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porous organic polymers for
highly-efficient solid-phase extraction of b-
agonists and b-blockers in milk†

Ci Wu, *ad Xingshuang Ning,c Xi Chen,c Junfeng Ma,d Qun Zhao,b Li Zhao,b

Guozhi Zhub and Song Shi *b

A simple, accurate, and highly sensitive analytical method was developed in this study for the determination

of ten b-agonists and five b-blockers in milk. In this method, new adsorbent phosphonic acid-

functionalized porous organic polymers were synthesized through a direct knitting method. The

synthesis procedure of the materials and the extraction conditions (such as the composition of loading

buffer and eluent) were optimized. Benefitting from the high surface area (545–804 m2 g�1), multiple

functional framework and good porosity, the phosphonic acid-functionalized porous organic polymers

showed a high adsorption rate and high adsorption capacity for b-agonists (224 mg g�1 and 171 mg g�1

for clenbuterol and ractopamine, respectively). The analytes were quantified by ultra-high-performance

liquid chromatography coupled to high-resolution tandem mass spectrometry. It showed a good

linearity (with R2 ranging from 0.9950 to 0.9991 in the linear range of 3–5 orders of magnitude), with

low limits of quantification ranging from 0.05 to 0.25 ng g�1. The limits of detection of the method for

the analytes were measured to be in the range of 0.02 to 0.1 ng g�1. The recoveries of target analytes

from real samples on the material were in the range of 62.4–119.4% with relative standard deviations of

0.6–12.1% (n ¼ 4). Moreover, good reproducibility of the method was obtained with the interday RSD

being lower than 11.7% (n ¼ 5) and intraday RSD lower than 12.2% (n ¼ 4). The proposed method was

accurate, reliable and convenient for the simultaneous analysis of multiple b-agonists and b-blockers.

Finally, the method was successfully applied for the analysis of such compounds in milk samples.
Introduction

b-Agonists, which possess a common b-phenyl-b-ethanol amine
group but vary in different substituents on the amine nitrogen
and phenyl ring, are normally used in symptomatic treatment of
asthma and chronic bronchitis and also in prevention of exer-
cise induced asthma.1 But an overdose of b-agonists can induce
heart palpitations, muscle tremors, and even malignant
tumors. Many countries including the European Union (EU)
and China have banned using b-agonists as growth promoting
agents in farm animals.2 However, they are still sometimes
illegally used as feed supplements to increase feed efficiency
and obtain greater muscle to fat ratio in animal husbandry
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because they can increase production of leaner meat.1 b-
Blockers, which also have an ethanol amine side chain bonded
to the aromatic ring via a CH2–O-bond in the structure, are
among themost prescribed drugs and frequently recommended
in patients with hypertension, angina, myocardial infarction,
arrhythmias, and heart failure.3 Furthermore, b-blockers may
be abused by athletes to lower anxiety in some competitions.
Thus, b-blocker residues may be present in environmental
samples due to high consumption. Those kinds of misapplica-
tion or illegal use could lead to the presence of b-agonist and b-
blocker residues in food of animal origin (such as milk, one of
the most important components of the human diet).4 Extensive
consumption of food containing b-agonists or b-blockers could
be very harmful for humans. Therefore, developing a sensitive
and specic analytical method is of critical importance for
monitoring the abuse of b-agonists and b-blockers to ensure
food safety.

Due to the complexity of the composition of matrices and the
trace amounts of analytes of interest, an effective extraction/
purication strategy prior to nal analysis is a prerequisite for
determination of b-agonists and b-blockers. In recent years,
various pretreatment techniques for the extraction of such
residues from biological samples have been developed,
RSC Adv., 2021, 11, 28925–28933 | 28925
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View Article Online
including the QuEChERS (Quick, Easy, Cheap, Effective,
Rugged, and Safe) technique,5 solid phase extraction (SPE),6–8

immunoaffinity chromatography (IAC)9 and supercritical uid
extraction (SFE).10 Among these strategies, SPE has been the
most frequently used method owing to several advantages: low
reagent consumption and no requirement of expensive appa-
ratus,11,12 high sensitivity and good recovery with minimal
sample transfer,13–16 enhanced simplicity of operation with
robustness,17 and great safety with less exposure to toxic
agents.18,19 The performance of the SPE technique depends on
both the adsorption capacity and adsorption/desorption
kinetics, and the SPE adsorbent directly affects the extraction
efficiency and the analysis sensitivity. Thus, during the past
several years, signicant efforts have been made towards the
development and characterization of advanced sorbent mate-
rials, such as molecularly imprinted polymers (MIPs),20,21

graphene-based nanocomposites,22–25 functionalized covalent
organic frameworks (COFs)26–28 andmagnetic nanoparticles,29–32

to enhance selectivity or specicity towards target analytes and
improve adsorption capacity.33–35 Currently, SPE adsorbents
developed for the extraction of b-agonists and b-blockers from
complex samples are C18 based materials,21,36 polymeric cation-
exchange resins,37 divinylbenzene38 and mixed-mode cation
exchange (MCX)39,40 materials (based on reversed phase and ion
exchange interaction). Nevertheless, it is still a challenge for the
determination of b-agonists and b-blockers by using SPE
adsorbents with high adsorption capacity and fast sorption/
desorption.41

Porous organic polymers (POPs)42–45 are a class of newly
developed porous materials synthesized from organic mono-
mers. A number of such materials have been designed,
including hyper-crosslinked polymers (HCPs), polymers of
intrinsic microporosity (PIMs), covalent organic frameworks
(COFs), conjugated microporous polymers (CMPs), covalent
triazine frameworks (CTFs) and porous aromatic frameworks
(PAFs). Recently, this kind of material has gained popularity as
SPE absorbents with the advantages of good physicochemical
stability and high diversity in structure and functionality. Li
et al.46 synthesized hydrazine linked COFs for enrichment of
Sudan dyes in food samples. Shortly aerwards a magnetic
polyphenylene CMP and microporous organic polymers (MOPs)
based on a Schiff base network (SNW-1) were reported by this
group for the enrichment of hydroxylated polycyclic aromatic
hydrocarbons (OH-PAHs)47 and volatile fatty acids,48 respec-
tively. Qiu et al.49 used a kind of magnetic CTF with high surface
area to remove organic dye from aqueous solutions. Zhang et al.
prepared a CTF-based material for reversed-phase/hydrophilic
interaction mixed-mode separation of organic pollutants50 and
hydrophilic–lipophilic balance/cation-exchange extraction of
benzimidazole fungicides.51 Dubey et al.52 reported CTFs as
a promising sorbent for analysis of chemical weapons conven-
tion related compounds. Wang et al.53 developed carbazole-
based heterocyclic conjugated POPs for SPE of triazine herbi-
cides in vegetables. The application of POPs as adsorbents for
extraction of other compounds is still under explored. Consid-
ering the phenyl-ethanolamines structure in b-agonists and b-
blockers, POP materials hold great promise for high-efficient
28926 | RSC Adv., 2021, 11, 28925–28933
and selective extraction of them by taking advantage of the
large surface area, hydrophobic nature and easy modication of
the framework.

In this manuscript, phosphonic acid-functionalized porous
organic polymers (PPOPs) were developed through a direct
knitting method and exploited as novel adsorbents for the solid-
phase extraction (SPE) of b-agonists and b-blockers in milk
samples. With the high adsorption capacity, adsorption rate
and good selectivity of the PPOPs, ten b-agonists and ve b-
blockers in real milk samples were condently identied by
using the prepared materials for the SPE sample work-up prior
to analysis by liquid chromatography coupled with high reso-
lution mass spectrometry (HRMS). To our knowledge, this is the
rst example of employing porous organic polymers for the
analysis of veterinary drug residues in human diet milk.
Materials and methods
Materials and apparatus

Phenylphosphonic acid (PPA, >98.0%) was purchased from TCI
(Shanghai, China). 1,2-Dichloroethane ($99%) and trichloro-
acetic acid (TCA, $99%) were purchased from Kemiou Chem-
ical Reagent Co., Ltd (Tianjin, China). Dimethoxymethane
(DMM, 98%) was purchased from Alfa Aesar Chemical Reagent
Co. Ltd (Tianjin, China). FeCl3 ($97.0%) and formic acid (FA,
�98%) were obtained from J&K Scientic Ltd (Beijing, China).
Ammonium hydroxide (28–30 wt%, AR) was purchased from
Shanghai Hushi Laboratorial Equipment Co. Ltd. Toluene
(Kemiou, Tianjin, China) was reuxed (110 �C) over sodium and
distilled (136 �C). Methanol and acetonitrile were purchased
from Merck (Darmstadt, Germany). Ractopamine, salbutamol,
terbutaline, cimaterol, clenbuterol, tulobuterol, propranolol,
clorprenaline, atenolol, betaxolol, nadolol, sotalol, cimbuterol,
and mabuterol (>97.0%) were purchased from Dr Ehrenstorfer
(Augsburg, Germany). Deionized water was used in the experi-
ments (Millipore, Milford, MA).

For the nitrogen adsorption–desorption measurements
(QuadraSorb SI4, U.S.A.), thematerials were pretreated at 100 �C
for 12 h under vacuum. Morphology of the material was char-
acterized by a JSM-6330F (JEOL, Tokyo, Japan) scanning elec-
tron microscopy (SEM). Transmission electron microscope
images (TEM) were collected on a JEM 2000EX. The nuclear
magnetic resonance spectra of 13C cross polarization/magic-
angle spinning nuclear magnetic resonance (13C CP/MAS
NMR) were collected on a Bruker DRX-400 spectrometer
equipped with a magic angle spin probe in a 4 mm ZrO2 rotor.
The experimental parameters for 13C CP MAS NMR experi-
ments: 6 kHz spin rate, 2 s pulse delay, 6 ms contact time, 1500–
3000 scans. Thermal gravity analysis (TGA) measurements were
carried out on a NETZSCH STA 409 PC instrument. The P
element content of thematerial was measured using Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES/PE
Optima 8000, Thermo-Fisher, San Jose, CA). Milk samples
were decomposed with a full automatic microwave (WX-
8000KJ160, Preekem, Shanghai, China), with solid-phase
extraction performed on a device Supelco-24 (USA).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of phosphonic acid-functionalized porous organic
polymers

The phosphonic acid-functionalized porous organic polymers
(PPOP) was synthesized via the Friedel–Cras alkylation reac-
tion, a reaction which had been adopted previously.54 The
mixture of monomers (toluene and phenylphosphonic acid with
various ratios), cross-linker (DMM, 0.04mol, 3.04 g) and catalyst
(FeCl3, 0.04 mol, 6.5 g) were dissolved in 1,2-dichloroethane
(DCE, 20 mL) in a round bottom ask. Then the ask was
heated at 45 �C for 5 h to form a primary framework, followed by
heating at 80 �C for 19 h to complete the condensation reaction
to produce a meso- and microporous polymer. Aer washing
with 15 mLmethanol three times, the solid product was Soxhlet
extracted in methanol for 24 h followed by drying in a vacuum
oven at 60 �C for 24 h. PPOPs with different phosphate contents
were synthesized with various molar ratios of the monomer
mixture, producing dark brown powders.
Sample preparation procedure

Five grams of milk samples were weighed and placed into
a 50mL centrifuge tube. NinemL of water with 3% TCA solution
and 1 mL of ACN were added into the sample. Then, the sample
was thoroughly mixed and extracted by vortex for 5 min. The
extracts were centrifuged at 10 000 rpm for 10 min at 4 �C and
the supernatant was collected for further clean-up.

The PPOP adsorbent (60 mg) was added into a Teon tube,
serving as a SPE column. SPE extraction was performed using
gravity, without external vacuum or pressure applied. The
column was initially pre-activated by adding 2 mL of ACN onto
the top of the SPE column and then equilibrated by adding 2mL
of 0.1% FA. 5 mL of extracted sample in 10% ACN and 3% TCA
buffer was loaded onto the pre-conditioned SPE column. Aer
washing with 0.1% FA (2 mL), analytes were eluted from the SPE
column by acetonitrile with 5% aqueous ammonia (5 mL). The
eluate was collected and evaporated to dryness. Aer being
reconstituted with 0.5 mL of water/ACN (5 : 95, v/v), the result-
ing solution was ltered through a 0.2 mm nylon lter and
analyzed by UPLC-MS/MS.
UPLC-HRMS analysis

Sample analyses were performed on a UPLC-HRMS equipped
with a UPLC pump (Dionex UltiMate 3000, U.S.A.), controlled by
Xcalibur soware version 4.0. A reversed-phase Accucore RP-MS
column (Thermo Fisher Scientic, 100 � 2.1 mm, 2.6 mm
particle size) was employed for the separation of analytes. The
column temperature was set at 40 �C. The ow rate was 0.3
mL min�1. The mobile phases were H2O with 0.1% FA as phase
A and methanol as phase B. The UPLC gradient was set as
follows: 5% B (0 min)–5% B (2 min)–30% B (7 min)–90% B (11
min)–90% B (13 min)–5% B (16 min). The temperature of the
sample manager was set as 5 �C. The sample injection volume
was 5 mL.

Mass spectrometry analysis was performed with a Q-Exactive
plus (Thermo Fisher Scientic, Rockford, IL, U.S.A.). A heated
electrospray ionization source was used for the ionization of
© 2021 The Author(s). Published by the Royal Society of Chemistry
analytes. The spray voltage was set as 3.20 kV in positive mode,
and the included charge state was set at 1. The capillary
temperature was set as 320 �C. Sheath gas ow rate and aux gas
ow rate were set at 40 and 10 (in arbitrary units), respectively.
The aux gas heater temperature was 350 �C. The S-lens RF level
was 50.0. All MS and MS/MS spectra were acquired by Orbitrap.
Chromatographic peak width was set as 10 s. The scan range
was at m/z 100–1000. In full scan MS mode, the resolution was
set as 70 000. The AGC (automatic gain control) target and
maximum IT (injection time) were set as 1 � 106 ions capacity
and 50 ms, respectively. The resolution of MS/MS mode was
17 500, and the AGC target was set as 2 � 105. The isolation
window was set as 2.0m/z, loop count was 1 and MSX count was
1. The normalized collision energy (NCE) was 30%.

Adsorption of analytes by PPOPs

The adsorption experiment was performed with ractopamine
and clenbuterol, two commonly used model analysts previ-
ously.25,55 To determine the adsorption isotherms at 25 �C, 2 mg
of adsorbents were added to a series of ractopamine and clen-
buterol solutions (1 mL) with various initial concentrations
(0.01–1 mg mL�1), with 2 mL centrifuge tubes containing the
mixture solution shaken on a shaker at 25 �C for 2 h. Then, the
adsorbents were centrifuged and separated from the suspen-
sion, with the remaining analyte concentration determined by
UPLC-MS/MS. Adsorption capacity (Qe, mg m�2) of the prepared
materials is calculated as follows (eqn (1)):

Qe ¼ 1000 � (C0 � Ce) � V/(m � SBET), (1)

where C0 and Ce are initial and equilibrium concentration of
agonists (mg mL�1), respectively, SBET (m2 g�1) is the BET
specic surface area of the adsorbent, m is the adsorbent mass
(mg) and V is the mixture volume (mL).

The amounts of analytes adsorbed at different contact times
were calculated from (eqn (2)):

Qt ¼ 1000 � (C0 � Ct) � V/(m � SBET), (2)

where Qt (mg m�2) is the amount of analytes adsorbed per
square meter of adsorbent at time t, and Ct (mg mL�1) is the
concentration of analytes at time t.56

Method validation

Matrix-matched standards were used to obtain calibration
curves for the 15 target compounds (including ten b-agonists:
ractopamine, salbutamol, terbutaline, cimaterol, clenbuterol,
tulobuterol, clorprenaline, mabuterol, cimbuterol and brom-
buterol; and ve b-blockers: atenolol, betaxolol, nadolol, sota-
lol, and propranolol). Under the positive ionization mode,
calibration curves were obtained by a linear regression analysis
on the standard solution areas versus analyte concentrations
with a series of external standard concentrations.

Mixed working solutions were prepared by spiking different
amounts of standards into blank milk samples. Eighteen
concentration levels of 0.02, 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25,
50, 100, 250, 500, 1000, 2500, 5000, and 10 000 ng g�1 were used
RSC Adv., 2021, 11, 28925–28933 | 28927
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Fig. 1 Schematic of the preparation of PPOPs.
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to investigate linear ranges and limits of detection (LODs).
Three concentration levels (0.5, 1.0 and 5 ng g�1), obtained by
spiking standards into blank milk samples before extraction,
were prepared for measurement of recovery and reproducibility.
The relative recovery was evaluated by comparing the response
of 15 compounds in spiked solutions before and aer extraction
at above low, medium, and high concentration levels.

The accuracy and precision of the whole analytical procedure
were evaluated by spiking into whole milk samples at 0.5, 1, and
5 ng g�1 (four replicates at each level). The analytes were
extracted as described in the extraction and purication
procedure.
Results and discussion
Preparation and characterization of PPOPs

In this study, PPOPs were synthesized based on the direct
knitting method. Specically, dimethoxymethane (DMM) was
used as an external cross-linker to react with two aromatic
monomers (i.e., toluene and phenylphosphonic acid), as shown
in Fig. 1. Materials with various amounts of phosphonic acid
groups were obtained by adjusting the ratio of toluene and
phenylphosphonic acid (PPA). Additionally, to remove residual
FeCl3 and unreacted monomers, the products have to be
washed with a Soxhlet extractor using methanol. It was found
that the amount of Fe was lower than 0.068% (wt%), demon-
strating the successful removal of residual FeCl3 in this work.
Typical synthesis conditions and properties (including P
content and porosity) of these materials were summarized in
Table 1. The results showed that the P content, representing the
phosphonic acid group amount in the materials, was increased
with the increase of the PPA/toluene molar ratio in the reaction
mixture.

Microstructures and porous characteristics of these PPOPs
were characterized by SEM images (Fig. S1†). It was revealed
Table 1 Elemental content (P), porosity and BET surface area of prepare

Materials PPA/toluene (mol mol�1) P content (mmol g�1) BE

POP10 1/9 0.233 78
POP20 1/4 0.252 78
POP40 2/3 1.479 80
POP60 3/2 2.116 72
POP80 4/1 2.695 54

28928 | RSC Adv., 2021, 11, 28925–28933
that the surface of PPOPs was homogeneous and porous with
micrometer pores. The porous structure of PPOPs was also
supported by TEM images (Fig. S2†). A translucent feature could
be observed in the electron beam, probably due to the very high
porosity. This porosity of the absorbent is anticipated to render
good permeability which would contribute to the rapid mass
transfer during SPE.

The pore properties of the as-prepared PPOPs were further
investigated by using N2 adsorption–desorption isotherms
(Fig. 2a), with pore diameter distributions shown in Fig. 2b and
porosity parameters listed in Table 1. According to IUPAC
classication, the isotherm shapes of all samples exhibit type-IV
isotherms.57,58 All PPOPs displayed a sharp gas uptake at low
relative pressure (P/P0 < 0.002), demonstrating the existence of
extensive micropores. Pore size distribution analyses using the
Barrett–Joyner–Halenda (BJH) method revealed a broad range of
pore diameter distribution from 1 to 70 nm, reecting the
presence of both micropores and mesopores. The BET specic
surface areas (BET) of the as-synthesized composites varied
from 545 to 804 m2 g�1. Total pore volumes and average pore
diameter of all polymers were around 0.6 cm3 g�1 and 3 nm,
respectively.

The material POP20 was selected as the representative
material for further characterization, since it was approved to
have the best extraction performance for target analytes in our
work. Specically, POP20 was characterized with solid-state 13C
polarization/magic-angle spinning nuclear magnetic resonance
(13C CP/MAS NMR) NMR spectra and thermal gravimetric
analysis (TGA). The 13C NMR spectrum (Fig. 2c) clearly showed
the resonance peaks near 135 ppm due to substituted aromatic
carbon, and the resonance peak near 36 ppm due to carbon in
the methylene linker.59 The network based on toluene showed
a resonance peak at 19 ppm which can be assigned to methyl
carbon connected to the benzene ring. The thermal stability of
the material was evaluated by TGA under a nitrogen atmosphere
at a heating rate of 10 �C min�1 (Fig. 2d). It could be seen that
there was a little mass loss before 100 �C due to the removal of
adsorbed water, and further heating showed no obvious weight
loss up to 320 �C until thermal decomposition at 500 �C. The
TGA result suggested that the PPOP adsorbent (POP20) had
high thermal stability.
Optimization of extraction conditions

Milk samples contain a large amount of proteins and other
polar compounds, the chemical properties of which are similar
d materials

T surface area (m2 g�1) Pore volume (cm3 g�1)
Average pore
diameter (nm)

4.900 0.609 3.102
9.414 0.607 3.077
4.127 0.705 3.508
8.048 0.582 3.197
5.085 0.473 3.472

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) N2 sorption–desorption isotherms and (b) pore diameter distributions of PPOPs; (c) solid-state 13C NMR spectrum of POP20 and (d)
TGA curve of POP20.

Fig. 3 Effect of different PPOPs of on the extraction performance of
b-agonists and b-blockers under identical conditions.
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to b-agonists and b-blockers to some extent. Since these
compounds may also be adsorbed and desorbed in mixed-mode
SPE materials, they should be removed before SPE. Herein,
samples were pretreated with an aqueous acidic solution.
Proteins were precipitated out based on adjusting pH using
trichloroacetic acid (TCA).40 The content of TCA in the extrac-
tion solution was further investigated in this study. The semi-
transparent extraction solution was observed with TCA content
lower than 1% (w/v), which might be caused by insufficient
protein precipitation. As shown in Fig. 4a, the highest extraction
efficiency was achieved with 3% TCA (w/v). The samples were
then processed by SPE to enhance the detection performance.

Parameters that might affect the performance of SPE were
investigated to obtain the best detection sensitivity and
© 2021 The Author(s). Published by the Royal Society of Chemistry
selectivity for b-agonists and b-blockers. Firstly, eight typical
agonists were used to evaluate the extraction efficiency of PPOPs
with various contents of phosphate groups. As shown in Fig. 3,
with the increase of phosphate groups content in the PPOP
materials, the capture efficiency of targets was increased at rst
and decreased subsequently, with the highest efficiency achieved
with a PPA molar ratio of 20% (named POP20). This trend could be
ascribed to the interaction between PPOPs and b-agonists or b-
blockers. Besides cation exchange interaction from –PO4

3� groups,
hydrophobic interactions could also exist, considering the presence
of a large number of phenyl groups. This was proved by the effect of
ACN content in the adsorption solvent on the extraction efficiency,
as shown in Fig. 4b. It could be seen that the extraction efficiency of
targets is decreased with the increase of the ACN concentration in
the loading buffer. These results indicated that the retention
mechanism was a combination of ion exchange and hydrophobic
interaction, thus it is crucial to achieve a balance between the
–PO4

3� groups and phenyl groups amounts in the material. More-
over, the effect of salt addition on the extraction efficiency was also
investigated by adding different concentrations of NaCl. As shown
in Fig. 4c, the extraction efficiency of targeted b-agonists decreased
with the increase of NaCl concentration in the loading buffer. With
that, POP20 was used as the optimized adsorbent and the loading
buffer with 10% ACN (v/v) was selected to get the optimum extrac-
tion efficiency of analytes for further experiments.

Additionally, the elution efficiency of three kinds of organic
solvents (including methanol/ammonia, ethanol/ammonia and
acetonitrile/ammonia) was evaluated (Fig. 4d). Among them,
acetonitrile/ammonia as desorption solvent provided the high-
est extraction efficiency towards most compounds. One reason
RSC Adv., 2021, 11, 28925–28933 | 28929
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Fig. 4 (a) Effect of TCA concentration in loading buffer on the
extraction efficiency of analytes; (b) effect of ACN content in loading
buffer on the extraction efficiency; (c) effect of salt concentration in
loading buffer on the extraction efficiency; (d) effect of eluent type on
the extraction efficiency (3 is the dielectric constant).

Fig. 5 Adsorption isotherms of (a) clenbuterol and (b) ractopamine
onto POP20, and the linear regression by fitting the equilibrium
adsorption data with the Langmuir adsorption model.
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might be that the dielectric constant (3) of ACN is higher than
the other two solvents, resulting in better solubility for b-
agonists and b-blockers.
Adsorption isotherms

Adsorption properties were demonstrated by using POP20 as
the adsorbent and clenbuterol and ractopamine as model
analytes. Fig. 5 shows the adsorption isotherms of clenbuterol
and ractopamine. It can be seen that the adsorption capacities
of clenbuterol and ractopamine increase with the increase of
the agonist concentration. Moreover, the shape of the isotherms
reveals L behavior according to the Giles classication,60 con-
rming a high affinity between the PPOP and target molecules.
The initial sharp rise indicates that a large amount of analyte is
adsorbed at a lower concentration as more active sites are
available. As the concentration increases, it becomes difficult
for b-agonist molecules to nd vacant sites, with saturated
adsorption achieved. By tting the equilibrium adsorption data
with the Langmuir adsorptionmodel, the adsorption capacity of
the agonist onto the composite was calculated from (eqn (3)):56

Ce/qe ¼ 1/(b � qm) + Ce/qm; (3)
28930 | RSC Adv., 2021, 11, 28925–28933
where qe (mg g�1) is the equilibrium adsorption capacity, Ce (mg
L�1) is the equilibrium concentration of b-agonist in the solu-
tion, qm (mg g�1) is the monolayer adsorption capacity, and b (L
mg�1) is the Langmuir constant. The linearization of the
equations and the values of the correlation coefficient (R2) for
clenbuterol and ractopamine are y ¼ 0.0031x + 0.0018, R2 ¼
0.992 and y ¼ 0.0049x + 0.0012, R2 ¼ 0.991, respectively, indi-
cating that the adsorption of b-agonists conforms to Langmuir's
adsorption model. Remarkably, the adsorption capacities of
clenbuterol and ractopamine were calculated to be 224 mg g�1

and 171 mg g�1, respectively. Of note, the adsorption amount of
our material for clenbuterol is approximately 3.7 times higher
than that of the very recently reported polymeric ionic liquid-
molecularly imprinted graphene oxide nanocomposite mate-
rial.25 The excellent adsorption capacity could be attributed to
the high surface area of our material and strong adsorption via
ion exchange and hydrophobic interaction.
Adsorption kinetics

To have a better understanding of adsorption kinetics, the effect
of contact time on the adsorption of b-agonist was investigated
with an initial concentration of 1.0 mgmL�1. As shown in Fig. 6,
the adsorption capacities increase rapidly in a short contact
time and reach equilibrium at 10 min, indicating both a high
adsorption capacity and high adsorption efficiency of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Adsorption curves of analytes onto POP20 versus contact time
in aqueous solution, and the insets of the figure show the pseudo-
second-order kinetic plot for the adsorption (analytes concentration:
1000 mg L�1): (a) clenbuterol and (b) ractopamine.
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adsorbent for the extraction of b-agonists and b-blockers. This could
be attributed to a broad pore diameter distribution frommicropores
to mesopores of the material. Since the adsorption kinetics of our
Table 2 Analyte recovery and RSD of b-agonists and b-blockers spiked

Compound

Spiked (0.5 ng g�1)

Recovery (%) RSD (%)

b-Agonists Ractopamine 106.8 5.1
Salbutamol 117.1 2.1
Terbutaline 97.1 4.5
Cimaterol 96.3 9.8
Clenbuterol 107.3 3.5
Tulobuterol 83.2 8.1
Clorprenaline 85.1 11.1
Cimbuterol 103.6 4.2
Brombuterol 80.3 2.7
Mabuterol 112.4 3.0

b-Blockers Nadolol 89.1 3.3
Atenolol 62.4 2.6
Sotalol 112.9 8.3
Betaxolol 110.6 5.7
Propranolol 88.8 5.4

© 2021 The Author(s). Published by the Royal Society of Chemistry
materials is quite similar to that of hierarchically micro- and mes-
oporous materials, we calculated the kinetics parameters by the
pseudo-second order kinetic equation (eqn (4)):61

t/qt ¼ 1/(k2 � qe
2) + t/qe; (4)

where k2 (g mg�1 min�1) is the rate constant of the pseudo-
second order adsorption, and qe and qt are the amounts of
agonist adsorbed (mg g�1) at equilibrium and at time t (min). The
correlation coefficients for the ttings of clenbuterol and rac-
topamine are 0.9985 and 0.9986, respectively, suggesting the
adsorption of agonist onto the surface of the adsorbent follows
a pseudo-second-order kinetic model. The values of k2 for clen-
buterol and ractopamine under these conditions in the present
work were determined to be 6.51 � 10�3 g mg�1 min�1 and 7.10
� 10�3 g mg�1 min�1, respectively. These values exceed many
other absorbents including some hierarchically porous mate-
rials,49,62 which can be attributed to the large pore volumes of the
materials and a broad pore distribution from microporous to
mesoporous regimes in the solids as mentioned above.
Method validation

The rened sample pre-treatment followed by UHPLC-HRMS
was then applied for the analysis of ten b-agonists and ve b-
blockers (see the Materials and methods section). For investi-
gation of linearity and LOQs, solutions spiked with 18 concen-
tration levels were analyzed, with the results displayed in Table
S1.† It showed a good linearity with regression coefficients
ranging from 0.9950 to 0.9991 and with the linear range of 3–5
orders of magnitude. The LOQs ranged from 0.05 to 0.25 ng g�1.
The limits of detection of the method for the analytes were
measured with 0.02 to 0.1 ng g�1. Relative recovery and repro-
ducibility of the extraction method were measured by spiking
standards into blank milk samples before and aer the extrac-
tion process at three concentration levels (0.5, 1.0 and 5.0 ng
g�1) with four replicates. The recoveries of target analytes from
real samples on the material were in the range of 62.4–119.4%
in milk at three concentrations (n ¼ 4)

Spiked (1.0 ng g�1) Spiked (5.0 ng g�1)

Recovery (%) RSD (%) Recovery (%) RSD (%)

101.4 1.3 97.4 3.1
119.2 1.1 110.9 8.2
102.2 5.2 89.4 12.1
84.6 5.7 89.4 5.3

112.5 1.2 110.5 2.3
80.3 3.6 116.6 3.5
98.6 7.3 83.4 2.3
85.4 8.3 80.8 0.6
84.3 1.9 87.9 7.1

112.9 1.6 111.8 2.8
82.0 2.2 83.1 4.1
69.2 2.7 67.7 0.6

109.8 4.0 101.0 5.3
119.4 1.0 110.6 2.7
73.9 3.2 68.5 7.2

RSC Adv., 2021, 11, 28925–28933 | 28931

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04481h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 7
/1

2/
20

25
 8

:5
7:

46
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
with relative standard deviations of 0.6–12.1% (n ¼ 4). Detailed
information for all analysts is displayed in Table 2. Moreover,
the precision was further determined by calculating the RSD for
repeated measurements by determining the inter-day and
intraday RSD values. As shown in Table S2,† the inter-day and
intraday RSD were lower than 11.7% (n ¼ 5) and 12.2% (n ¼ 4),
respectively, which were in good agreement with 2002/657/EC
requirements, demonstrating the excellent method precision.

Table S3† shows the performance comparison between the
proposed strategy based on PPOP and other analytical methods
reported for the determination of b-agonists. Our method
showed advantages in terms of detection throughput and LOQs.
For example, the LOQs of this method are equal to or more
favorable than that of some traditional methods. These results
demonstrate that the proposed method can full the need for
trace analysis of b-agonists and b-blockers in complex matrix
samples, with reliable processing and precise quantication.
Application to real samples

The method was applied for analysis of 10 real raw milk samples
collected from different manufacturers (Dalian) in China. All
milk samples were processed according to themethod described,
and no detectable b-agonist or b-blocker residues were identied,
probably due to stringent regulations of the government.
Conclusions

In conclusion, a type of phosphonic acid-functionalized porous
organic polymer (PPOP) with high surface area was synthesized
through a direct knitting method. The material was exploited as
a novel adsorbent for the solid-phase extraction (SPE) of b-
agonists and b-blockers in milk, with the eluents analyzed by
UPLC-HRMS. This new analytical approach exhibited high
adsorption capacity, good linearity (R2 ¼ 0.9950–0.9991) in the
linear range of 3–5 orders of magnitude and high sensitivity
(LOQ: 0.05–0.25 ng g�1). The recoveries of target analytes from
real samples on the material were in the range of 62.4–119.4%
with relative standard deviations of 0.6–12.1% (n ¼ 4). More-
over, good reproducibility of the method was obtained with the
inter-day RSD being lower than 11.7% (n ¼ 5) and intraday RSD
lower than 12.2% (n ¼ 4). Finally, the method was successfully
applied to the detection of ten b-agonists and ve b-blockers
and the screening of them in real samples. Taken together,
these results indicate that our method can be a valuable tool in
regulatory laboratories for the control of illegal usage of such
drugs in milk products.
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