hydroxide solution was added. 

The solid gel was thermally conditioned and aged at 60 °C for 

8 h. The monolithic bed of the sol-gel network was then crushed 

nd dried at 80 °C for 24 h and the sol-gel sorbent was crushed 

nto fine particles in a ball mill and rinsed with MeOH: methylene 

hloride (50:50, v/v) under sonication for 30 min. The particles 

ere air-dried and treated with 30% H 2 O 2 (with 0.1 M sulphuric 

cid) for 4 h. The particles were rinsed with deionized water sev- 

ral times and then dried at 80 °C for 12 h. The sol-gel mixed- 

ode zwitterionic sorbents were then ready for loading into the 

PE cartridges. 

.3. Structure of sol-gel mixed-mode zwitterionic sorbents 

The characterization of the sorbents was performed with a Cary 

70 FTIR, Agilent Technologies Cary 600 Series FTIR Spectrometer 

Agilent Technologies, Santa Clara, CA, USA) for the Fourier Trans- 

orm Infrared Spectroscopy (FT-IR) and with a JEOL JSM 5900LV 

canning Electron Microscope (SEM) equipped with EDS-UTW de- 

ector, JEOL USA, Inc. (Peabody, MA, USA) for recording SEM im- 

ges. 

The four sorbents ( Fig. 1 ) tested in this study were based on

 silica skeleton functionalized with C 18 to perform hydrophobic 

nteractions; quaternary amines to perform SAX interactions; and 

ulfonic groups to perform SCX interactions. 

All sorbents were functionalized with the same groups to per- 

orm SAX and SCX interactions. Two of them (SiO 2 -SAX/SCX - SiO 2 - 

AX/SCX(Ph)) were based on a silica network (S-type) and two 

SiO 2 -C-SAX/SCX - SiO 2 -C-SAX/SCX(Ph)) were based on a silica net- 

ork with activated carbon embedded (C-type). Fig. 1 shows the 

tructure of the four sorbents tested. SiO 2 -SAX/SCX and SiO 2 -C- 

AX/SCX had the same functionalization, with propyl groups be- 

ween the network and the quaternary amine. SiO 2 -SAX/SCX(Ph) 

nd SiO -C-SAX/SCX(Ph) also had the same functionalization, 
2 

Fig. 1. Structure of the sol-gel mixe

3 
hough in this case with a phenylethyl group in the anionic ex- 

hange chain. 

.4. Solid-phase extraction procedure 

An empty 6 mL SPE cartridge (Symta, Madrid, Spain) was fit- 

ed with a 10 μm polyethylene frit (Symta) and filled with 200 mg 

f sorbents. A 10 μm polyethylene frit was then placed above the 

orbent bed. 

The SPE procedure was performed in an SPE manifold 

Teknokroma, Barcelona, Spain) connected to a vacuum pump. The 

rst step was to condition the sorbents with 5 mL of MeOH and 

 mL of ultrapure water adjusted at pH 3. 100 mL of sample ad- 

usted at pH 3 with HCl were loaded into the cartridge. For the ef- 

uent wastewater samples, the volume was 50 mL. After the load- 

ng step, the washing step was performed with 5 mL of MeOH. 

inally, the elution step involved 5 mL of MeOH containing 5% 

f NH 4 OH. The eluted volume was evaporated with a miVac Duo 

entrifuge evaporator (Genevac, Ipswich, UK) to complete dryness 

nd then reconstituted with 1 mL of initial mobile phase solution 

H 2 O/ACN, 95/5, v/v). The reconstituted extracts were filtered us- 

ng 0.45 μm polytetrafluoroethylene (PTFE) syringe filters (Schar- 

ab) before analysis. To reuse the SPE cartridges a washing step 

ith MeOH was performed and then, it was completely dried by 

pplying vacuum for 10 min. 

Samples from river and effluent wastewater treatment plants 

ere filtered through a 0.45 μm Nylon membrane filter (Scharlab). 

he effluent samples were previously filtered using a 1.2 μm glass- 

bre membrane filter (Fisherbrand, Loughborough, UK). 

.5. Instrumentation and chromatographic conditions 

The initial tests and the optimization of the SPE conditions 

ere performed with an Agilent 1200 UHPLC equipped with a bi- 

ary pump, an autosampler, an automatic injector, and a diode ar- 

ay detector (DAD) (Agilent, Waldbronn, Germany). The chromato- 

raphic column used was a Luna® Omega 5 μm Polar C18 100 

150 × 3.0 mm, 5 μm particle size) supplied by Phenomenex (Tor- 

ance, CA, United States). The mobile phase was a mixture of ultra- 
d mode zwitterionic sorbents. 
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1

ure water adjusted to pH 3 with HCl (solvent A) and ACN (solvent 

). The gradient profile began with 5% of B. The % of B was then

ncreased to 40% within 10 min, then to 45% within 4 min, and 

nally to 100% within 1 min. It was then held at 100% for 3 min

efore returning to the initial conditions in 1 min, where it was 

eld for 3 min to stabilize the column. The column temperature 

as 30 °C and the flow rate was 0.4 mL/min. The injection vol- 

me was 20 μL. ATE, TRI, MTO, PRO, BEZ, VAL, FEN, FLB and CLO 

ere measured at 210 nm, while RAN, VEN, DICLO, and NPX were 

easured at 230 nm. 

Once the SPE conditions were optimized, the method was val- 

dated for the basic compounds analysing real samples with LC- 

S/MS using an Agilent 1260 Infinity 2 connected to a triple 

uadrupole mass detector Agilent 6460 and electrospray ioniza- 

ion (ESI) interface. The chromatographic conditions were the same 

s in LC-DAD, except that the injection volume was 10 μL and 

he pH of solvent A was adjusted with HCOOH rather than HCl. 

he optimized parameters in the (ESI) MS/MS were gas tempera- 

ure 320 °C, gas flow rate 10 mL/min, nebulizer pressure 35 psi 

nd the capillary voltage 30 0 0 V. The fragmentor potential for all 

ransitions was 100 V. For each compound, the diagnostic ion was 

M + H] + . One of the transitions was used as quantifier and at least

ne more was used as qualifier. Table S1 shows the MRM transi- 

ions selected and their collision energies. 

.6. Validation parameters 

The method was validated in terms of recovery, matrix effect, 

inear range, method quantification and detection limits, repeata- 

ility and reproducibility. 

Recovery (%R) and apparent recovery (%R app ) were used to eval- 

ate the yield of the extraction. %R was obtained with LC-DAD, 

eing the ratio of the concentration obtained after the SPE of a 

piked sample and the concentration expected. %R app was obtained 

n the same way that %R but the analysis was performed with LC- 

S/MS, and it considers the extraction recovery and the matrix ef- 

ect. 

The matrix effect (%ME) was calculated from the formula: 

ME = (C Exp /C Theo × 100) – 100, where “C Exp ” is the concentra- 

ion obtained by spiking a blank sample after SPE and “C theo ” is 

he expected concentration. A negative value indicates suppression 

f the signal, while a positive value indicates enhancement. 

The instrumental linear range was evaluated with external cali- 

ration curves analysing in triplicate seven solutions with different 

oncentrations. Matrix matched calibration curves were obtained 

piking river samples at seven different concentrations. 

Method quantification limit (MQL) was obtained from the 

atrix-matched calibration curves, being the lowest concentration 

rom the curve and method detection limit (MDL) was calculated 

s the concentration that provided a signal-to-noise ratio of 3. 

Repeatability was obtained as the % relative standar deviation 

%RSD) intra-day ( n = 3) analysing by triplicate samples spiked 

t the same concentration the same day. The reproducibility be- 

ween days was obtained as the %RSD inter-day ( n = 3) analysing 

amples ( n = 3) spiked at the same concentration during different 

ays ( n = 3). 

. Results and discussion 

.1. Synthesis of the sol-gel mixed-mode zwitterionic sorbents 

Many environmental and biological samples simultaneously 

ontain neutral, acidic and basic analytes. If all the analytes are of 

nterest, the separation and preconcentration of these compounds 

ose serious analytical challenges. One way to solve this analyt- 

cal challenge is to create a mixed-mode zwitterionic sorbent by 
4 
ncorporating a neutral carbon chain, a cation exchanger, and an 

nion exchanger into a single sorbent. To maintain the cations 

nd anions in their charged state at full pH range, the cation ex- 

hanger and anion exchanger should be strong so that they main- 

ain their ionic state at all pH levels. Octadecyl silane is the most 

revalent sorbent in SPE. Octadecyl trimethoxysilane was there- 

ore chosen as the neutral sorbent. To include a SCX in the sor- 

ents, 3-mercaptopropyl trimethoxysilane, which generates propyl 

ulfonic acid after oxidation, was used. N-trimethoxysilyl propyl 

,N,N-trimethyl ammonium chloride and 4-(trimethoxysilylethyl) 

enzyl trimethyl ammonium chloride were used as SAX. To in- 

orporate these functional groups into the silica network, sol-gel 

ynthesis, which is considered a popular, environment-friendly and 

acile synthesis approach, was used. Sol-gel synthesis can be per- 

ormed under acidic or basic catalysis or acidic hydrolysis followed 

y condensation in basic environment. Acidic hydrolysis followed 

y basic condensation renders the sol-gel network stronger and 

ore porous [26] . Moreover, to facilitate synthesis, the sol-gel pro- 

ess enables the creation of sol-gel sorbent particles or surface 

oating in situ at room temperature. Propyl sulfonic acid was ob- 

ained after post-gelation treatment of the sorbent with 30% hy- 

rogen peroxide (impregnated with 0.1 M sulphuric acid). The cre- 

tion of sol-gel mixed-mode zwitterionic sorbents is a new mile- 

tone in separation science. 

.2. Characterization of sol-gel silica based mixed mode zwitterionic 

orbents 

All the sorbents were subjected to characterization using 

ourier Transform Infrared Spectroscopy (FT-IR) and Scanning Elec- 

ron Microscopy (SEM). However, as the results provided were 

uite similar, we only present the results of the tests performed 

ith SiO 2 -SAX/SCX. FT-IR spectra reveal valuable information re- 

arding the functional composition of the building blocks and their 

uccessful integration into the final composite material. SEM im- 

ges, on the other hand, shed light on the surface morphology of 

he composite material. 

.2.1. Fourier Transform Infrared Spectroscopy (FT-IR) 

The FT-IR spectra of the individual building blocks, methyl 

rimethoxysilane (MTMS), octadecyl trimethoxysilane (C 18 -TMS), 

-mercaptopropyl trimethoxysilane (3-MPTMS), N-trimethoxysilyl 

,N,N-trimethyl ammonium chloride (TMTAMC) and the sol-gel 

ixed mode zwitterionic sorbent are presented in Fig. 2 (a–e), re- 

pectively. All FT-IR spectra were collected over a range between 

0 0 0 and 700 cm 

−1 at a resolution 4 cm 

−1 . 

FT-IR spectra of MTMS ( Fig. 2 a) displays several signature bands 

t 1266 and 789 cm 

−1 which are attributed to the vibration of 

H 3 group connected to Si on the precursor molecule. The peaks 

t 1077 and 1189 cm 

−1 are attributed to C-O stretching vibra- 

ion Si-O-CH 3 . The peaks at 2842 and 1464 cm 

−1 are attributed 

o C-H stretching and bending vibration of Si-O-CH 3 , respectively 

27] . The noteworthy peaks in the C18-TMS spectra 2922 cm 

−1 

nd 2852 cm 

−1 which can be assigned to antisymmetric [ v a (CH 2 )] 

nd symmetric [ v s (CH 2 )] bands for the alkene chains of C 18 -TMS.

he FT-IR spectra of 3-mercaptopropyl trimethoxysilane demon- 

trate signature band at 2560 cm 

−1 that can be attributed to S- 

 stretching [28] . The bands at 1187 and 1080 cm 

−1 are related 

o –CH 3 OCH 3 [28] . The signature band in N-trimethoxysilyl N,N,N- 

rimethyl ammonium chloride FT-IR spectra includes 1480 cm 

−1 

hat can be attributed to N-CH 3 bending vibration [29] . It is im- 

ortant to note that all precursors have a common end consisting 

f -Si (CH 3 ) 3 . As a result, many spectral bands are common. The 

T-IR spectra of sol-gel SiO 2 -SAX/SCX include many bands such as 

505, 1441, 1314, 1061, and 778 cm 

−1 that also appeared in the FT- 
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Fig. 2. FT-IR spectra of (a) methyl trimethoxysilane; (b) octadecyl trimethoxysilane; (c) 3-mercaptopropyl trimethoxysilane; (d) N-trimethoxysilyl N,N,N-trimethyl ammonium 

chloride; (e) sol-gel mixed-mode zwitterionic sorbent. 

Fig. 3. Scanning electron microscopy of sol-gel SiO 2 -SAX/SCX sorbent at (a) 100x magnifications ; (b) 10 0 0x magnifications. 

I

i

3

t

p  

t

m

c

b

f

i

t

h

s

3

s

u

3

o

T

c  
R spectra of individual building blocks which manifests successful 

ntegration of the building blocks into sol-gel SiO 2 -SAX/SCX. 

.2.2. Scanning Electron Microscopy (SEM) 

The surface morphology of the sol-gel SiO 2 -SAX/SCX was inves- 

igated using a Scanning Electron Microscope. The SEM images are 

resented in Fig. 3 (a, b) at 100x and 1,0 0 0x magnifications, respec-

ively. The SEM images revealed that the particle sizes are not ho- 

ogeneously distributed and possess irregular shapes. Some parti- 

les of the SiO 2 -SAX/SCX are in sub-micron size while others are 

igger, in the range of 50-60 micron (gross estimation). The sur- 

ace of the particles apparently look rough that should enhance the 

nteraction between the particles and the analytes during the ex- 

raction process. The broad range of particle size distribution also 
5 
elps reducing the void volume due to the close packing of the 

orbents. 

.3. Optimization of the SPE procedure 

The SPE procedure was optimized using a mixture solution of 

tandards prepared in ultrapure water. The analysis was performed 

sing LC-DAD. 

.3.1. Extraction performance evaluation of the sorbents 

Since the functionalization of the sorbents evaluated was based 

n strong ionic interactions, they will always be charged at any pH. 

o select the initial pH, the pK a of the compounds was therefore 

onsidered ( Table 1 ) and it was set at 5 (pH at which the acidic



A. Moral, F. Borrull, K.G. Furton et al. Journal of Chromatography A 1676 (2022) 463237 

Table 1 

pK a of the compounds and recoveries performed by each sorbent at initial conditions (see text). 

Compounds pK a 
a 

S-type C-type 

SiO 2 -SAX/SCX SiO 2 -SAX/SCX(Ph) SiO 2 -C-SAX/SCX SiO 2 -C-SAX/SCX(Ph) 

Bases ATE 9.6 94 72 96 79 

RAN 8.2 93 87 90 54 

TRI 7.1 97 82 89 68 

MTO 9.7 96 81 87 50 

VEN 10.1 92 84 83 38 

PRO 9.4 98 70 94 57 

Acids BEZ 3.8 98 86 80 20 

VAL 3.6 87 90 74 30 

FEN 4.5 100 74 88 37 

FLB 4.4 101 45 92 0 

CLO 3.2 91 71 82 29 

DICLO 4.1 82 43 53 8 

NPX 4.1 103 89 86 16 

∗RSD (%) < 10% ( n = 3). 
a pK a values obtained from PubChem for all compounds except for BEZ, FLB and CLO (values obtained from Drugbank). 
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nd basic compounds were charged). The conditions of loading vol- 

me and elution were based on a previous study reported by our 

roup [23] that analyzed acidic and basic compounds using a weak 

witterionic sorbent. These conditions were: 25 mL of loading vol- 

me and an elution step with 5 mL of 5% AcOH in MeOH to elute

he acidic compounds; and 5 mL of 5% NH 4 OH in MeOH to elute

he basic compounds. 

The four sorbents were initially tested to discern which ones 

rovided the highest recoveries. The four sorbents had the same 

unctionalization, with sulfonic groups to perform SCX interactions 

nd quaternary amines to perform SAX interactions. The difference 

etween these sorbents was the support since some were based 

n the silica network (S-type), while for others the silica network 

as embedded with activated carbon microparticles (C-type). Each 

roup had two variants: one in which the SAX groups were bonded 

hrough a propyl group to the silica network (SiO 2 -SAX/SCX and 

iO 2 -C-SAX/SCX), and another which had a phenylethyl group be- 

ween the silica network and the SAX groups (SiO 2 -SAX/SCX(Ph) 

nd SiO 2 -C-SAX/SCX(Ph)). 

As Table 1 shows, the sorbents that provided the greatest re- 

overies were SiO 2 -SAX/SCX and SiO 2 -C-SAX/SCX. The recoveries 

f sorbents SiO 2 -SAX/SCX(Ph) and SiO 2 -C-SAX/SCX(Ph) were sig- 

ificantly lower than those of SiO 2 -SAX/SCX and SiO 2 -C-SAX/SCX. 

dding the aromatic ring seemed to hamper interactions be- 

ween the compounds and the ionic exchange groups, thus re- 

ulting in lower recoveries. Sorbents SiO 2 -SAX/SCX(Ph) and SiO 2 - 

-SAX/SCX(Ph) were therefore discarded, and the subsequent tests 

ere performed with SiO 2 -SAX/SCX and SiO 2 -C-SAX/SCX. 

Moreover, by comparing the S-type and C-type sorbents it can 

e observed that the S-type sorbents presented higher recoveries 

han the C-type sorbents. For example, DICLO presented a %R of 

2% with SiO 2 -SAX/SCX and 53% with SiO 2 -C-SAX/SCX. 

.3.2. Optimization of the loading pH 

As we explained in the Introduction, the control of pH is im- 

ortant when evaluating these sorbents, thus, the first parameter 

o be evaluated was the pH of the loading solution, which governs 

he retention of the compounds. Since the sorbents were based on 

trong ion-exchange interactions, they were charged at any pH. The 

oading pH was therefore used to control the chargeability of the 

nalytes. 

As has been highlighted in Section 3.3.1 ., pH 5 was initially se- 

ected since in this range all compounds were charged consider- 

ng the pK a of the analytes. Moreover, a cleaning step of 2 mL 

as also introduced to check whether the compounds were be- 

ng retained through ionic interactions. As can be observed in 

ig. 4 , where results of SiO -SAX/SCX are presented, good recov- 
2 

6 
ries are obtained for basic compounds, only ATE and RAN pro- 

ided %R below 80%. However, the acidic compounds provided low 

ecoveries. 

Then, pH 3 and 9 were evaluated to promote the specific ionic 

nteractions in each range; at pH 3, the cationic interactions dis- 

layed by the basic compounds and at pH 9, the anionic interac- 

ions by the acidic compounds. Attending to Fig. 4 , it can be ob- 

erved that the recoveries of the basic compounds improved with 

H 3, achieving recoveries higher than 80% for the six compounds. 

owever, at pH 9, the recoveries of the acidic compounds did not 

mprove. pH 4 was evaluated since the best results were obtained 

t pH 3 and we considered interesting to test this pH. As can be 

bserved in Fig. 4 , the results for basic compounds were slightly 

etter than pH 5 and slightly worse than pH 3. The good recov- 

ries were explained since at these pHs, the analytes were proto- 

ated and therefore able to interact with the sorbent through ionic 

nteractions. The low recoveries obtained for the acidic compounds 

uggested that retention occurred only via hydrophobic interac- 

ions since these compounds were eluted from the sorbent when 

eOH was applied, meaning that the SAX interactions did not 

ork. 

The optimization of the pH was performed with SiO 2 -SAX/SCX 

nd SiO 2 -C-SAX/SCX. Although Fig. 4 shows the results obtained 

rom the pH evaluation with SiO 2 -SAX/SCX both sorbents provided 

imilar results, being the %R of SiO 2 -SAX/SCX slightly higher. 

Jin et al. [16] also observed that only basic compounds were 

etained via ionic interactions. These authors evaluated a home- 

ade mixed-mode zwitterionic sorbent based on weak interac- 

ions grounded in carboxylic acids and secondary amines to deter- 

ine a group of acidic, basic and neutral compounds with a load- 

ng pH of 6. 

Given the zwitterionic nature of the sorbents, the loading pH 

hould have been closer to the neutral pH used by Jin et al. [16] ,

ho chose a loading pH of 6 to determine basic antidepressants in 

quatic products using a homemade zwitterionic mixed-mode sor- 

ent functionalized with carboxylic acids and secondary amines. 

he above authors observed that the acidic compounds were not 

etained through ionic exchange interactions [16] . A similar expla- 

ation can be adapted in our study, in which all the acidic com- 

ounds presented aromatic rings that tended to interact with the 

 18 chains through hydrophobic interactions. 

When the clean-up step was included, the behavior of the sor- 

ents was therefore closer to a cationic exchanger than to a zwitte- 

ionic exchanger. As occurred in previous studies [ 30 , 31 ] that eval-

ated SCX sorbents to selectively determine basic compounds from 

queous samples and selected a pH in the acidic range, the loading 

H for our study was acidic. 



A. Moral, F. Borrull, K.G. Furton et al. Journal of Chromatography A 1676 (2022) 463237 

Fig. 4. Comparison of the recoveries obtained at pH 3, 4, 5 and 9 with the SiO 2 - SAX/SCX sorbent. 
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.3.3. Optimization of the clean-up step 

A clean-up step is needed to remove the interferences and to 

ncrease the selectivity of the method. In the previous section, we 

ntroduced a clean-up with 2 mL of MeOH. We then used 5 mL 

f MeOH to test whether the cleaning volume could be increased 

ithout the recoveries being affected, thereby enhancing the se- 

ectivity of the extraction. 

Table 2 shows results when 25 mL of sample was loaded at pH 

 with or without a clean-up step (2 or 5 mL). When this clean-up

tep (2 or 5 mL of MeOH) was applied, both sorbents showed the 

ame performance, with recoveries for the basic compounds above 

0% and those for the acidic compounds below 10%. 

As we mentioned earlier, the results for acidic compounds 

roved that these compounds were retained through hydropho- 

ic interactions since they were removed from the sorbent with 

eOH. On the other hand, the basic compounds were retained 

hrough ionic exchange interactions since they were not eluted 

uring the clean-up step. 
able 2 

ecoveries obtained when 100 mL of ultrapure water were loaded without cleaning 

nd cleaning with 2 and 5 mL of MeOH clean. 

SiO 2 -SAX/SCX SiO 2 -C-SAX/SCX 

No 

clean 2 mL 5 mL 

No 

clean 2 mL 5 mL 

Bases ATE 94 95 99 96 95 98 

RAN 93 84 84 90 100 86 

TRI 97 99 99 89 104 100 

MTO 96 104 101 87 92 100 

VEN 92 94 92 83 84 88 

PRO 98 92 89 94 94 86 

Acids BEZ 98 7 2 80 2 0 

VAL 87 3 4 74 1 0 

FEN 100 6 2 88 3 2 

FLB 101 8 4 92 6 5 

CLO 91 8 7 82 7 7 

DICLO 82 11 2 53 0 0 

NPX 103 10 4 86 4 2 

RSD (%) < 10%. ( n = 3). 
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7 
The clean-up step was set at 5 mL of MeOH since there was no 

vident decrease in the recoveries when the volume was increased 

rom 2 mL to 5 mL. Moreover, this increase would help to increase 

electivity. It is common to use MeOH to perform the clean-up step 

hen working with mixed-mode ion-exchange sorbents to disrupt 

he hydrophobic interactions and promote selectivity. Using 5 mL 

as been reported in a study with a homemade mixed-mode SCX 

orbent [32] . In another study [23] , the volume was set at 1 mL

o reduce the loss of analytes in the determination of illicit drugs, 

weeteners and pharmaceuticals using a homemade mixed-mode 

on-exchange zwitterionic sorbent based on weak ionic interac- 

ions. 

Other studies, on the other hand, have reported a clean-up step 

ot fully based on MeOH. Hu et al. [33] , for example, performed 

his step with 2 mL of a mixture of water/MeOH (95/5, v/v) when 

sing a modified silica sorbent with a triazine to determine an- 

hraquinones in urine, which could not be enough to produce a re- 

arkable clean-up effect. Therefore, an aqueous clean-up was not 

valuated in this study and a clean-up step with 5 mL of MeOH 

as selected. 

.3.4. Optimization of the elution 

Initially, the elution was conducted in two steps: an acidic step 

5% AcOH in MeOH) to elute the acidic compounds and a basic 

tep (5% NH 4 OH in MeOH) to elute the basic compounds. Since 

he acidic compounds are eluted just with MeOH, the AcOH was 

ot needed, and the acidic step was then removed. 

After testing 5% NH 4 OH in MeOH in a previous section, the two 

ptions tested were 5 mL of 10% NH 4 OH in MeOH and 10 mL of 5%

H 4 OH in MeOH. All three options provided similar results: 85- 

00% for the SiO 2 -C-SAX/SCX sorbent and 90–105% for the SiO 2 - 

AX/SCX sorbent. The first option was therefore chosen since it is 

reener and generates a lower volume to evaporate. 

This elution has previously been used in some studies to elute 

asic compounds [ 20 , 23 , 31 ] from mixed-mode ion-exchange sor- 

ents. Moreover, when Salas et al. [20] studied combinations of 

ommercial cation and anionic exchangers, the authors also began 

ith elution in two steps, i.e. an acidic step based on 5% AcOH in 

eOH and a basic step with 5% NH OH in MeOH. However, during 
4 
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Table 3 

%R app obtained with each sorbent when 100 mL of river samples spiked at 200 ng/L 

was extracted. 

Compound SiO 2 -SAX/SCX SiO 2 -C-SAX/SCX 

ATE 40 34 

RAN 78 62 

TRI 71 58 

MTO 66 55 

VEN 73 36 

PRO 60 47 

∗ RSD (%) < 10%. ( n = 3). 
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he optimization process it was observed that all compounds were 

luted in the basic step. 

.3.5. Optimization of the loading volume 

The final step in the optimization process was the loading vol- 

me. The larger the loading volume, the higher the preconcentra- 

ion factor, though the breakthrough volume should also be taken 

nto account. 

The initial volume was 25 mL, while 100, 250 and 500 mL were 

lso tested with standard solutions. Every volume showed good re- 

overies for both sorbents (80–100% for SiO 2 -C-SAX/SCX and 85–

05% for SiO 2 -SAX/SCX). The results were therefore good even with 

00 mL with standard solutions. 

Then, 100 and 250 mL were evaluated with spiked river sam- 

les to select the loading volume with river samples. As Fig. S1 

hows, a significant decrease in the recoveries occurred when the 

olume was increased from 100 to 250 mL. The volume selected 

ith river samples was therefore 100 mL. Klan et al. [30] tested 

0 0, 20 0, 50 0 and 10 0 0 mL and obtained satisfactory results for

ost of their analytes when analysing river water samples. How- 

ver, a significant decrease in %R was observed in the most polar 

ompounds. The authors considered the increase in time inherent 

o the increase in volume. They also considered the possibility that 

he cartridge would get clogged and decided to select 200 mL as 

he loading volume. 

When working with effluent wastewater samples, recoveries 

ere low with 100 mL. The loading volume was therefore re- 

uced to 50 mL, which led to satisfactory recoveries (44–78%). Gi- 

art et al. [32] also evaluated the loading volume and found that 

00 mL presented good recoveries in standard solutions. For ef- 

uent wastewater samples, however, they also had to reduce the 

olume to 50 mL. 

.4. Validation of the method 

The method was validated for river water samples and efflu- 

nt wastewater from treatment plants using LC-ESI-MS/MS to im- 

rove sensitivity and selectivity. The chromatographic method was 

ransferred to LC-MS/MS, which enabled work at lower concentra- 

ions. The parameters of gas temperature, gas flow rate, nebulizer 

ressure and capillary voltage were optimized experimentally. Gas 

emperature was evaluated between 200 and 400 °C; gas flow rate 

etween 6 and 14 mL/min; nebulizer pressure between 20 and 

0 psi; and capillary voltage between 2500 and 5000 V. For each 

ompound, the fragmentor potential was also evaluated between 

0 and 200 V. The collision energy (CE) was evaluated between 0 

nd 30 eV. The conditions selected are shown in Section 2.5 and 

able S1. For all fragments, the CE ranged from 15 to 25 eV, except 

or VEN, which ranged from 7 to 5 eV. 

The instrumental linear range was 0.5–250 μg/L for most com- 

ounds. The R 

2 was above 0.995 for all compounds except MTO, 

hose R 

2 was 0.992. The instrumental LOD and LOQ were 0.1 μg/L 

nd 0.5 μg/L, respectively for all compounds except VEN, whose 

imits were 0.05 and 0.1 μg/L, respectively. 

Before validating the method, the best performing sorbent was 

elected. Since both sorbents provided good results during the op- 

imization of the SPE procedure, to select one of them, they were 

ested in terms of apparent recovery (%R app ), when river samples 

ere spiked at 200 ng/L. To calculate the apparent recovery cor- 

ectly, a blank was measured to subtract the signal of the analytes 

aturally present from the signal of the spiked samples. As Table 3 

hows (and as we highlighted during the optimization procedure), 

he SiO 2 -SAX/SCX sorbent showed higher %R app for the spiked river 

amples (with values ranging from 60 to 78%), while the results 

or the SiO -C-SAX/SCX sorbent ranged from 47 to 62 % (except 
2 

8 
or ATE, whose %R app were 40 and 34%, respectively). The sorbent 

hosen to validate the method was therefore SiO 2 -SAX/SCX. 

The addition of carbonaceous particles into the sol-gel compos- 

te sorbent increased the overall surface area of the composite sor- 

ent but decreased the absolute loading of the sol-gel silica sor- 

ent, and consequently, the overall interaction sites. It is evident 

rom the recovery data that the sorption feature of the carbona- 

eous particles in the composite sol-gel sorbent played no role in 

he extraction process. In a future project, we intend to investigate 

he impact of carbonaceous particles on other type of molecules. 

fter selecting the best sorbent, river samples were analyzed to 

erform the validation, according to the parameters described in 

ection 2.6 , in terms of recovery at two concentrations (50 ng/L 

nd 200 ng/L), matrix effect, linear range, method quantification 

nd detection limits (MQL and MDL), repeatability (% RSD, n = 3) 

nd reproducibility between days (% RSD, n = 3). 

As Table 4 shows, %R app spiking at 50 ng/L were good, i.e. 60–

5% for all compounds except ATE, whose %R app were 40%, be- 

ng similar results to the %R app spiking at 200 ng/L presented in 

able 3 . These recoveries were comparable to those obtained by 

adal et al. [23] (58%–87%) when determining TRI, MTO and PRO 

n 100 mL of river samples using a homemade mixed-mode zwit- 

erionic sorbent based on weak ionic interactions. Zhu et al. [13] , 

hose values ranged from 75 to 98%, also obtained slightly higher 

ecoveries when analysing aromatic amines in environmental wa- 

er samples with a WCX mixed-mode silica-based sorbent. More- 

ver, Afonso-Olivares et al. [34] obtained recoveries ranging from 

8 to 98% when determining pharmaceuticals (ATE among others) 

n seawater with a commercial sorbent (Oasis HLB). 

The %MEs ( Table 4 ) were remarkably low (ranging from -17 to 

4 %), which indicates low ion suppression due to the inclusion of 

 clean-up step with 5 mL of MeOH. These results are lower than 

hose found in other studies, e.g. Krizman et al. [31] , who used a

ommercial sorbent (Oasis MCX) and obtained matrix effects for 

pioids and their metabolites ranging from -38 to -7%. For their 

art, Nadal et al. [24] obtained matrix effects ranging from -30 to 

 5 when using a mixed-mode SAX/WCX sorbent to determine, for 

xample, TRI, MTO, RAN, ATE and PRO. 

The linear range was obtained from matrix-matched calibration 

urves and river samples were spiked from 1 to 500 ng/L. In all 

ases, determination coefficient (R 

2 ) was above 0.99. 

Attending to the method quantification and method detection 

imits ( Table 4 ), in both cases, the values were in the ng/L range,

hich were comparable to those found in developed methods 

ased on determining those analytes in river samples [ 23 , 30 , 32 ],

hose limits were also in the ng/L range. 

The values for repeatability (intra-day precision, n = 3) and 

eproducibility (inter-day precision, n = 3) were acceptable (as 

able 4 shows, in all cases they were below 16%). 

The method was also evaluated in terms of %R app , %ME and 

RSD with effluent wastewater samples. Since the analytes were 

resent at high concentrations in the effluent wastewater samples, 

o matrix-matched calibration curves were done. To quantify the 
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Fig. 5. Chromatogram of an effluent wastewater sample when it was analyzed using the developed method. 

Table 4 

Validation parameters for SiO 2 -SAX/SCX sorbent with river samples. 

Compound %R app (50 ng/L) %ME Linear range (ng/L) MQL (ng/L) MDL (ng/L) % RSD intra-day ( n = 3) % RSD inter-day ( n = 3) 

ATE 48 -16 2–500 2 1 8 13 

RAN 72 -9 5–500 5 2 9 11 

TRI 60 -14 2–500 2 1 7 9 

MTO 66 -14 2–500 2 1 10 15 

VEN 85 -17 2–500 2 1 9 13 

PRO 63 -4 10–500 10 5 11 16 
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nalytes in real samples, external calibration curves and appar- 

nt recoveries were used. The %R app obtained spiking at 200 ng/L 

anged from 40 to 71%. Lower concentrations were not evaluated 

ue to the presence of the compounds in the sample. Moreover, 

piking at higher concentration was neither evaluated since sim- 

lar recoveries in river samples were obtained when spiking the 

amples both at 50 and 200 ng/L.These results are comparable to 

thers reported, e.g. a combination of commercial cationic and an- 

onic exchangers (where the %R app ranged from 50 to 73% [20] ), 

nd with a novel SCX sorbent (where the %R app ranged from 39 to 
9 
4% [32] ). In both cases similar compounds were determined. The 

ME obtained ranged from -25% to -18%. These results are compa- 

able to those obtained by Gilart et al. [32] (ranging from -12 and 

 21%), who used a novel SCX sorbent when determining similar 

ompounds (ATE, PRO, MET, RAN and TRI among others). More- 

ver, Jaukovic et al. [35] determined cardiovascular drugs (MTO 

mong others) in effluent wastewater samples using a commercial 

orbent (Oasis HLB), and obtained higher recoveries ranging from 

4 to 106% and higher %ME ranging from -28 to + 23%. In all cases,

RSD intraday ( n = 3) was below 14%. 
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Table 5 

Range of concentrations (ng/L) obtained after the analysis of river and effluent 

wastewater samples through SPE-LC-MS/MS method based on the SiO 2 -SAX/SCX 

sorbent. 

Compound River samples Effluent wastewater samples 

ATE < MQL 234–282 

RAN 24–32 848–1233 

TRI 31–39 59–642 

MTO 29–67 29–113 

VEN 32–72 653–970 

PRO < MQL 48–82 

∗ RSD (%) < 15%. ( n = 3). 
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.5. Analysis of real samples 

Samples from Ebro river and samples from effluent wastewater 

reatment plants from Reus and Tarragona, Spain were analyzed. 

Table 5 shows the occurrence of the compounds in river and ef- 

uent wastewater samples. As can be observed, the concentrations 

f ATE and PRO were below the MQL in the river samples, while 

hose of RAN, TRI, MTO and VEN were found at similar levels of 

oncentration ranging from 24 to 72 ng/L. Nadal et al. [36] also an- 

lyzed Ebro river samples and found that the concentrations of ATE 

nd PRO (ranging from 0.7 to 9.5 ng/L) were above their MQL. On 

he other hand, the concentration of TRI was below its MQL. The 

oncentration of MTO found in the present study was one order of 

agnitude higher than that found in the study by Nadal et al.: 29–

7 ng/L compared to 3–7 ng/L. When Klan et al. [30] determined 

TO, PRO, RAN and VEN in river water samples from Slovenia, all 

ompounds were below the MQL except for VEN, whose concen- 

ration ranged from 0.08 to 3.01 ng/L. 

Regarding the effluent wastewater samples ( Fig. 5 ), all com- 

ounds were quantified. RAN and VEN presented the highest con- 

entrations (653–1233 ng/L), while the concentrations of PRO and 

TO were lower (29–113 ng/L). These levels were comparable 

o those quantified previously with similar samples. When Gilart 

t al. [32] measured ATE, RAN, TRI, MTO and PRO from effluent 

astewater treatment plant samples, obtaining concentrations val- 

es similar to the ones presented in Table 5 . PRO, for example, 

as found between 50 and 100 ng/L while RAN was found at 

round 10 0 0 ng/L. Nadal et al. [36] , for their part, measured MTO,

TE, PRO and TRI (among others) in effluent wastewater treatment 

lants and also found similar concentrations to those in Table 5 . 

oreover, when Iancu et al. [37] quantified ATE and PRO (among 

thers) in effluent wastewater samples from Romania, the concen- 

rations of PRO ranged from 5 to 40 ng/L, which are close to those 

ound in our study (48–82 ng/L). On the other hand, the aver- 

ge concentrations of ATE (94.6 ng/L) was lower than ours (234–

82 ng/L). 

. Conclusions 

In this study, we developed and evaluated four novel mixed- 

ode zwitterionic-exchange sorbents to determine pharmaceuti- 

als in environmental water samples through SPE followed by LC- 

S/MS. It has been shown that the sol-gel approach successfully 

orks for the preparation of a series of mixed-mode zwitterionic 

ilica-based sorbents. 

When applying a clean-up step to achieve selective extrac- 

ion, only basic compounds were retained through ion-exchange 

nteractions, whereas acidic compounds were mainly retained 

y reversed-phase interactions. A method based on the best- 

erforming sorbent was successfully developed to selectively de- 

ermine the basic drugs in environmental samples. The application 

f this method in environmental samples is therefore interesting 

ue to the low matrix effect achieved thanks to the clean-up step. 
10 
The results obtained in this study, especially when it comes to 

he low matrix effect, are encouraging for the determination of ba- 

ic compounds in complex samples. Moreover, the sorbents used 

ould be interesting for extracting other compounds in the future 

nd applying them to other matrices. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

RediT authorship contribution statement 

Alberto Moral: Investigation, Resources, Validation, Writing 

original draft. Francesc Borrull: Supervision, Funding acquisi- 

ion. Kenneth G. Furton: Supervision, Conceptualization. Abuzar 

abir: Project administration, Conceptualization, Methodology. 

úria Fontanals: Project administration, Conceptualization, Writ- 

ng – original draft. Rosa Maria Marcé: Methodology, Writing –

riginal draft, Writing – review & editing. 

cknowledgments 

The authors would like to thank the Spanish Ministry of 

conomy, Industry and Competitivity, the Spanish State Research 

gency, and the European Regional Development Fund (ERDF) 

PID2020-114587GB-I00 and RED2018-102522-T) for their financial 

upport. A. Moral would also like to thank Universitat Rovira i Vir- 

ili (URV) for his PhD grant (2020PMF-PIPF-33). 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.chroma.2022.463237 . 

eferences 

[1] A. Azzouz, S.K. Kailasa, S.S. Lee, A.J. Rascón, E. Ballesteros, M. Zhang, K.H. Kim,

Review of nanomaterials as sorbents in solid-phase extraction for environmen- 
tal samples, TrAC Trends Anal. Chem. 108 (2018) 347–369, doi: 10.1016/j.trac. 

2018.08.009 . 
[2] S.A. Khatibi, S. Hamidi, M.R. Siahi-Shadbad, Current trends in sample prepa- 

ration by solid-phase extraction techniques for the determination of antibiotic 
residues in foodstuffs: a review, Crit. Rev. Food Sci. Nutr. 61 (20) (2020) 1–22, 

doi: 10.1080/10408398.2020.1798349 . 

[3] S. Dugheri, G. Marrubini, N. Mucci, G. Cappelli, A. Bonari, I. Pompilio, L. Tre- 
visani, G. Arcangeli, A review of micro-solid-phase extraction techniques and 

devices applied in sample pretreatment coupled with chromatographic analy- 
sis, Acta Chromatogr. 33 (2021) 99–111, doi: 10.1556/1326.2020.00790 . 

[4] M. Ghorbani, M. Aghamohammadhassan, M. Chamsaz, H. Akhlaghi, T. Pe- 
dramrad, Dispersive solid phase microextraction, TrAC Trends Anal. Chem. 118 

(2019) 793–809, doi: 10.1016/j.trac.2019.07.012 . 

[5] L. Chen, H. Wang, Q. Zeng, Y. Xu, L. Sun, H. Xu, L. Ding, On-line coupling of
solid-phase extraction to liquid chromatography-A review, J. Chromatogr. Sci. 

47 (2009) 614–623, doi: 10.1093/chromsci/47.8.614 . 
[6] D. Turo ̌nová, L. Kujovská Kr ̌cmová, F. Švec, Application of microextraction in 

pipette tips in clinical and forensic toxicology, TrAC Trends Anal. Chem. 143 
(2021) 116404, doi: 10.1016/j.trac.2021.116404 . 

[7] F. David, N. Ochiai, P. Sandra, Two decades of stir bar sorptive extraction: a 

retrospective and future outlook, TrAC Trends Anal. Chem. 112 (2019) 102–111, 
doi: 10.1016/j.trac.2018.12.006 . 

[8] A. Kabir, V. Samanidou, Fabric phase sorptive extraction: A paradigm shift ap- 
proach in analytical and bioanalytical sample preparation, Molecules 26 (4) 

(2021) 865, doi: 10.3390/molecules26040865 . 
[9] J.C. Nadal, F. Borrull, R.M. Marcé, N. Fontanals, Novel in-house mixed-mode 

ion-exchange materials for sorptive phase extraction techniques, Adv. Sample 
Prep. 1 (2022) 10 0 0 08, doi: 10.1016/j.sampre.2022.10 0 0 08 . 

[10] N. Fontanals, F. Borrull, R.M. Marcé, Mixed-mode ion-exchange polymeric sor- 

bents in environmental analysis, J. Chromatogr. A 1609 (2020) 460531, doi: 10. 
1016/j.chroma.2019.460531 . 

[11] N. Fontanals, R.M. Marcé, F. Borrull, P.A.G. Cormack, Mixed-mode ion-exchange 
polymeric sorbents: dual-phase materials that improve selectivity and capac- 

ity, TrAC Trends Anal. Chem. 29 (2010) 765–779, doi: 10.1016/j.trac.2010.03.015 . 

https://doi.org/10.1016/j.chroma.2022.463237
https://doi.org/10.1016/j.trac.2018.08.009
https://doi.org/10.1080/10408398.2020.1798349
https://doi.org/10.1556/1326.2020.00790
https://doi.org/10.1016/j.trac.2019.07.012
https://doi.org/10.1093/chromsci/47.8.614
https://doi.org/10.1016/j.trac.2021.116404
https://doi.org/10.1016/j.trac.2018.12.006
https://doi.org/10.3390/molecules26040865
https://doi.org/10.1016/j.sampre.2022.100008
https://doi.org/10.1016/j.chroma.2019.460531
https://doi.org/10.1016/j.trac.2010.03.015


A. Moral, F. Borrull, K.G. Furton et al. Journal of Chromatography A 1676 (2022) 463237 

[

 

 

 

 

[

[

[

[

[

[

[

[

[

[

[

[

[

[  

[

[  

[

[

12] N. Fontanals, F. Borrull, R.M. Marcé, Overview of mixed-mode ion-exchange 
materials in the extraction of organic compounds, Anal. Chim. Acta 1117 (2020) 

89–107, doi: 10.1016/j.aca.2020.03.053 . 
[13] Y. Zhu, W. Zhang, L. Li, C. Wu, J. Xing, Preparation of a mixed-mode silica-

based sorbent by click reaction and its application in the determination of 
primary aromatic amines in environmental water samples, Anal. Methods 6 

(2014) 2102–2111, doi: 10.1039/c3ay42027b . 
[14] L. Liu, X. Zhao, L. Zeng, T. Zhu, Determination of sulfamerazine in river wa-

ter using thermoresponsive modified silica for solid-phase extraction with 

high-performance liquid chromatography detection, Anal. Lett. 51 (2018) 2682–
2694, doi: 10.1080/0 0 032719.2018.1447951 . 

[15] Y. Li, C. Huang, J. Yang, J. Peng, J. Jin, H. Ma, J. Chen, Multifunctionalized meso-
porous silica as an efficient reversed-phase/anion exchange mixed-mode sor- 

bent for solid-phase extraction of four acidic nonsteroidal anti-inflammatory 
drugs in environmental water samples, J. Chromatogr. A 1527 (2017) 10–17, 

doi: 10.1016/j.chroma.2017.10.051 . 

[16] S. Jin, Y. Qiao, J. Xing, Ternary mixed-mode silica sorbent of solid-phase ex- 
traction for determination of basic, neutral and acidic drugs in human serum, 

Anal. Bioanal. Chem. 410 (2018) 3731–3742, doi: 10.10 07/s0 0216- 018- 1037- 3 . 
[17] H. Zhang, D. Zheng, Y. Zhou, H. Xia, X. Peng, Multifunctionalized mag- 

netic mesoporous silica as an efficient mixed-mode sorbent for extraction of 
phenoxy carboxylic acid herbicides from water samples followed by liquid 

chromatography-mass spectrometry in tandem, J. Chromatogr. A 1634 (2020) 

461645, doi: 10.1016/j.chroma.2020.461645 . 
[18] T. Wang, Y. Chen, J. Ma, M. Chen, C. Nie, M. Hu, Y. Li, Z. Jia, J. Fang, H. Gao,

Ampholine-functionalized hybrid organic-inorganic silica material as sorbent 
for solid-phase extraction of acidic and basic compounds, J. Chromatogr. A 

1308 (2013) 63–72, doi: 10.1016/j.chroma.2013.08.025 . 
[19] L. Vidal, O. Robin, J. Parshintsev, J.P. Mikkola, M.L. Riekkola, Quaternary 

ammonium-functionalized silica sorbents for the solid-phase extraction of aro- 

matic amines under normal phase conditions, J. Chromatogr. A 1285 (2013) 
7–14, doi: 10.1016/j.chroma.2013.02.003 . 

20] D. Salas, F. Borrull, N. Fontanals, R.M. Marcé, Combining cationic and anionic 
mixed-mode sorbents in a single cartridge to extract basic and acidic pharma- 

ceuticals simultaneously from environmental waters, Anal. Bioanal. Chem. 410 
(2018) 459–469, doi: 10.10 07/s0 0216- 017- 0736- 5 . 

21] M. Lavén, T. Alsberg, Y. Yu, M. Adolfsson-Erici, H. Sun, Serial mixed-mode 

cation- and anion-exchange solid-phase extraction for separation of basic, 
neutral and acidic pharmaceuticals in wastewater and analysis by high- 

performance liquid chromatography-quadrupole time-of-flight mass spectrom- 
etry, J. Chromatogr. A 1216 (2009) 49–62, doi: 10.1016/j.chroma.2008.11.014 . 

22] A .A . Deeb, T.C. Schmidt, Tandem anion and cation exchange solid phase ex- 
traction for the enrichment of micropollutants and their transformation prod- 

ucts from ozonation in a wastewater treatment plant, Anal. Bioanal. Chem. 408 

(2016) 4219–4232, doi: 10.10 07/s0 0216-016-9523-y . 
23] J.C. Nadal, K.L. Anderson, S. Dargo, I. Joas, D. Salas, F. Borrull, P.A.G. Cormack, 

R.M. Marcé, N. Fontanals, Microporous polymer microspheres with amphoteric 
character for the solid-phase extraction of acidic and basic analytes, J. Chro- 

matogr. A 1626 (2020) 461348, doi: 10.1016/j.chroma.2020.461348 . 
24] J.C. Nadal, S. Dargo, F. Borrull, P.A.G. Cormack, N. Fontanals, R.M. Marcé, Hyper- 

crosslinked polymer microspheres decorated with anion- and cation-exchange 
groups for the simultaneous solid-phase extraction of acidic and basic analytes 

from environmental waters, J. Chromatogr. A 1661 (2022) 462715, doi: 10.1016/ 

j.chroma.2021.462715 . 
11
25] A . Sorribes-Soriano, F.A . Esteve-Turrillas, S. Armenta, J.M. Herrero-Martínez, 
Dual mixed-mode poly (vinylpyridine-co-methacrylic acid-co-ethylene glycol 

dimethacrylate)-based sorbent for acidic and basic drug extraction from oral 
fluid samples, Anal. Chim. Acta 1167 (2021) 338604, doi: 10.1016/j.aca.2021. 

338604 . 
26] A. Kabir, K.G. Furton, A. Malik, Innovations in sol-gel microextraction phases 

for solvent-free sample preparation in analytical chemistry, TrAC Trends Anal. 
Chem. 45 (2013) 197–218, doi: 10.1016/j.trac.2012.11.014 . 

27] N.P. Kalogiouri, A. Kabir, B. Olayanju, K.G. Furton, V.F. Samanidou, Devel- 

opment of highly hydrophobic fabric phase sorptive extraction membranes 
and exploring their applications for the rapid determination of tocopherols 

in edible oils analyzed by high pressure liquid chromatography-diode array 
detection, J. Chromatogr. A 1664 (2022) 462785, doi: 10.1016/j.chroma.2021. 

462785 . 
28] M.A. Chen, X. Bin Lu, Z.H. Guo, R. Huang, Influence of hydrolysis 

time on the structure and corrosion protective performance of (3- 

mercaptopropyl)triethoxysilane film on copper, Corros. Sci. 53 (2011) 2793–
2802, doi: 10.1016/j.corsci.2011.05.010 . 

29] B. Lee, L.L. Bao, H.J. Im, S. Dai, E.W. Hagaman, J.S. Lin, Synthesis and charac- 
terization of organic-inorganic hybrid mesoporous anion-exchange resins for 

perrhenate (ReO 4 
- ) anion adsorption, Langmuir 19 (2003) 4246–4252, doi: 10. 

1021/la026960b . 

30] A. Klan, J. Trontelj, R. Ro, Development of a multi-residue method for monitor- 

ing 44 pharmaceuticals in slovene surface water by SPE-LC-MS /MS, Water Air 
Soil Pollut. 229 (2018) 192, doi: 10.1007/s11270- 018- 3845- 7 . 

31] I. Krizman-Matasic, P. Kostanjevecki, M. Ahel, S. Terzic, Simultaneous analysis 
of opioid analgesics and their metabolites in municipal wastewaters and river 

water by liquid chromatography–tandem mass spectrometry, J. Chromatogr. A 
1533 (2018) 102–111, doi: 10.1016/j.chroma.2017.12.025 . 

32] N. Gilart, P.A.G. Cormack, R.M. Marcé, N. Fontanals, F. Borrull, Selective deter- 

mination of pharmaceuticals and illicit drugs in wastewaters using a novel 
strong cation-exchange solid-phase extraction combined with liquid chro- 

matography – tandem mass, J. Chromatogr. A 1325 (2014) 137–146, doi: 10. 
1016/j.chroma.2013.12.012 . 

33] T. Hu, R. Chen, Q. Wang, C. He, S. Liu, Recent advances and applications of
molecularly imprinted polymers in solid-phase extraction for real sample anal- 

ysis, J. Sep. Sci. 44 (2021) 274–309, doi: 10.10 02/jssc.2020 0 0832 . 

34] C. Afonso-olivares, E. Torres-padró, J.J. Santana-rodrí, Assessment of the pres- 
ence of pharmaceutical compounds in seawater samples from coastal area 

of Gran Canaria Island (Spain), Antibiotics 2 (2013) 274–287, doi: 10.3390/ 
antibiotics2020274 . 

35] Z.D. Jaukovi ́c, S.D. Gruji ́c, T.M. Vasiljevi ́c, S.D. Petrovi ́c, M.D. Lauševi ́c, Cardio-
vascular drugs in environmental waters and wastewaters: method optimiza- 

tion and real sample analysis, J. AOAC Int. 97 (2014) 1167–1174, doi: 10.5740/ 

jaoacint.12-121 . 
36] J.C. Nadal, F. Borrull, K.G. Furton, A. Kabir, N. Fontanals, R.M. Marcé, Selective 

monitoring of acidic and basic compounds in environmental water by capsule 
phase microextraction using sol-gel mixed-mode sorbents followed by liquid 

chromatography-mass spectrometry in tandem, J. Chromatogr. A 1625 (2020) 
461295, doi: 10.1016/j.chroma.2020.461295 . 

37] V.I. Iancu, G.L. Radu, R. Scutariu, A new analytical method for the determi- 
nation of beta-blockers and one metabolite in the influents and effluents of 

three urban wastewater treatment plants, Anal. Methods 11 (2019) 466 8–46 80, 

doi: 10.1039/c9ay01597c . 

https://doi.org/10.1016/j.aca.2020.03.053
https://doi.org/10.1039/c3ay42027b
https://doi.org/10.1080/00032719.2018.1447951
https://doi.org/10.1016/j.chroma.2017.10.051
https://doi.org/10.1007/s00216-018-1037-3
https://doi.org/10.1016/j.chroma.2020.461645
https://doi.org/10.1016/j.chroma.2013.08.025
https://doi.org/10.1016/j.chroma.2013.02.003
https://doi.org/10.1007/s00216-017-0736-5
https://doi.org/10.1016/j.chroma.2008.11.014
https://doi.org/10.1007/s00216-016-9523-y
https://doi.org/10.1016/j.chroma.2020.461348
https://doi.org/10.1016/j.chroma.2021.462715
https://doi.org/10.1016/j.aca.2021.338604
https://doi.org/10.1016/j.trac.2012.11.014
https://doi.org/10.1016/j.chroma.2021.penalty -@M 462785
https://doi.org/10.1016/j.corsci.2011.05.010
https://doi.org/10.1021/la026960b
https://doi.org/10.1007/s11270-018-3845-7
https://doi.org/10.1016/j.chroma.2017.12.025
https://doi.org/10.1016/j.chroma.2013.12.012
https://doi.org/10.1002/jssc.202000832
https://doi.org/10.3390/antibiotics2020274
https://doi.org/10.5740/jaoacint.12-121
https://doi.org/10.1016/j.chroma.2020.461295
https://doi.org/10.1039/c9ay01597c

	Development of sol-gel silica-based mixed-mode zwitterionic sorbents for determining drugs in environmental water samples
	1 Introduction
	2 Experimental
	2.1 Reagents and standards
	2.2 Synthesis of sol-gel mixed-mode zwitterionic sorbents
	2.3 Structure of sol-gel mixed-mode zwitterionic sorbents
	2.4 Solid-phase extraction procedure
	2.5 Instrumentation and chromatographic conditions
	2.6 Validation parameters

	3 Results and discussion
	3.1 Synthesis of the sol-gel mixed-mode zwitterionic sorbents
	3.2 Characterization of sol-gel silica based mixed mode zwitterionic sorbents
	3.2.1 Fourier Transform Infrared Spectroscopy (FT-IR)
	3.2.2 Scanning Electron Microscopy (SEM)

	3.3 Optimization of the SPE procedure
	3.3.1 Extraction performance evaluation of the sorbents
	3.3.2 Optimization of the loading pH
	3.3.3 Optimization of the clean-up step
	3.3.4 Optimization of the elution
	3.3.5 Optimization of the loading volume

	3.4 Validation of the method
	3.5 Analysis of real samples

	4 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgments
	Supplementary materials
	References


