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Abstract

:

In the present study, acetaminophen (ACT) molecularly imprinted polymer (ACT-MIP) were successfully synthesized via surface imprinting polymerization. The structural and morphological properties of ACT-MIP were characterized using various analytical techniques. ACT-MIP were used as an adsorbent in a vortex-assisted dispersive molecularly imprinted solid-phase micro-extraction (VA-d-μ-MISPE), coupled with a high-performance liquid chromatography–diode array detector (HPLC-DAD) method for the determination of ACT in water samples. Influential parameters such as the mass of adsorbent, vortex speed, extraction time, desorption volume, and desorption time were optimized using a multivariate approach. Under optimum conditions, the maximum binding capacities of ACT-MIP and NIP (non-imprinted polymers) were 191 mg/g and 71.5 mg/g, respectively. The linearity was attained across concentrations ranging from 0.630 to 500 µg/L, with a coefficient of determination of 0.9959. For ACT-MIP, the limit of detection (LOD) and limit of quantification (LOQ), enhancement factor, and precision of the method were 0.19 ng/L, 0.63 ng/L, 79, and <5%, respectively. The method was applied in the analysis of spiked water samples, and satisfactory percentage recoveries in the range of 95.3–99.8% were obtained.
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1. Introduction


Environmental pollution has increased globally, and it is mainly caused by the release of different compounds as a result of urbanization, industrialization, and population growth [1]. The most popular route at which these compounds end up in the environment is through the discharge of untreated municipal and industrial wastewater [2]. It has been concluded that wastewater treatment plants (WWTPs) cannot efficiently degrade or remove chemicals of emerging concern because of their persistent nature, as well as low concentrations [3]. The occurrence and toxic effects of these compounds are not yet fully understood; as a result, it is difficult to set any regulations on their use [4]. Acetaminophen, (ACT) also known as paracetamol (N-acetyl-4-aminophenol), is an alternative to aspirin [5] commonly used to relieve general pain such as headache, muscular aches, backache, toothache, as well as fever [6]. It is categorized as one of the most consumed drugs in the world [7]. Acetaminophen comes in different forms that are openly available in the market, including drops, tablets, or capsules [8]. Due to its extensive use and consumption, it has been detected in influents, effluents, and surface waters in concentrations ranging from ng/L to mg/L [9]. It is one of the most commonly used pain relievers and antipyretic drugs, and is easily excreted in urine [10]. Humans can be exposed to acetaminophen in various ways, including irrigating crops with water contaminated with pharmaceuticals, and studies suggest that these compounds can be taken up by crops during the irrigation process [11]. Furthermore, the continuous increase in ACT in drinking water might lead to increased cardiovascular, kidney, and gastro-intestine diseases, as well as mortality [12].



Therefore, the development of easy and sensitive analytical methods for the determination of ACT from various matrices is of great importance [13]. At present, most of the proposed methods for the detection of drugs are based on high performance liquid chromatography–tandem mass spectrometry (HPLC–MS/MS), due to high selectivity and sensitivity [14] Other analytical detection methods that have been explored for the determination of acetaminophen in different samples include capillary electrophoresis [15], electrochemical impedance spectroscopy [16], ultraviolet (UV) spectrophotometry [17], high-performance liquid chromatography (HPLC) [18], liquid chromatography–tandem mass spectrometry (LC-MS/MS) [19], and electrochemical sensors [20]. Among the above-mentioned analytical techniques, HPLC is one of the most widely used because of its simplicity and user-friendliness. However, HPLC suffers from low sensitivity and selectivity. To overcome these challenges, sample preparation methods such as solid-phase extraction [21], liquid–liquid microextraction [5,22] and molecularly imprinted solid-phase extraction (MISPE) [5] have been used for the extraction of ACT from different sample matrices prior to HPLC analysis.



Molecularly imprinted polymers (MIPs) are polymers designed in a unique manner to enable the selective and specific recognition of a target molecule in its cavities [23]. These polymers are usually made in a way that matches the size, shape, and elemental composition of the target analyte [24]. MIPs are used as promising alternative selective adsorbents, owing to their ease of preparation and tailor-made recognition sites [25]. They have been applied in the analysis of pharmaceuticals in various complex matrices, including environmental [26] and biological fields [5]. Their unique properties lead to attractive advantages such as excellent selectivity, and physical and chemical stability [27].



In this study, ACT-MIP were successfully synthesized using surface imprinting onto silicon dioxide nanoparticles. The synthesized ACT-MIP were employed as a sorbent in vortex-assisted dispersive solid-phase micro-extraction of ACT in water samples. The analyte of interest was separated and quantified using high performance liquid chromatography–diode array detector (HPLC-DAD). The adsorption and selectivity properties of ACT-MIP and non-imprinted polymers (NIP) were investigated. In addition, multivariate approaches such as fractional factorial design and central composite design were used for the optimization of experimental parameters affecting the molecular recognition properties of the MISPE. The VA-d-μ-MISPE/HPLC-DAD procedure was used for ACT quantification in complex matrices.




2. Materials and Methods


2.1. Material and Reagents


All the reagents and chemicals employed in this study were of analytical grade, and ultra-pure water (Direct-Q® 3UV-R purifier system, Millipore, Merck, Darmstadt, Germany) was used during the experiments. Methacrylic acid (MAA), 2,2’-azobisisobutyronitrile (AIBN), ethylene glycol dimethacrylate (EGDMA), tetraethyl silicate (TEOS), 3-aminopropyltriethoxysilane (APTES), acetic acid, ammonium hydroxide, toluene, absolute ethanol, methanol (HPLC grade), and acetonitrile (HPLC grade) were purchased from Sigma-Aldrich (St. Loius, MO, USA).




2.2. Instrumentation


The following analytical instrumentations were used in this study: An analytical balance Radwag AS220/C/2 (Radwag, Radom, Poland) for recording the masses of adsorbents and salts. Spectrum 100 Attenuated total reflection Fourier transform infrared (ATR-FTIR) (PerkinElmer, Waltham, MA, USA) spectrometer for functional group determination; X’Pert PRO X-ray diffractometer (XRD; PANalytical, Almelo, The Netherlands; PW 3710/31a; CuKα anode; Ni-filter at 40 kV and 40 mA) for crystallinity investigation; transmission electron microscopy (TEM, JEM-2100, JEOL, Tokyo, Japan) and scanning electron microscopy (SEM, TESCAN VEGA 3 XMU, LMH instrument, Brno, Czech Republic) coupled with energy dispersive X-ray spectroscopy (EDS) for morphological properties and elemental composition; Eppendorf 5702 Centrifuge (Eppendorf, Hamburg, Germany); OHAUS starter 2100 pH meter (Pine Brook, NJ, USA) and an Agilent HPLC 1200 Infinity series, equipped with a photodiode array detector (Agilent Technologies, Waldbronn, Germany). An Agilent Zorbax Eclipse Plus C18 column (3.5 μm × 150 mm × 4.6 mm) (Agilent, Newport, CA, USA) was operated at a column temperature of 25 °C. The mobile phase was (70%) of 0.01 M phosphoric acid (mobile phase A) and (30%) acetonitrile (mobile phase B) at a flow rate of 1.00 mL min−1 throughout the analysis. The chromatograms were recorded at 260 nm.




2.3. Synthesis


2.3.1. Preparation of Silicone Dioxide


The preparation of silicone dioxide was adopted from previous studies [28]. Briefly, about 30 mL of ammonium hydroxide was added to 120 mL of absolute ethanol, and the mixture was stirred at room temperature. In a separate beaker, approximately 3 mL of TEOS and 2 mL of APTES were added into 25 mL of absolute ethanol, the mixture was stirred at ambient temperature. The two solutions were then mixed and stirred at 700 rpm for 45 min. Thereafter, the resultant material was washed with ethanol and separated by centrifugation for 10 min at 2000 rpm, and subsequently dried in an oven at 40 °C for 24 h.




2.3.2. Synthesis of ACT-MIP


The synthesis of the MIP was carried out based on the study reported elsewhere [28]. Firstly, 1 g of SiO2 was dispersed in 100 mL of acetonitrile; afterwards, 1 mmol of acetaminophen (ACT) and 0.5 methacrylic acid (MAA) were added into the solution. The mixture was then shaken at 150 rpm for 1 h and 30 min at room temperature. Subsequently, 10 mmol EGDMA and 20 mg AIBN were dispersed into the above mixture, and it was stirred at 60 °C for 24 h. The obtained polymer was washed using a mixture methanol and acetic acid (9:1, v/v) until the template was not detected by HPLC. The non-imprinted polymer (NIP) was prepared in the same way with the template excluded.





2.4. Pre-Concentration Procedure


2.4.1. Vortex-Assisted Dispersive Solid-Phase Microextraction Procedure


Firstly, 20 mg of ACT-MIP was transferred into a centrifuge tube containing 10 mL of a sample solution containing 100 mg/L of acetaminophen. The mixture was placed in a vortex mixer for 12 min to intensify the sorption of ACT onto ACT-MIP. After the analyte was adsorbed by the sorbent, ACT-MIP were separated from the sample solution using a centrifuge at 3500 rpm for 5 min. The supernatant was discarded, and 1000 µL of methanol and acetic acid was added to the residue, then the mixture was vortexed for 5 min at 800 rpm to elute the retained analyte. Finally, the mixture was separated via centrifugation at 3500 rpm for 5 min and the eluent was analyzed using HPLC-DAD.




2.4.2. Optimization of VA-d-μ-MISPE Procedure Using Design of Experiments (DOE)


Five factors (mass of adsorbent, vortex speed, extraction time, desorption volume, and desorption time) were firstly screened for their effect on analytical response using the 25−1 fractional factorial design (Table 1). Fractional factorial designs were chosen because it is a relatively inexpensive and efficient way to identify the most influential parameters; it allows the attainment of information on main effects and low-order interactions without having to run the full design [29].



Thereafter, the most influential parameters were obtained and were further optimized using response surface methodology based on central composite design (CCD). CCD was chosen because it stipulates the impact of individual variables (main effects) and their interactions on the analytical response at a cheaper cost and short analysis time. It consists of a full factorial design (±1), axial points (±α), and the central points (0) (Table 2).





2.5. Adsorption Batch Experiments


The binding capacity of ACT-MIP was investigated by performing batch adsorption equilibrium experiments of ACT. To achieve this, 100 mL ACT solution at different concentrations ranging between 1 and 20 mg/L was added to a 200 mL sample bottle containing 23 mg polymer, and then the mixture was shaken using a vortex for 12 min. After the equilibrium was reached, the adsorbent was separated from the aqueous solution by centrifugation at 5000 rpm for 10 min. The concentrations of ACT before and after adsorption were determined (HPLC-DAD). The binding capacity was estimated using the following expression:


   q e  =      C 0  −  C e    V  m   



(1)




where C0 and Ce were the initial and equilibrium concentrations ACT (mg/L); V was the volume of synthetic/model solution (L); m was the mass of ACT-MIP (g). The adsorption data were described using five isotherm models [30,31,32], and the equations are presented in Table 3.




2.6. Method Validation


The developed method was validated by evaluating parameters such as the accuracy, precision (intraday (repeatability) and interday (reproducibility), the linear dynamic range, enrichment factor, limit of detection (LOD), and limit of quantification (LOQ). The linearity of the proposed method was carried out by setting a calibration curve using linear regression analysis in the concentration range of 0–1500 µg/L. The accuracy (expressed as recovery percentage) was obtained by recovery studies whereby real water samples were spiked at different concentration levels (0.1, 0.5, and 1.0 μg/L). The LOD and LOQ were calculated using the following expressions: LOD = 3 Sd/b and LOQ = 10 Sd/b, where Sd is the standard deviation of 7 replicate determinations of the lowest concentration of calibration curves (0.5 μg/L), and the slope of each calibration curve is represented as b. For the estimation of LOD and LOQ, blank water samples were spiked with the target analyte at three concentration levels (0.1, 0.5, and 1.0 μg/L).




2.7. Selectivity of ACT-MIP


The selectivity of ACT-MIP was explored using aspirin or acetylsalicylic acid (ASA), which are compounds that have a similar chemical structure to the target analyte. A total of 100 mL model sample solutions of ACT and ASA at 20 mg/L were placed in a sample bottle containing 23 mg of ACT-MIP and NIP. The adsorption process was carried using the procedure described in Section 2.5. The distribution ratio (KD) and selectivity coefficient (α) were calculated using Equations (2) and (3) [33].


   K D  =    C i  −  C f  V    C f  m    



(2)




where V, Ci, Cf, and m represent the volume of the solution (mL), drug concentration before and after adsorption (mg/L), and mass of the polymer, respectively.


  α =    K D    ACT      K D    ASA      



(3)








2.8. Sample Collection and Application of the Proposed Method


The wastewater samples were from the wastewater treatment plant (WWTP), Gauteng Province, Johannesburg, South Africa (Pretoria). Samples were kept in glass bottles and stored in the refrigerator (at 4 °C). Tap water samples were obtained from the University of Johannesburg laboratory taps. The samples were filtered using a microfilter prior to analysis. The optimized conditions were applied in the real sample for extraction and pre-concentration of acetaminophen.





3. Results and Discussion


3.1. Characterization


3.1.1. Fourier Transform Infrared Spectroscopy (FT-IR)


To confirm the successful preparation of ACT-MIP, FT-IR spectra for ACT, ACT-MIP (before template removal), ACT-MIP (after template removal), and NIP were recorded, and they are illustrated in Figure 1. Figure 1A shows the FTIR spectrum of ACT, and it was compared with that of ACT-MIP before removal of the template (Figure 1B). As can be seen, similarities were observed between the two spectra, and it was concluded that ACT was successfully incorporated. This was affirmed by the presence of a new strong absorption peak at 1100 cm−1 on the spectrum of ACT-MIP (before template removal). This peak was attributed to the Si-O-Si stretching vibration. In addition, the peak at around 780 cm−1 in the spectra of ACT-MIP (before template removal) (Figure 1C), ACT-MIP (Figure 1C), and NIP (Figure 1D) are due to the vibration of Si-O groups [34]. These peaks were not observed in Figure 1A, confirming that ACT was imprinted in the polymer matrix (Figure 1B). Lastly, the comparison between the spectrum of ACT-MIP and NIP confirmed the removal of the template. The strong peak at 1038 cm−1 in both ACT-MIP and NIP is attributed to the symmetric stretching vibration peaks of Si-O-Si vibration. In addition, the broad peaks attributed to ACT disappeared in Figure 1C. From Figure 1C,D, ACT-MIP material has almost similar spectra to NIP. This is because the chemical composition of ACT-MIP is more or less identical to that of NIP [33].




3.1.2. X-ray Diffraction (XRD)


Figure 2 shows XRD patterns for the prepared polymers, and the results revealed that both ACT-MIP and NIP were amorphous. This is due to the presence of the broad peak at 2θ values around 20–30°. However, it is worth noticing that ACT-MIP (Figure 2A) had a broader peak and was more amorphous compared with NIP (Figure 2B). It can be concluded that the crystallinity of NIP is higher than that of ACT-MIP. The observed peak at about 23.8 could be assigned to the (220) plane from SiO2, indicating the formation of SiO2 core–shell structure in ACT-MIP and NIP composites [35].




3.1.3. Scanning Electron Microscopy Coupled with Energy-Dispersive X-ray Spectroscopy (SEM/EDS)


The surface morphology of the synthesized ACT-MIP (before template removal), ACT-MIP (after template removal), and NIP was characterized by SEM/EDS, as shown in Figure 3. The SEM images for both ACT-MIP and NIP were almost similar. Figure 3A shows the SEM images of ACT-MIP (before template removal) with smooth spheroidal surface morphology. This might be due to the presence of the template. It can also be observed that most of the particles have aggregated with each other, resulting in irregular surface morphology. EDS analysis was carried out to confirm the presence of components within ACT-MIP, NIP and ACT-MIP (with template) structures Figure 3D–F. Similar spectra were obtained for ACT-MIP and NIP, which only vary in percentages. Roughly, the element composition for ACT-MIP was Si (43.8) and O (53.0%), and NIP was Si (46.3%) and O (50%). An additional carbon element is observed in ACT-MIP (with template): C (29.1%), Si (24.1), O (44.8%), which provided evidence for the presence of ACT before the removal of a template (Figure 3F).




3.1.4. Transmission Electron Microscopy (TEM)


Figure 4 shows TEM images for ACT-MIP and NIP. The polymer layers are surrounding the cores in both images. It can also be noticed that the surface of the materials is made up of irregular shapes.





3.2. Optimization of the Pre-Concentration Procedure


3.2.1. Screening Using Fractional Factorial Design


The effect of independent variables which included the mass of adsorbent (MA), vortex speed (VS), extraction time (ET), desorption volume (DV), and desorption time (DT) on the dependent variable (analytical response, that is, % recovery) was investigated using the 25−2 fractional factorial design (FrFD). The design matrix and the respective experimental responses are presented in Table 4. The obtained results were then subjected to Statistica software to evaluate the most influential parameters on the analytical response. The analysis of variance (ANOVA) results presented in the form of a Pareto chart is illustrated in Figure 5.



As seen in Figure 5, the Pareto chart demonstrated that, for linear terms of all DV, ET, MA, and DT were not statistically significant (p < 0.05), at 95% confidence level. These results confirmed that DV, ET, MA, and DT have the highest influence on the analytical response. Therefore, these parameters were further optimized using RSM based on CCD.



Figure 6 shows that the statistical model fitted well, suggesting that the experimental responses agreed with the predicted values. The coefficient of determination (R2) and adjusted R2 were 0.9722 and 0.9236. These results led to a conclusion that the changes in the investigated factors explain nearly 92% of the variability observed in %R. This further demonstrated that the model was adequate and accurate in predicting the most influential factors.




3.2.2. Response Surface Methodology (RSM) Based on Central Composite Design (CCD)


Influential parameters including the mass of adsorbent, eluent volume, extraction time, and elution time were optimized using RSM based on CCD. The interactive effects of the independent variables were envisioned through the surface contour plot. According to the literature, circular contour plot mostly suggests no significant interaction between variables [36,37]. The ellipse contour plot, on the other hand, suggested that there are significant interactions between variables [36,37]. The combined effects (interactions between factors) of the independent variables on the analytical response are presented in Figure 7. As seen in Figure 7, none of the contour plots had a circular shape, suggesting that the interactions were significant. The 3D surface plots showed that when the mass of adsorbent (MA) is between 22–26 mg, maximum %R is obtained (Figure 7A–C). This is due to the increase in available binding sites when the mass is increased. The interactive effects of ET with MA and DV revealed that better %R could be obtaining when ET is above 12 min (Figure 7A,B,E). The effect of DV (Figure 7B,E,F) combined with other factors such as MA, ET, and DT, revealed that to obtain quantitative recoveries, an eluent volume between 1100–1200 µL is required. The results also showed that there is a strong interactive effect between MA and DT. Lastly, as desorption time reaches 2 min, higher %R is obtained, and this indicates that elution occurs rapidly when higher volumes are used.




3.2.3. Desirability Function


Figure 8 shows the desirability function with predicted values to determine optimum conditions for extraction and preconcentration of acetaminophen. The desirability of 1.0 is for maximum recovery, 0.0 for minimum, and 0.5 for middle. Underneath the left-hand side of this figure, desirability values are given for different parameters, respectively (mass of adsorbent, extraction time, dilution volume, and desorption time). The desirability of 1.0 was assigned as a target value. Based on the desirability function, the maximum recovery was estimated at the following optimum conditions: 100 rpm for vortex speed, 23.6 mg of ACT-MIP, 12.2 min for extraction time, and 1120 µL desorption volume and 5.5 min for desorption time. These optimum conditions were confirmed experimentally (performed in triplicates) and the experimental value (98.7 ± 1.6%) agreed with the predicted value (99.4%), implying that the model was valid and accurate at a 95% confidence level.





3.3. Scatchard Analysis


The equilibrium dissociation constant of ACT-MIP and NIP were estimated using the Scatchard equation (Equation (4)) [38,39].


     q e     C e    =    q  max      K d    −    q e     K d     



(4)




where qe is the amount of ACT bound to the polymer, qmax is the maximum adsorption capacity of the polymer, Kd (mg/L) is the equilibrium dissociation constant of the binding site, and Ce is the equilibrium of ACT concentration (mg/L). The Scatchard analysis stipulates benefits for binding characteristics of ACT-MIP and NIP [39,40]. The plot qe/Ce against qe (Figure 9) showed one straight linear fit for both ACT-MIP and NIP, suggesting that the existence of homogeneous binding sites existed for both polymers [41].



Table 5 shows that MIP had lower Kd and higher qmax values, suggesting that ACT-MIP had higher binding affinity and capacity compared with NIP. These parameters are beneficial with respect to the selective elimination of interferences through the washing of the adsorbent before elution of the target analyte. Furthermore, the higher adsorption capacity and R2 signify that ACT-MIP had the capability of recognizing ACT (template molecule) compared with NIP. The non-linear regression curves for binding of ACT on NIPs suggest that ACT-MIP and NIP have different binding affinity properties [41]. According to the literature, the non-linear nature of NIP is due to the weak interaction of ACT with the functional groups that are randomly arranged on its surface [40]. For ACT-MIP, specific binding sites on the surface matched the ACT (template) in size, shape, and interactions, thus leading to better performance of ACT-MIP compared with NIP [41].




3.4. Adsorption Capacity


The sorption properties of ACT-MIP for ACT were investigated by performing adsorption equilibrium studies. The adsorption capacities of ACT-MIP and NIP estimated at various ACT concentrations are presented in Figure 10. As expected, the amount of ACT bound to the MIP increased as the equilibrium concentration of ACT increased and reached a plateau at maximum equilibrium concentration. The performance of ACT-MIP in comparison with NIP showed that a concentration of ACT bound to ACT-MIP was higher than what was bound to the NIP (Figure 10). This confirmed that the imprinted voids of ACT-MIP led to a high binding affinity of the ACT to the polymer.



The experimental data were fitted to five isotherms such Langmuir, Freundlich, Dubinin–Radushkevich, Sips, and Redlich–Peterson models. The linear fits for each isotherm are presented in Figures S1 and S2 and the respective parameters are in Table 6. Judging from the coefficient of determination (R2) of each model, the equilibrium data fitting followed the trend: Sips > Langmuir > Redlich–Peterson > Dubinin–Radushkevich > Freundlich for ACT-MIP. The trend for NIP was as follows: Freundlich > Redlich–Peterson > Sips > Langmuir > Dubinin–Radushkevich. The results suggest that the monolayer adsorption process took place on the surface of ACT-MIP as opposed to NIP (multilayer adsorption). Based on qmax values of ACT-MIP and NIP obtained from the Langmuir model, the imprinting factor (was calculated to be 1.7 implying that the imprinting was favorable. The maximum adsorption capacity of ACT was estimated to be 133 mg/g for ACT-MIP and 66.4 mg/L for the NIP. The evaluated adsorption capacity is as compared with other related ACT-MIP sorbents described in the literature. The current adsorption capacity was 380, 13, and 1.6 times higher than those reported by [33,42], respectively.




3.5. Selectivity Studies


The results for the selectivity studies, that is, the values for distribution ratio (KD), selectivity coefficient (α), and relative selectively coefficient (α′) of ACT-MIP and NIP are shown in Table 7. As can be seen, high KD values were obtained for ACT, confirming that the prepared ACT-MIP has higher selectivity for the template compound. In addition, the data in Table 7 demonstrate that that ACT-MIP had some affinity for ASA. This might be due to its close similarity to ACT in terms of the functional groups which are arranged by the size of the chemical structure.




3.6. Analytical Figures of Merit


Based on optimum conditions, the analytical performances for the developed method (VA-d-μ-MISPE) for extraction and preconcentration of ACT were evaluated as described in Section 2.5. The LOD, LOQ, linearity, repeatability, reproducibility, and enhancement factor are presented in Table 8. The developed method showed a wide linear range with a correlation coefficient of 0.9959, high enhancement factor, low LOD, and LOQ as well as acceptable precision.




3.7. Comparison of VA-d-μ-MISPE with Other Sample Pre-Treatment Techniques


The proposed method was correlated with other methods which have been explored in the past for extraction and pre-concentration of acetaminophen from different matrices. Linearity, LOD enhancement factor, and RSD were used to measure the difference between the literature and the current work. Compared with other methods, the analytical figures of merit obtained for the work have shown better improvement, whereas similar analytical performance was noticed with other methods (Table 9). It can be concluded that the developed method can be successfully applied in the extraction of acetaminophen, because of its excellent analytical performance.




3.8. Application to Real Samples


The proposed method was successfully validated by spiking real water samples (influent, effluent, and tap water). The samples were spiked at three points, as shown in Table 10. The spike recovery tests were performed to investigate the accuracy and effect sample matrix. Recoveries ranged from 95.3–99.4%, with % RSD ranging from 1.5 to 4.2%. From these results, it can be deduced that interferences in real water samples did not affect the determination of ACT.



The results in Table 10 shows that influent, effluent, and tap water samples contained ACT and concentrations of 3290 ng/L, 2150 ng/L, and 600 ng/L, respectively. The concentration of ACT obtained in this work was compared with those obtained in previous studies. Concentrations of ACT have been reported in different environmental compartments; for instance, high concentrations have been detected in Kenyan river water (16,000 ng/L) [50]. In another study conducted in water collected from the Umgeni River (South Africa), ACT concentrations ranging from 5800–58,700 ng/L were reported [51]. In the Mexican surface water and influent wastewater, the average ACT concentrations were 354–4460 ng/L and 2330–14,900 ng/L [4]. Concentrations of ACT up to 1233 ng/L were detected in the Nigerian Lagoons [52]. The concentration of ACT in a private wastewater treatment facility and receiving water in Korea were found to be 11,331 ng/L and 1586 ng/L, respectively (Kang et al. 2019). Lastly, concentrations of acetaminophen ranging from <1–12,430 ng/L), 2–188 ng/L, and <1–11 ng/L) were found in surface water, groundwater, and drinking water in Lagos State, Nigeria, respectively [53]. The concentration of ACT in this study was found to be within concentration ranges reported in previous studies.





4. Conclusions


In this work, ACT-MIP and NIP were successfully synthesized and applied for the extraction and pre-concentration of ACT from different water samples. The polymers were synthesized by using ACT as the template, methacrylic acid (MAA) as the functional monomer and ethylene glycol dimethylacrylate (EGDMA) as the cross linker. The obtained materials were characterized by SEM, TEM, FT-IR, and XRD. ACT-MIP has shown high selectivity (imprinting factor of 2.44, selectivity factor of 1.48, and selectivity constant of 1.44). In addition, the prepared ACT-MIP demonstrated satisfactory binding properties, and the maximum adsorption capacity was estimated to 191 mg/g. The MISPE coupled to the HPLC-DAD method displayed appropriate selectivity, acceptable precision, and accuracy, as well as a relatively wide linear range. Recoveries greater than 95% were obtained in different water matrices. In view of the above, it can be concluded that the VA-d-μ-MISPE/HPLC-DAD method appears to be a simple, selective, sensitive, rapid, and inexpensive approach for monitoring ACT in environmental matrices.
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Figure 1. FTIR spectra for (A) ACT, (B) ACT-MIP (before template removal), (C) ACT-MIP, and (D) NIP. 
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Figure 2. X-ray diffraction (XRD) patterns of (A) ACT-MIP, (B) NIP. 
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Figure 3. SEM (A) ACT-MIP (before template removal), (B) ACT-MIP and (C) NIP and EDS images of (D) ACT-MIP (before template removal), (E) ACT-MIP and (F) NIP. 
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Figure 4. TEM images of (A) ACT-MIP and (B) NIP. 






Figure 4. TEM images of (A) ACT-MIP and (B) NIP.



[image: Separations 08 00194 g004]







[image: Separations 08 00194 g005 550] 





Figure 5. Pareto chart of standardized effects for the investigated parameter for extraction and pre-contraction of acetaminophen. 
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Figure 6. Plot of predicted values versus experimental response values. 
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Figure 7. 3D response surface plots showing effects of on percentage recovery (%R) of ACT. The individual figures represent the interactions between (A) extraction time (ET) and mass of adsorbent (MA), (B) desorption volume (DV) and MA, (C) desorption time (DT) and MA, (D) DT and extraction time (ET), (E) DV and ET, (F) DT and DV. 
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Figure 8. Desirability function profile for percentage recovery (%R) of ACT. 
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Figure 9. Scatchard plot of (A) ACT on MIP and (B) NIP Experimental parameters: initial concentration, 1–20 mg/L, mass of adsorbent, 23 mg; contact time, 12 min, sample pH; sample volume, 100 mL. 
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Figure 10. Adsorption isotherm for MIP (circle) and NIP (triangle). Experimental parameters: initial concentration, 1–20 mg/L, the mass of adsorbent, 23 mg; contact time, 12 min, sample pH; sample volume, 100 mL. 
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Table 1. Parameters and levels used in 25−1 fractional factorial design for extraction and pre-concentration of ACT.
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	Parameters
	Minimum (−1)
	Central Point (0)
	Maximum (+1)





	Mass of adsorbent (MA),(mg)
	5
	12.5
	20



	Vortex speed (VS), (rpm)
	100
	500
	1000



	Extraction time (EXT), (min)
	1
	5.5
	10



	Desorption time (DT), (min)
	500
	750
	1030



	Desorption volume (DV), (µL)
	1.0
	3.0
	5.0
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Table 2. Parameters and levels used in CCD experimental design.
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	Parameters
	−α
	−1
	0
	+1
	+α





	Mass of adsorbent (mg)
	1.07
	5
	12.5
	20
	23.9



	Extraction time(min)
	1.4
	1
	5.5
	10
	12.4



	Desorption volume (µL)
	368.8
	500
	750
	1000
	1131



	Desorption time(min)
	0.55
	1
	2,5
	5
	5.5



	pH
	4.4
	5
	7
	9
	9.6
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Table 3. Linear equations of isotherm models.
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	Isotherm Model
	Linear Equations





	Langmuir
	      C e     q e    =  1   K L   q  max      C e  +  1   q  max       



	Freundlich
	   ln  q e  = ln  K F  +  1 n  ln  C e    



	Dubinin–Radushkevich
	  ln  q e  = ln  q  D − R   −    β ε   2   ,   ε = RTln   1 +  1   C e       



	Sips
	    1   q e    =  1   K s   q  mS          1   C e         1   n S      +  1   q  mS       



	Redlich–Peterson
	   ln    K R     C e     q e    − 1   =  b R    lnC  e  + ln  α R    







qe: amount adsorbed; qmax: maximum monolayer adsorption; KL (L/mg): Langmuir constant; Ce; concentration of adsorbate at equilibrium; KF (mg/L)−1/n): adsorption capacity; 1/n: adsorption intensity; β: Dubinin–Radushkevich constant: E: mean adsorption energy (kJ/mol); ε: Polanyi potential; R: gas constant; T: temperature; KR, bR, and αR: Redlich–Peterson constants; qmS (mg/g): Sips maximum adsorption capacity; KS (mg/L)−1/nS) Sips isotherm model constant; nS: Sips isotherm model exponent.
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Table 4. Design matrix with respective experimental analytical responses obtained using screening process using 2-level FrFD during the extraction and pre-concentration of ACT using VA-d-μ-MISPE.






Table 4. Design matrix with respective experimental analytical responses obtained using screening process using 2-level FrFD during the extraction and pre-concentration of ACT using VA-d-μ-MISPE.





	Experimental Runs
	MA(mg)
	VS(rpm)
	ET(min)
	DV(µL)
	DT(min)
	%R





	1
	5
	100
	1
	1000
	5
	62.4



	2
	20
	100
	1
	500
	1
	96.1



	3
	5
	900
	1
	500
	5
	90.7



	4
	20
	900
	1
	1000
	1
	96.3



	5
	5
	100
	10
	1000
	1
	69.3



	6
	20
	100
	10
	500
	5
	96.9



	7
	5
	900
	10
	500
	1
	57.2



	8
	20
	900
	10
	1000
	5
	60.0



	9 (C) a
	12.5
	500
	5.5
	750
	3
	67.5



	10 (C)
	12.5
	500
	5.5
	750
	3
	96.7



	11 (C)
	12.5
	500
	5.5
	750
	3
	98.4



	12 (C)
	12.5
	500
	5.5
	750
	3
	97.9







a C represents central points of the FrFD.
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Table 5. The results of Scatchard analysis for ACT by ACT-MIP and NIP.
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	Parameters
	ACT-MIP
	NIP





	Kd (L/mg)
	6.3
	12.7



	Qmax (mg/g)
	191
	142



	R2
	0.9951
	0.9406
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Table 6. Isotherm parameters for the adsorption of ACT by ACT-MIP and NIP.
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	Isotherms
	Parameters
	ACT-MIP
	NIP





	Langmuir
	qmax (mg/g)
	187
	71.4



	
	KL(L/mg)
	1.6
	1.9



	
	R2
	0.9958
	0.9674



	Freundlich
	KF (mg/L)−1/n
	26.0
	12.2



	
	n
	1.5
	1.5



	
	R2
	0.9366
	0.9982



	Dubinin–Radushkevich
	qD-R (mg/g)
	181
	64.7



	
	E (kJ/mol)
	30.2
	0.289



	
	R2
	0.9800
	0.8124



	Sips
	qmS (mg/g):
	191
	70.4



	
	KS (mg/L)−1/nS
	1.1
	1.7



	
	nS
	0.25
	0.17



	
	R2
	0.9998
	0.9903



	Redlich–Peterson
	KR
	27
	27



	
	bR
	1.4
	0.43



	
	αR
	0.06
	13



	
	R2
	0.9894
	0.9916
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Table 7. Distribution ratio (KD) and selectivity coefficient (α) values for ACT-MIP and NIP.
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Analytes

	
Distribution Ratio (KD) mL/g

	
Selectivity Coefficient (α)

	
α’






	

	
ACT-MIP

	
NIP

	
ACT-MIP

	
NIP

	




	
ACT

	
294

	
15.2

	

	

	




	
ASA

	
25.1

	
14.9

	
11.7

	
1.02

	
11.4
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Table 8. Analytical figures of merit in ultrapure water.
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	Analytical Performance Parameters
	Value





	Linearity (µg/L)
	LOQ-500



	Coefficient of determination
	0.9959



	LOD (µg/L)
	0.19



	LOQ (µg/L)
	0.63



	Repeatability (%RSD, n = 10)
	2



	Reproducibility (%RSD, n = 5 working days)
	4.2



	Enhancement factor
	79
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Table 9. Comparison studies.
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	Matrix
	Adsorbent
	Instrument
	Linearity
	LOD
	RSD%
	References





	River water
	Phenomenex Strata-X reverse phase cartridges
	SPE-HPLC-MS-TOF
	1.73 × 10−8 mol/L
	0.500 mg/L
	
	[43]



	seawater samples
	molecularly imprinted polymer
	Spectrophotometry
	1.0–100.0 µg/L
	0.3µg/L
	3.0
	[44]



	Human urine
	magnetic electrochemical imprinting sensor
	HPLC-UV
	0.001 to 0.7 mmol/L and 0.7 to 7 mmol/L
	0.000 43 mmol/L
	2.32–3.21
	[45]



	Pharmaceutical samples
	Cu2O/GR/GCE
	Square wave voltammetry (SWV)
	0.02–1.3 M
	6.67 × 10−9 M
	2.6–3.0
	[46]



	Human serum samples.
	(GO/Fe3O4@PMDA/Pd/GCE)
	Differentia l pulse voltammetry (DPV)
	0.05–3 nM
	7.8 nM
	4.1, 4.3
	[47]



	Blood serum, urine, and pharmaceutical samples.
	CuO nanoparticles/graphene nanosheets
	Differential pulse voltammetry
	0.025–5.3 µmol/L
	0.008µmol/L
	2.7
	[48]



	Urine and tablet samples
	SolGel/HRP/MWCNT/GCE
	
	1.85–2700 nM
	0.018 nM
	
	[1]



	Urine and wastewater samples
	(GO/MWCNT/Fe3O4/SiO2)
	HPLC-UV
	10–1000 ng/mL
	3.32 ng/mL
	2.5
	[49]



	Urine samples
	Magnetic molecular imprinted polymer
	Ion mobility spectrometry
	0.20–2.0
	0.05μg/mL
	
	[42]



	Human plasma
	MIP
	HPLC
	1–300 µg/L
	0.17 µg/L
	
	[33]



	Water samples
	ACT-MIP
	HPLC-DAD
	0.63–500 µg/L
	0.19 µg/L
	2
	This study
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Table 10. Accuracy and precision of (VA-d-μ-MISPE) method for extraction and pre-concentration of ACT in real samples.
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	Samples
	Added (µg/L)
	Found (µg/L)
	%R
	%RSD





	Influent
	0
	3.29 ± 0.14
	-
	4.2



	
	1
	4.24 ± 0.14
	95.3
	3.3



	
	5
	8.13 ± 0.22
	96.7
	2.8



	
	10
	13.1 ± 0.3
	97.8
	2.3



	Effluent
	0
	2.15 ± 0.07
	-
	3.2



	
	1
	3.13 ± 0.11
	97.4
	3.5



	
	5
	7.06 ± 0.15
	98.2
	2.1



	
	10
	12.0 ± 0.2
	98.5
	1.5



	Tap water
	0
	0.63 ± 0.02
	-
	2.4



	
	1
	1.62 ± 0.03
	98.5
	1.7



	
	5
	5.59 ± 0.09
	99.1
	1.6



	
	10
	10.6 ± 0.18
	99.4
	1.7
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