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APPLICATION OF MOLECULAR IMPRINTED POLYMERS  
FOR SELECTIVE SOLID PHASE EXTRACTION  

OF BISPHENOL A 

ZASTOSOWANIE POLIMERÓW Z NADRUKIEM CZ ĄSTECZKOWYM  
DO SELEKTYWNEJ EKSTRAKCJI DO FAZY STAŁEJ BISFENOLU A 

Abstract:  Selective molecularly imprinted polymers (MIPs) with bisphenol A as template were synthesized using 
the non-covalent imprinting approach. MIPs were prepared using thermally initiated polymerization with  
1,1’-azobis(cyclohexanecarbonitryle) (ACHN) as initiator and ethylene glycol dimethacrylate (EDMA) as  
a cross-linking agent. The tested functional monomers included methacrylic acid, acrylamide, and 4-vinylpyridine. 
The selectivity of the BPA-MIP for the solid phase extraction of bisphenol A was tested in samples containing 
other related alkylphenols. The polymers prepared in acetonitrile using methacrylic acid or acrylamide as 
monomer showed the highest selectivity towards target analyte (the selectivity ratio 8:1, respectively for MIP and 
NIP). The proposed procedure has been proven to be an effective for selective extraction of bisphenol A in 
aqueous samples (recoveries over 85%) enabling detection and quantification limits of 25 and 70 µg/dm3, 
respectively based on 10 cm3 of sample volume, with relative standard deviations (RSD) lower than 6%. The 
obtained molecularly imprinted material showed interesting properties for selective extraction and 
preconcentration of studied analyte from large volumes of aqueous samples without any problems of cartridge 
clogging. 

Keywords: bisphenol A, molecularly imprinted polymer, 1,1’-azobis(cyclohexanecarbonitryle), water analysis, 
solid-phase extraction 

Introduction 

In the last years, many papers describing the occurrence of chemicals (xenobiotics) 
responsible for disrupting the proper function of living animals (especially water 
organisms) have been published [1-14]. These studies also apply to the determination of 
bisphenol A (BPA, 2,2-bis(4-hydroxylphenyl)propane) that use has been a point of 
controversy for the recent years [15-19].  

The various tests in rodents proven that BPA competed with (3H) estradiol for binding 
to estrogen receptors (ER) from rat uterus [17]. It has been demonstrated, that BPA leads to 
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sterility among males, reduces in milk production among females and fosters to the 
development of cancer [15, 16]. Also, the estrogenic activity of saliva samples collected 
from patients with a fissure sealant was strongly related to the BPA content [20, 21]. The 
source of bisphenol A is polycarbonate plastics, phenolic and epoxy resins (used for lining 
food and beverage cans) as well as dental sealants where this chemical was used as an 
important intermediate (e.g. as an antioxidant or polymerization inhibitor). In this case, 
incomplete conversion of monomers during the polymerization process can leach out of the 
bisphenol A, from such materials into the environment, especially during heating of the 
cans or contact with basic or acidic substances [22, 23]. It seems that bisphenol A can 
easily get into the environment, widely exist there and finally migrate into the human body 
to produce adverse effects on health [24]. Therefore the monitoring of these endocrine 
disrupting chemicals should be of immense importance. 

Reported concentration of bisphenol A in environmental samples is very low, and the 
application of specific preconcentration and sample clean-up steps, before the use of highly 
sensitive analytical techniques are mandatory [25-28]. For this purposes, the various types 
of extraction methods such as solid phase extraction (SPE) [20, 27, 29-33], liquid-liquid 
extraction (LLE), accelerated solvent extraction (ASE) [34] as well as membrane extraction 
(ME) [35, 36] have been widely applied. In many cases, the techniques such as LLE, ASE, 
and ME made possible an efficient isolation of studied analyte, whereas, for 
preconcentration step, a using of subsequent solid phase extraction cartridges was necessary 
to be performed additionally. The commercially available extraction cartridges possess 
some drawbacks like the low selectivity and column clogging when large amounts of 
samples are loaded. The application of molecularly imprinted polymers (MIPs), as sorbents 
in solid phase extraction approach, might overcome this limitation [37-41]. These polymers 
have many advantages, such as selectivity, the simplicity of implementation and low-cost 
materials. Additionally, MIPs are reusable and have high stability and resistance to acids, 
organic solvents, and high temperatures. It has been reported that BPA-imprinted MIPs 
prepared by various imprinting techniques have been successfully used as SPE sorbents to 
different samples for low BPA concentration [37, 39, 42-50]. In the most cases, the  
BPA-imprinted polymers exhibited higher binding affinities than non-imprinted polymers 
toward BPA extraction. However, the selectivity studies of BPA extraction from the 
mixtures of several related structural analogs with an application of synthesized BPA-MIPs 
and various solvents during washing step were not always satisfied enough. In fact, the 
increase of the volume of washing solvent during MISPE procedure decreased the BPA 
enrichment effect whereas the obtained recoveries values for its analogs did not 
significantly change [47, 49]. Often, a compromise solution for washing step was required 
to be employed to obtain a specific selectivity. 

This study demonstrates the synthesis of BPA - molecularly imprinted polymers using 
non-covalent polymerization technique and their use to selectively extract and concentrate 
bisphenol A molecules from water samples containing other phenolic structural analogs. 
Here, we have examined the selectivity and binding recognition properties of obtained 
BPA-MIP depending on the application of different functional monomers (methacrylic acid 
(MAA), acrylamide (AA) and 4-vinylpiridyne (4-VP)) as well as porogenic solvents. 
Furthermore, this work also focused on the evaluation of specific molecularly imprinted 
solid phase extraction (MISPE) for selective and continuous isolation and preconcentration 
of BPA in the presence of other structurally related compounds (other alkylphenols). The 
MISPE extracts analyzed using HPLC with diode array detection (PDA). The imprinted 
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sorbent with the best molecular recognition abilities was successfully applied to the 
analysis of bisphenol A in real river water samples showing the applicability of proposed 
analytical procedure.  

Experimental  

Materials 

Methacrylic acid (MAA), 4-vinylpirydine (4-VP), acrylamide (AA), ethylene glycol 
dimethacrylate (EDMA), bisphenol A (BPA), nonylphenol (NP), 4-tert-octylphenol (t-OP) 
and 2-phenylphenol (2-PP) were purchased from Sigma-Aldrich (Poznan, Poland). The 
thermally decomposing initiator, a 1,1’-azobis (cyclohexanecarbonitryle) (ACHN,  
Sigma-Aldrich, purity > 98%) was used as received and kept in a freezer. Anhydrous 
solvents for polymers synthesis: chloroform (CHCl3), toluene (C6H5CH3), acetonitrile 
(CH3CN) and dichloromethane (CH2CL2) as well as all other solvents were of analytical 
grade and were purchased from POCH (Gliwice, Poland). The monomers: methacrylic acid 
(MAA) and 4-vinylpiridine (4VP) were purified by vacuum distillation to remove the 
polymerization inhibitor. EDMA was purified with extraction method by using 10% 
solution of sodium hydroxide, then saturated solution of sodium chloride and dried over 
anhydrous magnesium sulfate. HPLC grade acetonitrile was from J.T. Baker (Mallinckrodt 
Baker, Deventer, The Netherlands). Water was purified in our laboratory using a Milli-Q 
system from Millipore (Bedford, MA, USA). Stock solutions of each analyte were prepared 
at 1 mg/cm3 in methanol and stored at 4ºC in the dark. Working solutions were daily 
prepared by the appropriate dilution of the stock solutions.  

Synthesis of bisphenol A-imprinted polymers  

Polymers imprinted (MIPs) with bisphenol A were prepared by bulk polymerization, 
using the non-covalent approach with the application of three various types of functional 
monomers (methacrylic acid, acrylamide or 4-vinylpirydyne) and ethylene glycol 
dimethacrylate (EDMA) as a crosslinking monomer. Chloroform, toluene (C6H5CH3), 
acetonitrile (CH3CN) and dichloromethane (CH2CL2) were used as a porogen. 0.25 mmol 
of BPA, 4 mmol of appropriate functional monomer, 20 mmol of EDMA and 1% of ACHN 
as radical initiator were dissolved in 12 cm3 of porogen in a glass tube. The test tube with 
the polymerization mixture was purged with nitrogen for 5 minutes. The polymerization 
was thermally initiated at 60°C, and the reaction was carried out for 24 hours. The obtained 
solid polymers were crushed and sieved (using a 250 mesh sieve). Template removal was 
performed by solid phase extraction using methanol as an elution solvent, resulting in  
3 solvent cycles (3 · 10 cm3). To estimate the effectiveness of BPA removal, 1 cm3 aliquots 
of the extracts were taken after each SPE procedure and were analyzed by HPLC-PDA 
system. Non imprinted polymers (NIP) were prepared under identical conditions without 
the addition of template molecule - BPA. The details about synthesized polymers, their 
compositions were shown in Table 1.  

MISPE condition 

Solid phase extraction was performed using 12-position manifold of Baker with  
a vacuum pump (KNF Neuberger Laboport, Trenton, New Jersey). 100 mg of molecularly 
imprinted polymers were packed with MeOH into PTFE empty SPE cartridge (1 cm I.D.,  
6 cm long, 3 cm3 volume, Supelco, Bellefonte, USA), protected from both side with Teflon 
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frits also from Supelco. Before samples were processed, conditioning of the polymer with  
1 cm3 of methanol and 1 cm3 of Milli-Q water was performed. Then 10 cm3 of a sample 
containing studied analyte(s) was loaded. Elution solvent was 1.5 cm3 of mixture consisted 
of methanol, acetic acid, and water in ratio 95 : 2.5 : 2.5v/v/v, respectively. The polymer was 
regenerated by passing 5 cm3 of methanol and 5 cm3 of water. 

 
Table 1 

The type and chemical composition of synthesized molecularly imprinted polymers 

Polymer Porogen Templete - BPA [mmol] Crosslinker [mmol] Functional monomer [mmol] 
MIP 1 CH3CN 0.25 20 MAA [4 mmol] 
MIP 2 CHCl3 0.25 20 MAA [4 mmol] 
MIP 3 C6H5CH3 0.25 20 MAA [4 mmol] 
MIP 4 CH2Cl2 0.25 20 MAA [4 mmol] 
MIP 5 CH3CN 0.25 20 4-VP [4 mmol] 
MIP 6 CH3CN 0.25 20 AA [4 mmol] 
MIP 7 CHCl3 0.25 20 AA [4 mmol] 
MIP 8 C6H5CH3 0.25 20 AA [4 mmol] 
MIP 9 CH3CN 0.25 10 MAA [4 mmol] 
MIP 10 CH3CN 0.25 30 MAA [4 mmol] 
MIP 11 CH3CN 0.25 20 MAA [2 mmol] 
MIP 12 CH3CN 0.25 20 MAA [6 mmol] 
MIP 13 CH2Cl2 0.25 10 MAA [4 mmol] 
MIP 14 CH3CN 0.50 20 MAA [4 mmol] 
MIP 15 CH2Cl2 0.50 20 MAA [4 mmol] 
MIP 16 CH3CN 1.0 20 MAA [4 mmol] 

HPLC analysis 

Chromatographic analysis was carried out with Dionex UltiMate 3000 HPLC system 
(Sunnyvale, CA, USA) equipped with a quaternary pump, an on-line degasser, an 
autosampler, an automatic injector, a column thermostat and diode array detector (PDA). 
Data acquisition was controlled by Chromoleon series software from Dionex. Phenolic 
compounds were analyzed on Microsorb-MV, C18 (150 mm x 4.6 mm I.D., 5 µm, 100 Å) 
HPLC column protected by a MetaGuard column (4.6 mm MonoChrom, 5 µm, C18) both 
from Varian (Palo Alto, USA). Gradient elution of acetonitrile (A) and water (B) as elution 
solvents delivered at a constant flow of 1 cm3/min was applied. The elution profile was 
programmed as follows: t = 0 min 50A : 50B; t = 5 min 65A : 35B; t = 15 min 95A : 5B;  
t = 30 min 95A : 5B; t = 35 min 65A : 35B; t = 40 min 50A : 50B. For all phenolic 
compounds, UV detection was performed at 225 nm.  

Analysis of real samples 

Once the optimized MISPE experimental conditions had been established, surface 
water samples were used to demonstrate the applicability of the synthesized materials for 
the extraction of bisphenol A from real samples. In this way, surface water samples, from 
Odra River (Opole City, southern West Poland) were collected in 2.5 dm3 amber glass 
bottles, filtered on 0.22 - µm cellulose acetate filters and stored at 4ºC in the dark until 
measurement. The samples were fortified with the target analytes at concentration level  
20 µg/dm3. Then, they were centrifuged for 10 min (3000 rpm, 20ºC) to remove suspended 
matter. All the analyses, at least, have been carried out of triplicate.  
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Results and discussion 

Influence of polymerization parameters on MIPs recognition abilities 

The proper selection of chemicals and stoichiometrical composition of polymerization 
mixture plays a crucial role in the imprinting process. It influences the molecular 
recognition properties of synthesized polymers. Solvent plays a critical role in the 
formation of the porous structure of molecularly imprinted polymers [51-53]. The polarity 
of solvents used in imprinting process affects the specificity of obtained polymers. 
Therefore, four molecularly imprinted polymers with methacrylic acid (MAA) as functional 
monomer and various porogenic solvents such as acetonitrile (MIP1), chloroform (MIP 2), 
toluene (MIP 3) and dichloromethane (MIP 4) were synthesized. To study the effect of the 
type of functional monomer, the other MIPs, both in acetonitrile, were synthesized, using  
4-vinylpirydyne (MIP 5) and acrylamide (MIP 6). The obtained polymeric materials were 
then tested taking into account their recognition properties to extract BPA selectively from 
aqueous solutions.  

In this case, the cartridges with proper sorbents (MIP or NIP) were first rinsed with  
1 cm3 of water and 1 cm3 of methanol. Then aqueous spiked samples of BPA (10 cm3) at 
0.5 µg/cm3 concentration level were passed through the MISPE cartridges at a flow rate of 
1.5 cm3/min. Under these conditions, bisphenol A was fully retained on all the MIPs and 
NIPs (Fig. 1).  

 
 

 
Fig. 1. Effect of porogenic solvent and type of functional monomer used in MIPs synthesis on bisphenol 

recovery A from aqueous samples. Sample: 0.5 µg/cm3 of bisphenol A, 10 cm3 volume.  
(RSD < 5.4%, n = 6) 
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The obtained values of bisphenol A recovery were over 80%. It has been found that an 
increase of dielectric constant of porogen solvent led to the slight improvement of binding 
properties of synthesized MIPs towards corresponding NIPs (polymeric materials with 
methacrylic acid as functional monomer named MIP 1, MIP 4, MIP 5 and MIP 6). This 
dependence is supposed to be related to the possibility of formation the strongest hydrogen 
bonds, established between the template and monomer with solvents at a higher dielectric 
constant. This effect could be stronger, especially in the case of MAA which capacity in 
forming hydrogen bond is greater than that of acrylamide (AA) or 4-vinylpirydyne (4VP) 
[54, 55]. Nevertheless, the obtained selectivity of MIPs was not satisfied. Such small 
differences in values of BPA recovery between MIPs and NIPs (only 10-15%), testified that 
the template molecules, during sorption process, were bind non-specifically with SPE 
sorbent, by hydrophobic interactions. In this case, BPA was bind not only in imprinting 
sites (cavities) but also on the surface of copolymers porous.  

In the next step, the influence of the amount of applied cross-linker (EDMA) on MIPs 
recognition ability was investigated too. It has been observed that decreasing the 
concentration of crosslinker in polymerization mixture did not influence the quality of 
imprinted polymers (the size of particles) and its sorption and recognition properties 
advantageously. In this case, the type of porogenic solvent displayed to have a significant 
influence. When acetonitrile was applied as a porogen, the lowering of EDMA amounts 
from 20 mmol to 10 mmol caused that polymerization mixture reacted only partially. The 
obtained polymeric network (both MIP and NIP) were not dense enough and obtained 
sorbents were inappropriate for MISPE procedure. Their rigidity was not sufficient. 
Whereas an increase of cross-linker concentration (up to 30 mmol) did not improve  
a quality of the polymeric network, it is rigidity. Their application in MISPE procedure 
showed slight decreasing of BPA recovery (about 10-15%). The opposite situation was 
observed when dichloromethane was used as porogen solvent. An increasing of EGMA 
concentration resulted in obtaining MIPs with a structure very much nailed together, 
making the polymer crumbling impossible, even at the EGMA concentration 20 mmol. The 
concentration of 10 mmol of cross-linker allowed getting the satisfying polymeric material. 
Unfortunately, the desirable selectivity towards bisphenol A recovery from MIPs and 
adequate NIPs was still not satisfied.  

An effect of template amounts on polymer properties also was tested. It was observed 
that increased of the molar ratio of template to EGMA decreased the recognition abilities of 
bisphenol A significantly by synthesized MIPs. The obtained recovery values were 
decreasing from (92.2 ±0.9)% to (78.4 ±2.6)%, respectively for MIP 1 and MIP 10. The 
lowering of template concentration from 4 to 2 mmol did not influence the selectivity of 
applied MIP-SPE sorbents. 

Finally, the temperature conditions of polymerization procedure and its influence on 
properties of obtained polymers as well as an application in MISPE extraction were studied, 
as temperature initiated the polymerization process. The free radical polymerization could 
run due to the presence of initiator molecules, a 1,1’-azobis-(cyclohexanecarbonitryle) 
(ACHN). According to the literature data, its decomposition temperature is 37ºC [56]. 
Therefore, an effect of temperature range from 40 to 80ºC was studied. At a temperature of 
40 or 50ºC, the MIP polymerization was observed, but the rigidity of obtained polymeric 
network was too strong, so it is crushing, and application for SPE experiments was 
impossible. Only temperature conditions above 60ºC allowed obtaining molecularly 
imprinted polymers that could be used as sorbents in MISPE procedure. Further increasing 
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of temperature up to 80°C did not result in rising of MIP properties towards bisphenol 
recognition and obtaining an effective MISPE sorption.  

MIP selectivity 

The most important parameter that characterized MIPs is their selective molecular 
recognition. Therefore, in further experiments, the potential of obtained imprinted polymers 
towards selective sorption of BPA from spiked aqueous samples was evaluated. Several 
alkylphenol compounds such as nonylphenol (4NP), 4-tert-octylphenol (t-OP) and  
2-phenylphenol (2-PP) were selected to assess the selectivity of the MISPE protocol. In 
Figure 2, the obtained results of analyte recoveries on applied MIPs when loaded in water 
sample were presented. 

 

 
Fig. 2. Recovery values of bisphenol A and other alkylphenol compounds after running MISPE 

procedure. Sample: 10 cm3 volume of sample with analytes at concentration 0.5 µg/cm3  
(RSD < 4%, n = 6)  

All the alkylphenols included the applied MIPs retained BPA (the highest value of 
recovery). However, the composition of study MIPs (a type of porogenic solvent and 
applied functional monomer) strongly influenced the binding properties of MISPE sorbents, 
considering the other analytes presented in the samples. Both BPA and 2-PP were extracted 
with the highest recovery in comparison to other aliphatic alkylphenols. The desirable 
selectivity, dedicated only for bisphenol A, was not observed. The similarity of chemical 
structure of 2-phenylphenol turned out to its effective recognition with imprinted cavities of 
used polymers. In the case of nonylphenol (NP) and 4-tert-octylphenol, the presence of long 
alkyl chain in its structure limited their effective interaction with recognition sites of 
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applied molecularly imprinted polymers. The highest selectivity of the target analyte 
(BPA), at least toward 4-NP and t-OP, were observed in the case of four study polymers 
MIP 1, MIP 2, MIP 5 and MIP 6. The performed experiments also showed, that during the 
loading step no BPA and its analogs were detected in MISPE effluents, while in the case of 
breakthrough its presence in extraction with NISPE (non-imprinted polymers) was 
observed. This observation strongly indicated that the binding properties between MIPs and 
BPA in aqueous media were strong but nonspecific. Thus, further work was focused on the 
removal of non-specifically bonded analytes from MIPs sorbents resulted in decreasing 
their interaction with the selective cavities of molecularly imprinted polymers.  

For this reason, the goal of the next experiments was to optimize the parameter of 
washing step of developed MISPE procedure with an application of different solvent types 
to remove the non-specifically bound alkylphenols from the polymers before elution step. 
The several solvents such as acetonitrile (CH3CN), dichloromethane (CH2Cl2) and toluene 
(C6H5CH3) were tested. Recoveries of bisphenol A and other alkylphenols during MISPE 
extraction with an application of various washing solvents were shown in Table 2. At the 
beginning the optimization of washing step was performed on MIP 6, synthesized with 
acrylamide as functional monomer and CH3CN as a porogen, as a model polymeric 
material. The polymer was washed with successive aliquots of 0.5, 0.75 and 1.0 cm3 of the 
washing solvent. The obtained results indicated that CH3CN turned out to be not good 
washing solvents to attain selective extraction. Small differences appeared between BPA 
and other alkylphenols behavior when acetonitrile and dichloromethane were used as 
washing solvents. The significant losses of all analytes (including BPA) were observed with 
rising of washing volumes of CH3CN. This behavior could be explained by the fact that 
acetonitrile may compete with analytes in hydrogen bonding formation with MIPs cavities. 
For comparison, an application of solvents with lower dielectric constant (CH2Cl2 and 
toluene) during the washing step, the better binding properties of molecularly imprinted 
material were observed. Especially, a using of toluene allows an acceptable extraction of 
BPA with an efficient removal of the rest of analyzed alkylphenols. 

 
Table 2 

Recoveries of bisphenol A and other analytes in different washing solvents. MIP 6 synthesized with AA in CH3CN 
used as the model polymer. Analyte concentration was 0.5 µg/cm3 (RSD < 3.8%, n = 6) 

Washing solvent 
Recovery [%] 

BPA 2-PP t-OP 4-NP 
Without washing 95.0 ±1.7 92.0 ±2.3 57.0 ±2.8 56.0 ±3.1 
1.0 cm3 CH3CN 20.9 ±2.5 29.7 ±3.8 27.1 ±3.1 19.5 ±2.6 
0.75 cm3 CH3CN 32.4 ±9.6 39.5 ±6.2 40.4 ±6.8 27.7 ±4.8 
0.5 cm3 CH3CN 90.3 ±4.0 91.7 ±6.5 80.0 ±7.4 51.3 ±5.8 
0.75 cm3 CH2Cl2 98 ±4.4 60.2 ±5.9 77.7 ±3.4 74.1 ±2.7 
0.5 cm3 CH2Cl2 83.9 ±13.1 80.1 ±11.2 82.8 ±15.3 79.2 ±13.6 

1.0 cm3 C6H5CH3 80.6 ±5.6 2.4 ±1.8 nd nd 
0.75 cm3 C6H5CH3 79.6 ±1.5 7.3 ±1.2 nd 1.20 ±0.08 
0.5 cm3 C6H5CH3 80.9 ±4.9 8.9 ±3.4 1.1 ±1.1 2.40 ±0.09 

0.5 cm3 C6H5CH3 (NIP 6) 58.5 ±1.6 29.6 ±1.7 24.2 ±0.9 20.9 ±0.5 

 
The obtained results demonstrated that rising of C6H5CH3 volume during the washing 

step influences only the sorption of interferences compounds, whereas simultaneously the 
molecular imprinting effect was revealed and maximized. The toluene has turned out to be 
excellent washing solvent. It enabled to obtain good selectivity and high imprinting effect 
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of BPA in comparison to other alkylphenols, t-OP, 4-NP, and 2-PP. During the washing 
procedure with 0.75 cm3 of C6H5CH3 and 1 cm3, the analytes such as t-OP and 4-NP was 
completely removed from the sorbents, whereas 2-phenylphenol, the most similar with its 
structure to bisphenol A, was extracted with very low effectiveness (recovery values below 
10%).  

The comparison of BPA preconcentration on MIP 6 and adequate NIP 6 demonstrated 
the selective sorption of BPA toward imprinted polymer. Two reasons of such situations 
could be. It might concern, both the different interaction between solvent, studied analytes 
and the surface of synthesized polymer as well as changes in the network structure of 
obtained molecularly imprinted sorbents treated with toluene. The differences of analytes 
recoveries, observed between MIP 6 and NIP 6, when the same MISPE procedure, 
including an application of washing step with 0.5 cm3 toluene, confirmed such 
phenomenon. Once, the non-imprinted sorbent was used, the ratio of BPA recovery towards 
other analytes was only 2:1. In the case of molecularly imprinted polymer (MIP6), the 
selectivity of bisphenol A sorption toward other phenolic compounds was 8:1. The obtained 
results indicated that treating the polymers (imprinted and non-imprinted) with various 
solvents could considerably modify the configuration of the polymeric network. The 
specific changes of structures in polymer sorbents are related to the porosity and flexibility 
of chains and molecular recognition of imprinted cavities. This phenomenon had been 
already described in the literature [57]. It concerned the experiments of solvent-induced 
structural changes that were observed in porous S-DVD copolymers. In these experiments, 
the samples of copolymers where well swollen in toluene placed into the small column and 
washed with for example methanol or water. In that studied, the porosity described by total 
pore volume [cm3/g] was changed for polymer pretreated with toluene and water, from 
0.223 to 0.609, respectively. The increase in surface area was observed. The changes in 
porosity were found to be reversible and reproducible. 

 
a) b) 

  
Fig. 3. The SEM image of BPA-imprinted polymer (MIP 6, prepared with AA in CH3CN). a) MISPE 

without washing; b) MISPE with washing step with toluene. SEM image magnified 10,000-fold 

In our studies, the morphological characteristic of the imprinted polymer (MIP 6) after 
an application of MISPE protocol (with or without an application of washing step with 
toluene) were evaluated by using scanning electron microscopy (SEM). The obtained 
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scanning electron micrographs were presented in Figure 3. SEM analysis clearly showed 
the differences in surface morphology and internal structure of the sorbent (MIP 6) that was 
treated by toluene. Its surface was characterized by many smaller microporous and  
flow-through pores embedded in the network skeleton of MIP 6. In this case, the smaller 
size of microporous seemed to influence the binding ability of imprinted polymer 
significantly. The smaller microporous limited the access of other molecules to imprinted 
cavities; therefore the MIP 6 exhibited a specific recognition only for the template 
molecules. 

Summing up, the volume of 0.75 cm3 of C6H5CH3 was chosen as the best washing step 
condition and applied for studies of sorption of BPA and other analytes on synthesized 
MIPs. An examination of elution degree for the MIP reveals, as expected, that recognition 
was higher for the template molecule (Fig. 4). 

 
 

 
Fig. 4. Recoveries of bisphenol A and selected alkylphenols at optimized MISPE protocol using  

0.75 cm3 of toluene during the washing step. Sample: 10 cm3 volume of sample with analytes at 
concentration 0.5 µg/cm3 

The obtained results showed that the lowest amounts of interfering alkylphenols were 
retained on sorbents MIP 1 and MIP 6. In this case, t-OP was almost entirely stripped off in 
the washing step from both MIPs. In both cases, the BPA was extracted with high 
selectivity. These resulted confirm that obtained BPA-imprinted polymers prepared both in 
acetonitrile with MAA or AA as functional monomer could selectively separate and 
preconcentrate BPA from its analogs during optimized MISPE protocol.  
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Validation of analytical method 

To evaluate the applicability of the proposed MISPE procedures, the repeatability, 
linearity, and limits of detection (LOD) were investigated using HPLC-DAD as the 
detection system. For linearity studies, the calibration plots were prepared. For this case,  
10 samples were spiked with BPA and APs to give final concentration 0.05, 0.1, 0.5, 1.0, 
5.0 and 10 µg/cm3, and then extracted. The HPLC peak area counts were plotted against the 
respective analyte concentration to generate calibration curves. The calibration plots were 
linear over the range 0.05-10 µg/cm3 with correlation coefficient (R2) 0.9919-0.998 for 
applied MISPE protocol. The limit of quantification (LOQ) and limit of detection (LOD) 
was defined as analyte signal-to-background noise (S/N) ratio. The LOD of the developed 
method without the application of washing step, for 10 cm3 sample volume, were found to 
be 25 µg/dm3 for BPA, and 50 µg/dm3 for 2-PP, 110 µg/dm3 for t-OP and 500 µg/dm3 for 
4-NP. Whereas LOQ was respectively 70, 150, 330 and 1513 µg/dm3 for BPA, 2-PP, t-OP, 
and 4-NP. In the case of MISPE procedure with an application of washing step with 
toluene, the LOD for 10 cm3 sample were found to be 25 µg/dm3 for BPA, and 140 µg/dm3. 
We found that an increase of the volume of extracted sample, from 10 up to 1000 cm3 
resulted in improvement of LOD and LOQ (100 times fold) of studied analyte. These 
values were adequate for BPA and APs concentration level that was observed in the 
analyzed surface water samples (range 0.01-15 µg/dm3). The breakthrough volume of 
MISPE was greater than 1000 cm3 when 20 µg/dm3 mixed solutions were loaded. The 
repeatability of the analytical performance was studied for six replicate experiments of  
10 cm3 of sample with 50 µg/dm3 BPA and APs standards solution with relative standard 
deviations (RSD) lower than 6%. 

Analysis of real water samples 

Finally, the developed method was applied to the analysis of samples from Odra River 
(all originated from the city of Opole located at southwest of Poland). The extraction was 
performed with a use of polymer - MIP 6, synthesized with acrylamide as functional 
monomer and CH3CN as a porogenic solvent. The collected samples were spiked with 
appropriate amounts of study analytes (concentration 20 µg/dm3) and extracted via MISPE 
columns to examine the matrix effect. An aliquot of the collected samples was analyzed 
before spiking to determine possible background concentration of studied analytes 
(especially BPA). The study was carried out by performing six replicate experiments. The 
chromatograms of BPA determination in spiked surface water samples, including two 
variants of applied MISPE protocol, were presented in Figure 5. Once, the washing step 
(with toluene) was performed during the extraction procedure; only BPA could be 
selectively detected. Whereas all selected analytes, BPA, 2-phenylphenol, 4-NP, and t-OP 
were determined in analyzed samples if the MISPE procedure without any washing step 
was used. Those results clearly demonstrated that surface water matrices had no significant 
effect on the efficiency of developed method, which turned out to be suitable for analysis of 
trace level of BPA as well as APs from environmental samples. 

The chromatogram of the analysis of unspiked and spiked surface water samples after 
optimized MISPE extraction procedure confirmed an effectivity of developed system 
toward trace analysis of BPA. The selectivity of applied procedure was strongly related to 
the application of washing step during the extraction process. The detected concentration of 
studied alkylphenols was 19 µg/dm3 for BPA and 71 µg/dm3 for 2-PP. The 4-NP and t-OP 
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were not observed in studied surface water samples when developed MISPE procedure 
included washing step with toluene. Whereas, during MISPE extraction without an 
application of washing solvent, all selected APs were detected. The same MIP cartridges 
were able to be used for 20 consecutive cycles without any losses of molecular sorbent 
recognition abilities.  

 

 
Fig. 5. Chromatograms obtained by on-column MIP-SPE for a 250 cm3 river water sample spiked with 

20 µg/dm3 of BPA, 2-PP, 4-NP, and t-OP; a - unspiked water sample; b - spiked sample with  
MIP 6 without washing step; c - spiked sample with MIP6 with washing step using 0.5 cm3 of 
toluene 

Conclusions 

In this work, we described the synthesis and characterization of BPA-molecularly 
imprinted polymer used as a sorbent for solid phase extraction of bisphenol A. The 
developed MISPE method showed high selectivity towards target analytes if appropriate 
washing step was included during extraction. The developed washing and elution procedure 
enabled to obtain 50% higher recovery of BPA from MIP with a comparison to NIP. The 
high selectivity and binding recognition of BPA (8:1) according to other structural analogs 
presented in the sample were observed. It was shown that acrylamide and methacrylic acid 
enhanced imprinted capacity when used as the functional monomer together with 
acetonitrile as porogenic solvent. The method has been successfully applied for the analysis 
of BPA in surface water samples showing its applicability for environmental analysis. The 
results indicated that depending on the requirements, the same molecularly imprinted 
sorbents might be used in two ways, once for selective extraction of BPA by using MISPE 
with washing step and another time for determination BPA together with other alkylphenols 
by using MISPE without any washing step. Good reproducibility for surface water samples 
with low matrix effect was obtained for both developed extraction procedure. Finally, the 
high selectivity provided by the synthesized MIP sorbent, made possible to develop  
a straightforward and low-cost LC-UV method whose performance in sensitivity and 
selectivity is similar or even better to that existing method based on the used molecularly 
imprinted polymers [47, 50]. 
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