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Abstract
Background
Cyanazine (CYZ) is one of the triazine herbicides to prevent broadleaf grass and weeds in crops. Despite its affordability and productivity in increasing crop yield, the extensive usage of CYZ contributes to environmental pollution and poses risks to living organisms. Most research has focused on detecting CYZ in the environment and its toxicity to humans and the ecosystem. For these reasons, molecular imprinting technology (MIT) can be applied to produce an effective adsorbent material of high binding affinity and selectivity towards its target compound which is known as molecularly imprinted polymers (MIPs). In this study, MIP was prepared by precipitation polymerization using CYZ as a template molecule, methacrylic acid (MAA), acrylamide (AAm) and 4-vinylpyridine (4VP) as functional monomers, and ethylene glycol dimethacrylate (EGDMA) as cross-linker in the ratio of 1:6:12, respectively. The effects of contact time, initial concentration, pH, and polymer dosages on the adsorption efficiencies of MIPs were also investigated in this study.

Results
MIPs of CYZ were successfully synthesized by precipitation polymerization method with a non-covalent approach using different functional monomers such as methacrylic acid (MAA), acrylamide (AAm) and 4-vinylpyridine (4VP). For the comparison study, the non-imprinted polymer (NIP) was synthesized without the addition of CYZ, the template molecule. The FTIR analysis indicated the interactions among CYZ and functional monomers (MAA, AAm or 4VP) in the presence of EGDMA as a cross-linker. The FESEM analysis showed that only MIP (AAm) and NIP (AAm) had regular and spherical polymer particles while MIP (MAA), NIP (MAA), MIP (4VP) and NIP (4VP) were agglomerated and irregular in shape. The EDX analysis showed that the MIPs were mainly composed of carbon and oxygen. Meanwhile, the BET analysis of MIP (AAm) had higher surface area, total pore volume and average pore radius than that NIP (AAm). Based on the batch binding study, MIP (AAm) (83.30%) had the highest binding efficiency than the MIP (MAA) (76.96%) and MIP (2VP) (76.90%) at a contact time of 240 min. The optimum conditions for the highest binding efficiency of MIP (AAm) were obtained at an initial concentration of 6 ppm, pH 7 and polymer dosage of 0.1 g polymer beads. The adsorption efficiency of MIP (AAm) with CYZ at the optimum parameters resulted in 86.39%. The selectivity test showed that MIP (AAm) was more selective towards CYZ than AME, the competitive compound with relative selectivity coefficient of 2.36. The kinetic isotherm of MIP (AAm) was best explained according to the pseudo-second-order kinetic model while the adsorption isotherm of MIP (AAm) was based on the Langmuir adsorption isotherm model. The MIP (AAm) was tested in the distilled water (DIW), tap water and river water spiked with CYZ and a substantial amount of CYZ was removed with a recovery of 86.67%, 84.75% and 84.69%, respectively.

Conclusion
The MIPs of CYZ were successfully synthesized by the precipitation polymerization method using different functional monomers. Among those MIPs, MIP (AAm) showed the highest rebinding efficiency and therefore this MIP was selected for further studies. The best combination of CYZ, AAm was the main factor that contributed to the morphological and chemical properties, as well as the efficiency and selective binding performance of MIP (AAm). Since MIP (AAm) showed a substantial removal efficiency of CYZ in the environment specifically water sources, it has the capability to act as an adsorbent material for various purposes such as solid-phase extraction techniques and a stationary phase in various chromatographic techniques.
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Introduction
Generally, molecular imprinting technology (MIT) is an assuring method that can produce molecularly imprinted polymers (MIPs), which are extensively cross-linked polymers with highly specific binding sites and highly selective towards their target compound [1]. The molecular imprinting process begins with the organization of the functional monomer and the template molecule, then functional monomer-template complexes co-polymerize in the presence of an appropriate amount of cross-linker, and finally the removal of the template from the polymer cavity [2]. The optimum ratio of the template molecule, functional monomer, cross-linker, initiator and porogenic solvent is essential because they influenced the binding efficiency of the resultant MIP. Hence, MIPs are generated whereby the shape, size and position of the functional groups and the polymer cavities are complementary with the template molecule. There are various types of molecular imprinting methods to synthesize MIPs such as bulk polymerization [3], In situ polymerization [4], suspension polymerization [5], emulsion polymerization [1, 6, 7], grafting polymerization [8], seed polymerization [9] and precipitation polymerization [10–15]. Among these, the precipitation polymerization method is the most employed MIP technique because it can generate a high yield of polymers with uniform and spherical polymer particles [16]. MIPs involve easy and low-cost preparation methods, have good storage stability, high mechanical strength and high resistance towards heat, and pressure as well as in harsh chemical media [17]. Therefore, MIPs have been widely used in various applications including separation materials [18], sensors [19], drug delivery [20] and catalysis [21].
Cyanazine (CYZ) or 2-[(4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl)amino]-2-methyl propanenitrile is a triazine herbicide. Generally, CYZ acts as weed control to kill unwanted plants by inhibiting photosynthesis in plants such as broadleaves weeds and annual grasses [22]. The usage of CYZ in agricultural fields is cost-effective and efficient in increasing the yield of crops. However, the uncontrollable and prolonged usage of CYZ in agriculture can be detrimental to mankind and the ecosystem as it is relatively persistent in the environment causing water and soil pollution. This is because CYZ has been reported by Environmental Protection Agency (EPA) as a hazardous substance and dangerous compound applied in the agriculture method [23]. For example, CYZ can cause contamination in the soil where it is applied and rainwater may transport CYZ to other areas or waterways such as nearby rivers that eventually kill the aquatic life. Besides that, CYZ has poor solubility in water and hence it is commonly dissolved in an organic solvent when used, which later causes environmental pollution [24]. Moreover, CYZ might travel into the groundwater supply and contaminate the water sources. CYZ, atrazine and simazine are herbicides that had been found in increasing amounts in both surface water and groundwater [25, 26]. Furthermore, CYZ is among seven 1,3, 5-triazine herbicides that cause growth inhibition, development retardation, thyroid gland histology and axial malformation in amphibian tadpoles [27]. CYZ also has adverse effects towards humans including chronic bronchitis [28], diabetes [29] and danger of birth defects [30].
Much research has been more focused on the determination of CYZ in the environment [31–37] and its toxicity towards mankind and the ecosystem [38, 39]. For these reasons, a selective and efficient approach to removing CYZ in aqueous samples including tap water and river water is essential for mankind and other living organisms and this can be successfully conducted by using MIPs. Few studies on the removal of CYZ in various samples such as natural water [40], tap water, onion, rice, and maize [41] proved that MIP had performed as an excellent adsorbent material. The drawbacks of the research were polymerization methods applied were time-consuming, employed advanced instruments such as potentiostat/galvanostat model PGSTAT302 and gas-chromatography and used large amounts of chemicals and solvents that were not environmentally friendly throughout the research.
Hence, in this research, the MIPs were prepared using precipitation polymerization for only 6 h. CYZ was selected as the template molecule or target compound and the functional monomers are methacrylic acid (MAA), acrylamide (AAm) and 4-vinyl pyridine (4VP), which are acidic, neutral, and basic, respectively. The binding interaction of CYZ, the template molecule with MAA, AAm and 4VP (functional monomers) was established by a self-assembly or non-covalent imprinting approach which involves non-covalent interactions. In the self-assembly approach, the functional monomer is used in excess compared to the number of moles of template molecule to aid the formation of template-functional monomer complexes [42]. Ethylene glycol dimethacrylate (EGDMA) was chosen as the cross-linker. The cross-linker is used to control the morphology of the polymer matrix, stabilize the imprinted binding sites, and provide mechanical stability to the polymer matrix [42]. Therefore, cross-linker was used at high ratios to generate MIP with porous structure and adequate mechanical stability [43] as well as to sustain the stability of the binding sites after template removal [7]. In MIP synthesis, a solvent is responsible for gathering and dissolving the template molecule, functional monomer, cross-linker, and initiator into a single phase called a pre-polymerization mixture [44]. Azo-bis-isobutyronitrile (AIBN) was used as the initiator, the starting material for the polymerization of MIPs and only a small amount of initiator is required to activate the polymerization process [42]. The most interesting part of this study is the usage of three different functional monomers of different natures (acidic, neutral, and basic) for the polymerization reaction that produces three different sets of MIPs. The MIP with the highest binding efficiency was selected for further studies including adsorption studies, selectivity test and MIP application for the removal of CYZ from environmental samples such as river water and tap water.

Results and discussion
FTIR analysis
The FTIR analysis was conducted to distinguish the functional groups present in the synthesized polymers, associated with the interaction among the template (CYZ), functional monomers (MAA, AAm and 4VP) and cross-linker (EGDMA). The general mechanism of MIP synthesis, showing the binding interactions between the CYZ as template monomer and AAm as a functional monomer to produce template molecule-functional monomer complexes in the presence of EGDMA as cross-linker, and later generate MIPs after the template removal, is displayed in Fig. 1.[image: ]
Fig. 1The general mechanisms of MIP synthesis


Meanwhile, the IR spectra of the synthesized MIP (MAA), MIP (AAm) and MIP (4VP) before washing were shown in Fig. 2 which provides a better understanding of the bond interactions within the MIPs and NIP. Based on Fig. 2, only the IR spectrum of MIP (AAm) shows a weak and broad peak at 3355.60 cm–1, demonstrating the N–H stretching of the amide group from AAm (functional monomer). All IR spectra of MIP (MAA), MIP (AAm) and MIP (4VP) showed peaks at the band of 2884.42 cm–1 to 2985.68 cm–1, indicating the C–H stretching of an alkyl group from CYZ (template) and EGDMA (cross-linker). The IR spectrum of CYZ proved the presence of the C-H alkyl group at around 2939.77 cm–1 and 2983.14 cm–1, as shown in Fig. 3. These peaks may also indicate the C–H stretching of the alkyl group from MAA as shown in the IR spectrum of MIP (MAA). Besides that, a strong peak in IR spectra of MIP (MAA), MIP (AAm) and MIP (4VP) can be detected from the range of 1721.38 cm–1 to1723.01 cm–1, which corresponded to the C = O stretching of ester group from EGDMA (cross-linker). The peak at 1721.38 cm–1 of MIP (MAA) may also correspond to the C = O stretching of the carboxylic acid group from MAA (functional monomer). The peaks of MIP (AAm) at 1671.56 cm–1 and 1614.52 cm–1 were attributed to the C = O stretching of the amide group from AAm (functional monomer). A medium peak of MIP (MAA) at 1636.72 cm–1, showing the C = C stretching of the alkenyl group from MAA (functional monomer). Medium peaks present in the IR spectrum of MIP (4VP) at 1558.34 cm–1 and 1597.98 cm–1 was displaying the C = C bending of an aromatic group from 4VP. Moreover, MIP (MAA), MIP (AAm) and MIP (4VP) had medium peaks at 1452.00 cm–1, 1450.44 cm–1 and 1449.50 cm–1, respectively. These peaks were attributed to CH2 bond bending and CH3 bending of CYZ (template), EGDMA (cross-linker) and either MAA or AAm or 4VP (functional monomers). The peaks present between 1140.41 cm–1 and 1388.80 cm–1 in IR spectra of MIP (MAA), MIP (AAm) and MIP (4VP) were showing a strong peak of C–O–C stretching and medium peak of CH3 bending of EGDMA (cross-linker). In addition, the peaks present in IR spectra of MIP (MAA), MIP (AAm) and MIP (4VP) from the range of 756.76 cm–1 to 757.92 cm–1 showing the C–Cl stretching of CYZ (template). These peaks may also represent the C-H bending of the alkene group in EGDMA (cross-linker).[image: ]
Fig. 2The IR spectra of MIP (MAA), MIP (AAm) and MIP (2VP) of CYZ

[image: ]
Fig. 3The IR spectrum of CYZ


For comparison, the IR spectra of MIP (AAm) and NIP (AAm) were shown in Fig. 4. The IR spectra showed that the peaks of MIP (AAm) were similar but slightly shifted as compared to NIP (AAm). This is due to the interaction between AAm (functional monomer) with CYZ, the template molecule during the synthesis of MIP (AAm). The presence of N–H stretching of the amide group from AAm (functional monomer) was detected in the IR spectrum of NIP (AAm) with a slight band shifting at 3361.96 cm–1 as compared to MIP (AAm) (3350.60 cm–1). The peaks of NIP (AAm) were at 2888.06 cm–1 and 2984.03 cm–1, meanwhile, the peaks of MIP (AAm) were slightly shifted at 2887.19 cm–1 and 2983.29 cm–1. These peaks were corresponding to the C–H stretching of EGDMA (cross-linker). For MIP (AAm), these peaks may also have been associated with the C-H stretching of CYZ (template), due to the addition of CYZ during the synthesis of imprinted polymer. The presence of C = O stretching of the amide group from AAm (functional monomer) can be observed from the peaks of NIP (AAm) at 1670.17 cm–1 and 1619.21 cm–1. Similarly, MIP (AAm) had slight band shifting at 1614.52 cm–1 and 1671.56 cm–1, showing the C = O stretching of the amide group from AAm (functional monomer). NIP (AAm) and MIP (AAm) had a medium peak at 1450.27 cm–1 and 1450.44 cm–1, respectively. This showed the CH2 bending and CH3 bending of EGDMA (cross-linker) in both NIP (AAm) and MIP (AAm). This peak may also indicate the CH3 bending of CYZ (template) in the MIP (AAm) that causes a slight band shifting than that of NIP (AAm). Another CH3 bending from EGDMA (cross-linker) was detected in MIP (AAm) and NIP (AAm) at 1450.44 cm–1 and 1388.73 cm–1, respectively. A strong peak at 1142.04 cm–1 of NIP (AAm) was associated with the C–O–C stretching of the ester group from EGDMA (cross-linker). Similarly, a strong and slightly shifted peak at 1142.34 cm–1 of MIP (AAm) was related to the C–O–C stretching of the ester group from EGDMA (cross-linker). Another medium peak was detected at 757.86 cm–1 and 757.31 cm–1 for MIP (AAm) and NIP (AAm), respectively. These peaks were associated with the C-H bending of the alkene group in EGDMA (cross-linker) and AAm (functional monomer). Slight band shifting at the peak of MIP (AAm) (757.86 cm–1) may also be due to the presence of the C–Cl stretching of CYZ (template).[image: ]
Fig. 4The IR spectra of MIP (AAm) and NIP (AAm) of CYZ



FESEM analysis
In this study, the morphologies of MIPs and NIPs were analyzed using FESEM at a magnification of 10,000X as shown in Fig. 5 (a–f). It was observed that MIP (MAA) and MIP (4VP) were agglomerated and in irregular shape, meanwhile, MIP (AAm) and NIP (AAm) were spherical and nearly regular in shape (Fig. 5). The template-monomer interaction affects the polymer production of regular-size distribution with a dispersed polymer surface [45]. It was calculated that the average diameter size of MIP (MAA), MIP (AAm) and MIP (4VP) were 0.64 µm, 0.86 µm and 0.96 µm, respectively. This may be due to the usage of different functional monomers such as MAA, AAm and 4VP for the fabrication of the MIPs of CYZ. In comparison, the average diameter of NIP (MAA), NIP (AAm) and NIP (4VP) were 0.70 µm, 0.98 µm and 1.05 µm, respectively. This may be due to the absence of the CYZ template added for the synthesis of the NIPs.[image: ]
Fig. 5The SEM micrographs of a MIP (MAA), b MIP (AAm), c MIP (4VP), d NIP (MAA), e NIP (AAm) and f NIP (4VP) of CYZ



EDX analysis
The energy dispersive X-ray (EDX) analysis was carried out to determine the amount of main chemical elements in the synthesized MIP (MAA), MIP (AAm) and MIP (4VP) of CYZ. Based on Fig. 6 (a), MIP (MAA) was composed of carbon, oxygen, and chlorine of 87.89%, 12.01% and 0.10%, respectively. Similarly, MIP (AAm) was also comprised of carbon (70.51%), oxygen (29.38%), and chlorine (0.12%) as depicted in Fig. 6 (b). Lastly, there was about 76.67% of carbon, 23.26% of oxygen and 0.06% of chlorine in MIP (4VP) as shown in Fig. 6 (c). This concluded that the MIP (MAA), MIP (AAm) and MIP (4VP) were mainly composed of carbon and oxygen, indicating the backbone of the polymer structure. A small percentage presence of chlorine in the MIPs was due to the chlorine functional group in the CYZ template molecule.[image: ]
Fig. 6The EDX analysis of (a) MIP (MAA), b MIP (AAm) and (c) MIP (4VP) of CYZ



BET analysis
The Brunauer-Emmett-Teller (BET) analysis was performed to distinguish the surface area, average pore radius and total pore volume of selected MIP (AAm) and NIP (AAm). The surface area, average pore radius and total pore volume of MIP (AAm) were greater than that of NIP (AAm), as shown in Table 1. This is because the addition of the CYZ template molecule in the MIP preparation generated specific binding sites that influenced the surface area, average pore radius and total pore volume of MIP (AAm). The presence of template molecules during MIP synthesis, resulting in MIP with imprinting effects [46]. Based on Table 1, the average pore radius of MIP (AAm) was 104.900 Å, indicating a porous polymer. In this research, toluene was selected as the porogen for the MIP synthesis which also contributed to the morphological characteristics of the resulting polymers. It has been reported that the concentration, volume, and structure of the porogen can affect the morphology, pore volume and surface area of the synthesized MIP and NIP [19]. Based on the BET results, the corresponding N2 adsorption isotherms of both MIP (AAm) and NIP (AAm) of CYZ were classified under Type I, according to IUPAC classification [47]. This is because Type I indicates the polymers were microporous solids and the adsorption process occurred at a very low relative pressure region with the ratio between pressure and saturation pressure (P/P°˂0.3) due to the interactions between the pore walls and the adsorbate were multidirectional [48]. Moreover, the hysteresis loops of MIP (AAm) and NIP (AAm) were based on Type H1 hysteresis in which the solids have regular sizes and shapes [48].Table 1The BET analysis of MIP (AAm) and NIP (AAm) of CYZ


	Properties
	Magnitude MIP (AAm)
	Magnitude NIP (AAm)

	Surface area (m2/g)
	21.019
	10.870

	Average pore radius (Å)
	104.900
	91.824

	Total pore volume (cm3/g)
	1.868
	0.025





TGA analysis
The thermogravimetric analysis (TGA) was conducted on the synthesized MIP (AAm) as shown in Fig. 7. The initial stage of MIP (AAm) weight loss started from ~ 31 °C to ~ 48 °C, with a weight loss of about 4.45%. No significant weight loss can be found from ~ 48 °C to ~ 254 °C. This is due to the loss of moisture content or water content in the MIP (AAm). Drastic weight loss can be observed starting from ~ 334 °C to ~ 420 °C with a weight loss of 81.36%. This may be due to the decomposition of the decomposition of MIP (AAm). The final weight loss was continued until ~ 900 °C in which the remaining MIP (AAm) was less than 20%, indicating its thermal resistance. According to this analysis, different endothermic curves were observed through the DTA curve. The first endothermic curve showed the removal of moisture in the MIP (AAm). The second endothermic curve was observed in the range of > 334 °C, indicating the breakage of crosslinking and thermal degradation of the synthesized MIP (AAm). This indicated the good thermal stability of the synthesized polymer due to the usage of EGDMA cross-linker which provide stability and rigidity to the MIP (AAm) structure.[image: ]
Fig. 7The TGA analysis of MIP (AAm) of CYZ



Batch binding analysis
The experiment on batch binding was conducted to study the rebinding efficiency of the synthesized MIP (MAA), MIP (AAm) and MIP (4VP) at various contact times.
Figure 8 presented the rebinding efficiency of the synthesized MIP (MAA), MIP (AAm) and MIP (4VP). The three imprinted polymers of CYZ showed a similar trend as the rebinding efficiencies of MIP (MAA), MIP (AAm) and MIP (4VP) were increasing with the increasing contact time until 240 min, and then the rebinding efficiencies were decreasing gradually until 300 min. This indicated that at a contact time of 240 min, the rebinding of MIPs with the CYZ template had been achieved and the adsorption phase had reached its equilibrium. This study was also used to determine the most suitable combination for the MIP synthesis of CYZ with the selected functional monomer, resulting in MIP with the highest binding efficiency. Prior to this analysis, the MIPs of CYZ were prepared by precipitation polymerization using three different natures of functional monomers (acidic, neutral, and basic) namely MAA, AAm and 4VP, respectively. At 240 min, MIP (MAA), MIP (AAm) and MIP (4VP) attained their highest rebinding efficiencies of 53.87%, 83.30% and 60.14%, respectively. MIP (AAm) had the highest rebinding efficiency than that MIP (MAA) and MIP (4VP), indicating that the mixture of CYZ (template), AAm (neutral functional monomer), EGDMA (cross-linker), AIBN (initiator) and toluene (porogen) are the best combination of a pre-polymerization mixture to produce imprinted polymers with higher binding efficiency. This is because a suitable choice of functional monomer in MIP synthesis provides stronger interactions with the template molecule to generate more stable template-monomer complexes, resulting MIPs with greater imprinting effect [49–51]. It was clear that MIP (AAm) had the highest rebinding efficiency with CYZ and therefore, the batch binding study on the NIP (AAm) was also conducted for comparison purposes.[image: ]
Fig. 8The comparison of batch binding studies among MIP (MAA), MIP (AAm) and MIP (2VP) of CYZ


Figure 9 indicated that the rebinding efficiency of NIP (AAm) also had a similar trend but is much lower than that of MIP (AAm). The highest rebinding efficiency of NIP (AAm) was recorded at 240 min, which was only 56.17%, much lower than the rebinding efficiency of MIP (AAm). This is because the non-imprinted polymer was synthesized without the presence of a CYZ template and therefore having non-specific binding sites. NIP had lower binding efficiency because it lacked specific recognition sites complementary to the template molecule [45]. Therefore, MIP (AAm) and NIP (AAm) were selected for further studies such as adsorption studies, selectivity tests and the application of polymers in environmental samples.[image: ]
Fig. 9The comparison of batch binding between MIP (AAm) and NIP (AAm) of CYZ



Effect of initial concentration
In this study, a series of initial concentrations (1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 ppm) of CYZ solution were tested to determine the optimum initial concentration of CYZ with the highest adsorption efficiency. Meanwhile, other parameters such as the polymer dosage, pH of the solution and the contact time were kept unchanged. Figure 10 showed that as the initial concentration of CYZ solution was increased (1 to 6 ppm), the adsorption efficiencies of MIP (AAm) also increased, and then a further increase in initial concentrations of CYZ solution (7 to 10 ppm) lead to decrease in the adsorption efficiency of MIP (AAm). A similar trend was detected in NIP (AAm) but with much lower adsorption efficiency. Figure 10 indicated that the highest adsorption efficiency of MIP (AAm) was obtained at an initial concentration of 6 ppm CYZ solution (86.26%), meanwhile, the lowest adsorption efficiency of MIP (AAm) was observed at an initial concentration of 1 ppm CYZ solution (25.51%). This showed that different initial concentrations of CYZ influenced the adsorption efficiency of MIP (AAm) because an adequate number of CYZ complementary binding sites were required to sufficiently bind with the available recognition sites in the MIP (AAm). As expected, the highest adsorption efficiency of NIP (AAm) (53.54%) at 6 ppm CYZ solution was much lower than that of MIP (AAm). This revealed the successful incorporation of CYZ as a template molecule in MIP synthesis that produces specific binding that had high affinity and selectivity towards its target molecule. Thus, the optimum initial concentration for the highest adsorption efficiency of MIP (AAm) and NIP (AAm) was at 6 ppm of CYZ solution, because at this stage all the sites on the polymers have been occupied by the template molecule and had attained a saturation [52].[image: ]
Fig. 10The effect of initial concentration on MIP (AAm) and NIP (AAm) of CYZ



Effect of pH
For this study, the pH of CYZ solutions was adjusted to acidic, neutral, and basic such as pH 3 and pH 5, pH 7, pH 9 and pH 11, respectively. Meanwhile, other parameters such as the CYZ concentration, polymer dosage and contact time remained unchanged. Based on Fig. 11, the adsorption efficiency of MIP (AAm) towards CYZ was increased from an acidic condition (pH 3 and pH 5) to a neutral condition (pH 7), and then, decreased at the basic condition (pH 9 and pH 11). The highest adsorption efficiency of MIP (AAm) was attained at pH 7, neutral condition (86.39%) while the lowest adsorption efficiency of MIP (AAm) was obtained at pH 11, strong basic condition (14.41%). This revealed that pH condition had an influence on the MIP adsorption efficiency as too low or too high pH condition may disrupt the characteristics of the CYZ template molecule. This may be because of certain pH conditions may alter the functionality of the template molecule, hence not fitting suitably with the binding sites of the synthesized MIP [53]. Therefore, the rebinding of the synthesized MIP (AAm) is pH dependent. As expected, the adsorption efficiencies of NIP (AAm) were much lower than the adsorption efficiencies of MIP (AAm). This is because NIP does not have an imprinting effect in its polymer matrix, resulting in the formation of non-specific binding sites [54]. Since NIP (AAm) did not have specific binding sites, the binding affinity and specificity between the NIP (AAm) and CYZ was weak, thus resulting in lower adsorption efficiency. NIP (AAm) also showed a similar trend as the MIP (AAm), whereby its adsorption efficiency towards CYZ was increased from acidic condition (pH 3 and pH 5) to neutral condition (pH 7), and then, decreased in basic conditions (pH 9 and pH 11).[image: ]
Fig. 11The effect of various pH conditions on MIP (AAm) and NIP (AAm) of CYZ



Effect of polymer dosage
In this study, several polymer dosages (0.1 g, 0.2 g, 0.3 g, 0.4 g 0.5 g, 0.6 g and 0.7 g) were used to determine the effects of the amount of polymer used on the adsorption efficiencies of MIP (AAm). Meanwhile, other parameters such as the CYZ concentration, pH of the solution and the contact time have remained constant. Based on Fig. 12, the highest adsorption efficiency was obtained at the MIP (AAm) dosage of 0.1 g (86.39%), then the adsorption efficiencies were decreased gradually as the MIP (AAm) dosages increased (0.2 g, 0.3 g, 0.4 g 0.5 g, 0.6 g and 0.7 g), whereby the lowest adsorption efficiency was recorded at MIP dosage of 0.7 g (69.31%). Generally, an increasing amount of polymer contributed to an increasing number of recognition sites, resulting in higher adsorption efficiency of its template compound. However, a further increase in the amount of polymer does not necessarily increase its adsorption efficiency because the active recognition sites are hidden by the polymer particles that were clumping together. Hence, a further increase in the amount of MIP (AAm) led to a decrease in its adsorption efficiency because an abundance amount of polymer caused overcrowding of binding sites and eventually deterred the binding of CYZ template molecule to the recognition sites in the MIP cavity. Further increase in polymer dosage leads to a decrease in adsorption efficiency as the excess amount of polymer leads to agglomeration of polymer particles and hence, hinders the binding process with the target molecule [1]. A similar trend of adsorption efficiencies can be seen on NIP (AAm) but with much lower adsorption efficiencies. Therefore, the optimum polymer dosage needed to obtain the highest binding efficiency was 0.1 g of polymer in which only a small amount of MIP (AAm) is required to efficiently remove the CYZ.[image: ]
Fig. 12The effect of polymer dosage on MIP (AAm) and NIP (AAm) of CYZ



Kinetic studies
Three different kinetic models such as pseudo-first-order, pseudo-second-order and intraparticle-diffusion were applied in kinetic studies to distinguish the adsorption process of CYZ on the surface of the MIP (AAm) as shown in Figs. 13, 14 and 15, respectively. Based on Table 2, the pseudo-second-order kinetic model has the highest correlation coefficient value which was closest to 1 (R2 = 0.9819) as compared to the two other kinetic models of the pseudo-first-order kinetic model (R2 = 0.9733) and intraparticle diffusion kinetic model ((R2 = 0.8450). Therefore, the pseudo-second-order kinetic model was the best-fitted kinetic model for MIP (AAm) which the kinetic reaction was more inclined towards chemisorption, indicating that the CYZ molecule and the MIP (AAm) were involved in the rate-determining step of the adsorption process. The chemisorption process also involved a strong chemical bond formation between CYZ as the solute and MIP as the adsorbent. Moreover, this pseudo-second-order kinetic model also indicated that the adsorption rate of CYZ as the solute is proportional to the available binding sites on the MIP (AAm) as the adsorbent.[image: ]
Fig. 13The pseudo-first-order kinetic model of MIP (AAm) of CYZ

[image: ]
Fig. 14The pseudo-second-order kinetic model of MIP (AAm) of CYZ

[image: ]
Fig. 15The intraparticle-diffusion kinetic model of MIP (AAm) of CYZ

Table 2Three types of kinetic models tested on MIP (AAm) of CYZ


	Kinetic models

	Pseudo-1st-order
	Pseudo-2nd-order
	Intraparticle-diffusion

	qe1 (mg/g)
	K1 (1/h)
	R2
	qe2 (mg/g)
	K2 (g/mgh)
	R2
	Co (mg/L)
	Kdif (mg/h1/2 g)
	C
	R2

	1.08616E + 57
	− 93.775
	0.9733
	0.0024
	77.350
	0.9819
	1.3395
	− 0.0023
	0.0144
	0.8450





Adsorption isotherms
Two adsorption isotherms models namely Langmuir and Freundlich isotherms were examined to evaluate the mechanism of adsorption and extent of the CYZ absorbed on the MIP (AAm) surface as shown in Fig. 16 and Fig. 17, respectively. Based on Fig. 16 and Fig. 17, the slopes and intercepts of the plots were applied for the calculations of isotherm factors such as qmax, KL, RL, n, 1/n and R2 values as displayed in Table 3.[image: ]
Fig. 16The Langmuir isotherm model of MIP (AAm) of CYZ

[image: ]
Fig. 17The Freundlich isotherm model of MIP (AAm) of CYZ

Table 3The adsorption isotherm models of MIP (AAm) of CYZ


	Langmuir constants
	Freundlich constants

	qmax (mg/g)
	KL (L/mg)
	RL
	R2
	KF (mg/g)
	n
	1/n
	R2

	0.2982
	4.1902
	0.1455
	0.9946
	0.3391
	1.6033
	0.6237
	0.9839




Generally, the Langmuir adsorption isotherm is defined as mono-layer adsorption of adsorbate (CYZ) by MIP while the Freundlich adsorption isotherm is defined as multi-layer adsorption of adsorbate (CYZ) by MIP. In this case, the Langmuir isotherm appeared to be the best-fitted adsorption isotherm model of CYZ by MIP (AAm) due to a higher correlation coefficient value (R2 = 0.9946) as shown in Table 3. The RL value is important to determine the type of adsorption isotherm, whether the adsorption is favourable (0 ˂ RL ˂ 1), unfavourable (RL > 1) or irreversible (RL = 1) [48, 52, 53]. Besides that, the RL value was 0.1455, suggesting favourable adsorption of CYZ by MIP (AAm) as depicted in Table 3. Hence, it can be deduced that the adsorption of CYZ on the surface of MIP (AAm) was mono layered.

Selectivity of the MIP
In this study, AME was selected as the competitive compound because it has an analogous chemical structure to CYZ, and is categorised as a 1,3,5-triazine herbicide which is one of the environmental pollutants. Based on the selectivity test, the distribution ratio, KD of MIP (AAm) was much higher for CYZ than Ametryn, meanwhile, the KD of NIP (AAm) was slightly lower for CYZ than Ametryn, resulting in a higher selectivity coefficient, Ksel for CYZ than Ametryn (Table 4). Hence, the calculated relative selectivity coefficient, k’ was 2.36, indicating that the synthesized MIP (AAm) was more selective towards its own template compound (CYZ) than the competitive compound (Ametryn). This is because the value of the relative selectivity coefficient (k’) is greater than 1 indicating that the synthesized MIP showed a good performance as molecular recognition [55]. The factor affecting the selectivity of MIP (AAm) towards CYZ than AME was the specific recognition sites in the MIP (AAm) that fit suitably with CYZ in terms of position and size because CYZ was used as the template molecule for the MIP synthesis, resulting in the imprinting effect on MIP (AAm). The synthesized MIP had specific binding sites corresponding with its template molecule as compared to the competitive compound that did not have specific binding sites on the synthesized MIP [10]. Besides that, the polymer selectivity is also depending on the shape of the binding sites and the particle size of the material [56].Table 4The distribution ratio, selectivity coefficients and relative selectivity coefficient of MIP (AAm) and NIP (AAm) of CYZ


	 	KD MIP (AAm)
	KD NIP (AAm)
	Ksel
	k'

	Cyanazine (Template molecule)
	84.32
	28.52
	2.09
	2.36

	Ametryn (Competitive compound)
	40.37
	32.19
	0.89





Removal of CYZ from environmental samples
The synthesized MIP (AAm) of CYZ was used for the removal of CYZ from environmental samples. Good removal efficiencies of CYZ in DIW (21.64 µg/mL), tap water (21.19 µg/mL) and river water (21.17 µg/mL) were attained by the synthesized MIP (AAm). Meanwhile, much lower removal efficiencies of CYZ in DIW (13.43 µg/mL), tap water (10.46 µg/mL) and river water (10.00 µg/mL) were obtained by the NIP. This showed that the synthesized MIP (AAm) has specific binding sites complementary to CYZ as compared to the NIP (AAm) (Table 5). The addition of CYZ as a template molecule in the MIP (AAm) preparation led to the imprinting effect of CYZ that generated more specific binding sites in MIP (AAm) that were complementary to CYZ and therefore, MIP (AAm) was more selective towards CYZ than AME. Meanwhile, the preparation of NIP (AAm) did not involve the addition of CYZ, resulting in non-specific binding sites on its polymer structure and thus had much lower CYZ removal efficiencies in DIW, tap water and river water. The high affinity and specificity of MIPs were influenced by the presence of the template molecule during the molecular imprinting process [57]. Several other studies had been conducted for the removal of CYZ in environmental samples using adsorbents such as graphene [58], Fe3O4 [59], granular activated charcoal [60], and magnetic adsorbent [61]. However, MIP is the best adsorbent to extract CYZ in the environment due to its better extraction efficiency and selectivity, as well as the MIP preparation method is straightforward and inexpensive. Moreover, the terbuthylazine stir bars coated with MIP had successfully extracted various triazine herbicides including CYZ from rice samples as this MIP-coated adsorbent had improved the selectivity and removal efficiency of CYZ [62].Table 5The removal of CYZ from river water, tap water and distilled water using MIP (AAm) and NIP (AAm)


	Samples
	Amount of CYZ added (µg/mL)
	Amount of CYZ found (µg/mL)
	MIP (AAm) Recovery (%)
	RSD
	Amount of CYZ found (µg/mL)
	NIP (AAm) Recovery (%)
	RSD

	DIW
	25
	21.64
	86.57
	0.01
	13.43
	53.72
	0.02

	Tap Water
	25
	21.19
	84.75
	0.04
	10.46
	41.82
	0.04

	River Water
	25
	21.17
	84.69
	0.01
	10.00
	39.99
	0.11





Stability and reusability of MIP (AAm)
Due to their stability and reusability characteristics, MIP is denoted as versatile adsorbent material for molecular recognition of target compounds that can be reused multiple times for MIP rebinding interactions with its target compound. MIP has the capability for rebinding with its template molecule or target compound numerous times without noticeably altering its molecular recognition efficiency. Table 6 illustrated the effect of the reusability of MIP (AAm) of CYZ on its removal efficiency for CYZ. It is apparent that a little decrease in the MIP (AAm) rebinding efficiency with CYZ from the first cycle to the sixth cycle, as mentioned in Table 6. This proved that the synthesized MIP had good stability and reusability as it can retain its high rebinding efficiency and selectivity even after multiple times of usage [61, 63]Table 6The effect of reused times of MIP (AAm) for the removal of CYZ


	Adsorption–desorption cycle
	Removal percentage of CYZ by using MIP (AAm)

	Cycle-1
	86.50%

	Cycle-2
	86.14%

	Cycle-3
	85.69%

	Cycle-4
	85.30%

	Cycle-5
	85.01%

	Cycle-6
	84.30%






Conclusion
Three functional monomers (MAA, AAm and 4VP) were applied to produce MIPs of CYZ via the precipitation polymerization method. The MIP (AAm) synthesized polymer was nearly of regular size and spherical shape, while both MIP (MAA) and MIP (4VP) were irregular in size and shape. Besides, MIP (AAm) also had the highest rebinding efficiency than that of MIP (MAA) and MIP (4VP). For comparison, NIP (AAm) was also synthesized in a similar way as the MIP but without the addition of a template and this resulted in a low rebinding efficiency because of the lack of any imprinting effect within its matrix. The ideal adsorption conditions for MIP (AAm) to attain its highest rebinding efficiency are an initial concentration of 6 ppm, CYZ template solution at pH 7 (neutral) and polymer dosage of 0.1 g polymer. The kinetic and adsorption isotherms of MIP (AAm) was best described by the pseudo-second-order kinetic isotherm model and the Langmuir adsorption isotherm model, respectively. The synthesized MIP (AAm) also has been successfully employed to remove CYZ herbicide from river water (84.69%), tap water (84.75%) and distilled water (86.57%). Thus, the synthesized MIP (AAm) could be a future promising extracting material for the removal of CYZ herbicide from the river and tap water.
Much of the previous research on the removal of CYZ herbicides by MIP were employing lengthy polymerization reactions and analyses were performed by HPLC which were time-consuming, expensive, and non-environmentally friendly due to the usage of large volumes of solvents. In this research, the methods used were more time-saving and inexpensive, than the reported methods because the MIP polymerization reaction only took a short period of time (6 h), and the utilization of UV–Vis spectrophotometer for binding analyses only required the usage of solvents in small amounts. This study is limited to removal of CYZ from the spiked water samples. However, the analytical characteristics showed that the methodology proposed in this research can be successfully applied to the analytical removal of CYZ herbicides in aqueous samples such as tap and river water. Therefore, the MIP (AAm) of CYZ can be applied without the need to couple it with other materials such as activated charcoal or magnetic materials to reduce the toxic waste residues produced during the analyses.

Materials and methods
Materials
Cyanazine (CYZ) (≥ 98% purity), ametryn (AME) (≥ 98% purity), methacrylic acid (MAA) (99% purity), ethylene glycol dimethacrylate (EGDMA) (≥ 97.5% purity) and 4-vinylpyridine (4VP) (≥ 94.5% purity) were purchased from Sidma-Aldrich. Acrylamide (AAm) (≥ 99% purity), azo-bis-isobutyronitrile (AIBN) (98% purity) and methanol (MeOH) (99.8% purity) were obtained from R & M Chemicals. Toluene (99.5% purity) was supplied by HmbG Chemicals. Acetic acid (AcOH) (95% purity) and acetone (Ace) (99.8% purity) were purchased from Bendosen Laboratory Chemical. Acetonitrile (HPLC grade) (99.9% purity) was bought from Fisher Scientific. Distilled water (DIW) was used throughout the study.


Synthesis of MIPs and NIP of CYZ
The polymers (MIPs and NIP) were synthesized by the precipitation polymerization method with three different functional monomers, using the procedure reported by Roland and coworkers [1, 12] with modification. In the process of polymerization, 100 mL of 1.0 mmol template solution (CYZ), 6.0 mmol of functional monomer (MAA), 12.0 mmol cross-linker (EGDMA) and 30 mg of initiator (AIBN) were poured into 250 mL conical flask. The mixture was sonicated (Brandson 2510) for 10 min and then degassed with nitrogen in an ice water bath for 15 min. After that, the conical flask was sealed tightly and immersed in a water bath (Biobase XMTD-204) at 80 °C for 6 h to complete the polymerization reaction. The synthesized polymer particles were collected by centrifugation (Gyrozen-406) at 4000 rpm for 15 min and dried at room temperature, 25 °C. A similar experimental procedure was followed for the MIP preparation using other two functional monomers as listed in Table 7. The non-imprinted polymer (NIP) was synthesized in a similar way but without the addition of the CYZ template molecule. The ratio of functional monomers was based on the number of possible hydrogen bonding within the chemical structure of CYZ, the template molecule while the ratio of cross-linker is double the ratio of functional monomers. Prior to this procedure, solubility tests were performed on each chemical constituent to ensure that each of them was soluble in the selected solvent specifically toluene (Table 7).Table 7Template-monomer-crosslinker-initiator ratios for synthesis of MIPs and NIPs of CYZ


	Polymer
	Template
	Functional Monomer
	Crosslinker
	Initiator

	CYZ (mmol)
	MAA (mmol)
	AAm (mmol)
	4VP (mmol)
	EGDMA (mmol)
	AIBN (mg)

	MIP (MAA)
	1
	6
	–
	–
	12
	30

	MIP (AAm)
	1
	–
	6
	–
	12
	30

	NIP (AAm)
	–
	–
	6
	–
	12
	30

	MIP (4VP)
	1
	–
	–
	6
	12
	30





Removal of CYZ from synthesized MIPs
The synthesized MIPs were continuously washed with a mixture of MeOH and AcOH (6:4, v/v) until the CYZ template was not detected by a UV–Visible spectrophotometer (Agilent Cary 60) at 220 nm. Finally, the synthesized polymer particles were collected by centrifugation at 4000 rpm for 15 min and dried at room temperature, 25 °C.

Characterization of MIPs and NIPs of CYZ
FTIR analysis (Thermo Scientific Nicolet iS10 FTIR with Diamond ATR) was conducted on both MIPs and NIP of CYZ before wash and after wash to identify and compare the functional groups present in the IR spectral range of 4000 cm–1–500 cm–1 [1, 10, 12].
FESEM and EDX analyses (JOEL JSM–IT500HR) were carried out to observe the morphology (size and shape) [1, 10, 12] and detect the elements present in the synthesized polymers at a magnification of 10 k [65], respectively.
BET analysis (Brunauer–Emmett–Teller Quantachrome Autosorb) was also performed on both MIP and NIP to measure the specific surface area, pore volume and average pore diameter of the synthesized polymers [1, 12].
Thermal analysis (Universal Analyzer 2000 with Universal V4.7A software) was employed at a temperature range of 30–900 °C at a heating rate of 10 °C/min to determine the stability temperature of the imprinted polymer [1, 12].
Batch binding of MIPs and NIP of CYZ
A batch binding study [1, 12] was carried out to determine the highest rebinding efficiency of CYZ with different MIPs and NIP. A series of 100 mL conical flasks containing 0.1 g of MIPs and NIP were added with 10 mL of 5 ppm CYZ solution. The conical flasks containing the mixture were agitated on an orbital shaker (Heathrow Scientific) at the speed of 150 rpm and the samples were collected at different time intervals (0, 5, 10, 15, 20, 25, 20, 60, 90, 120, 150, 180, 210, 240, 270 and 300 min). The concentrations of CYZ after the rebinding were observed by using a UV–Visible spectrophotometer.
The rebinding efficiencies of MIPs and NIP of CYZ were evaluated by using the following Eq. (1) [65] [image: $${\text{Binding efficiency }} = \, \left[ {\left( {{\text{C}}_{{\text{i}}} {-}{\text{ C}}_{{\text{f}}} } \right)/{\text{C}}_{{\text{i}}} } \right] \, \times { 1}00 \, \%$$]

 (1)


where Ci = the initial CYZ concentration in the solution before binding and Cf = the final CYZ concentration in the solution after binding.

Adsorption studies MIP and NIP of CYZ
In adsorption studies [1, 12], only MIP (AAm) and its NIP (AAm) were selected because they had the highest rebinding efficiency among the imprinted polymers.

Effect of Initial Concentration
A 0.1 g of MIP and NIP beads were added into a series of 100 mL conical flasks containing 10 mL of different CYZ concentrations (1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 ppm). The conical flasks containing the mixture were agitated on an orbital shaker at the speed of 150 rpm for 240 min. The concentrations of CYZ after the rebinding were observed by using a UV–Visible spectrophotometer. The rebinding efficiencies of MIPs and NIP of CYZ were evaluated by using the following Eq. (1).

Effect of pH
A 0.1 g of MIP and NIP beads were added into a series of 100 mL conical flasks containing 10 mL of 6 ppm of CYZ solution at different pH (3, 5, 7, 9 and 11). The conical flasks containing the mixture were agitated on an orbital shaker at the speed of 150 rpm for 240 min. The concentrations of CYZ after the rebinding were observed by using a UV–Visible spectrophotometer. The rebinding efficiencies of MIPs and NIPs of CYZ were evaluated by using the following Eq. (1).

Effect of polymer dosage
Different amounts of MIP and NIP beads (0.1 g, 0.2 g, 0.3 g, 0.4 g, 0.5 g, 0.6 g and 0.7 g) were added into a series of 100 mL conical flasks containing 10 mL of 6 ppm of CYZ solution at pH 7. The conical flasks containing the mixture were agitated on an orbital shaker at the speed of 150 rpm for 240 min. The concentrations of CYZ after the rebinding were observed by using a UV–Visible spectrophotometer. The rebinding efficiencies of MIPs and NIPs of CYZ were evaluated by using the following Eq. (1).


Kinetic studies of MIP of CYZ
Three different kinetic models such as pseudo-first-order, pseudo-second-order and intraparticle-diffusion were applied in this study to investigate the rate and kinetic mechanism of MIP (AAm) adsorption. The experimental data of the batch binding study of MIP (AAm) was examined using these kinetic models. Equations (2, 3, 4) represented the linear equations of pseudo-first-order [66], pseudo-second-order [66] and intraparticle-diffusion [66], respectively. Among these kinetic models, only one kinetic model with a higher correlation coefficient (R2) was selected as the best-fitted kinetic model which describes the adsorption of MIP (AAm).[image: $${\mathbf{Pseudo}} - {\mathbf{first}} - {\mathbf{order}}:\,{\text{log }}\left( {{\text{q}}_{{\text{e}}} {-}{\text{ q}}_{t} } \right)\, = \,{\text{log }}\left( {{\text{q}}_{{\text{e}}} } \right)\,{-}\,{\text{K}}_{{1}} \left( {t/{2}.{3}0{3}} \right)$$]

 (2)


where, qe = the amount of CYZ adsorbed at equilibrium time, qt = the amount of CYZ adsorbed at any given time t, K1 = the pseudo-first-order equilibrium rate constant and t = the time interval of CYZ adsorption.[image: $${\mathbf{Pseudo}} - {\mathbf{second}} - {\mathbf{order}}:\,{\text{t}}/{\text{q}}_{t} = \,{1}/{\text{ K}}_{{2}} \left( {{\text{q}}_{{\text{e}}} } \right)^{{2}} \, + \,{\text{t}}/{\text{q}}_{{\text{e}}}$$]

 (3)


where, qe = the amount of CYZ adsorbed at equilibrium time, qt = the amount of CYZ adsorbed at any given time t, K2 = the pseudo-second-order equilibrium rate constant and t = the time interval of CYZ adsorption.[image: $${\mathbf{Intraparticle}} - {\mathbf{diffusion}}:\,{\text{q}}_{t} = \,{\text{K}}_{{{\text{dif}}}} \surd t + C$$]

 (4)


where, qt = the amount of CYZ adsorbed at any given time t, Kdif = the intraparticle equilibrium rate constant, t = the time interval of CYZ adsorption and C = another kinetic constant.
Isotherm studies of MIP of CYZ
Two isotherm models including Langmuir and Freundlich isotherm models were employed in this study to describe the adsorption capability and surface of the MIP (AAm). The experimental data of the adsorption study (initial concentration) of MIP (AAm) was examined using both isotherm models. Equations (5, 7) represented the linear equations of Langmuir [66] and Freundlich isotherm [66] models, respectively. Between these two isotherm models, only one model with a higher correlation coefficient (R2) was selected as the best-fitted isotherm model.[image: $${\mathbf{Langmuir}} \, {\mathbf{Isotherm}}:\,{\text{C}}_{{\text{e}}} /{\text{q}}_{e} = \,\left( {{1}/{\text{q}}_{{{\text{max}}}} {\text{K}}_{{\text{L}}} } \right)\, + \,\left( {{\text{C}}_{{\text{e}}} /{\text{q}}_{{{\text{max}}}} } \right)$$]

 (5)


where, Ce = the CYZ concentration at equilibrium, qe = the amount of CYZ adsorbed at equilibrium time, qmax = the maximum adsorption capacity of MIP (AAm) and KL = the Langmuir constant.
Moreover, the RL value (parameter of equilibrium) related to the fundamental characteristics of the Langmuir isotherm model was calculated by using Eq. (6) [66]:[image: $${\text{R}}_{{\text{L}}} = \,{1}/\,\left( {{1}\, + \,{\text{K}}_{{\text{L}}} {\text{C}}_{{\text{e}}} } \right)$$]

 (6)


where, KL = the Langmuir constant and Ce = the CYZ concentration at equilibrium.[image: $${\mathbf{Freundlich}} \, {\mathbf{isotherm}}:\,{\text{In}}\,\left( {{\text{q}}_{e} } \right) = \,{\text{In }}\left( {{\text{K}}_{{\text{F}}} } \right)\, + \,\left( {{1}/n} \right)\,\left( {{\text{In C}}_{{\text{e}}} } \right)$$]

 (7)


where, Ce = the CYZ concentration at equilibrium, qe = the amount of CYZ adsorbed at equilibrium time, KF = the Freundlich constant and n = constants associated with the intensity of adsorption.

Selectivity test of MIP of CYZ
In this selectivity study [1, 12], the two conical flasks one containing 0.1 g of MIP (AAm) and another with 0.1 g of NIP were added with 10 mL of a mixture of solution (6 ppm CYZ solution and 6 ppm AME). After that, the conical flasks were agitated on an orbital shaker at 150 rpm for 240 min. The concentrations of CYZ after the rebinding were observed by using reversed-phase high-performance liquid chromatography (RP-HPLC). The selectivity of MIP and NIP towards CYZ was expressed in terms of the distribution ratio (KD), using the following Eq. (8) [67].[image: $${\text{K}}_{{\text{D}}} = \,\left[ {\left( {{\text{C}}_{{\text{i}}} {-}{\text{ C}}_{{\text{f}}} } \right)/{\text{C}}_{{\text{f}}} } \right]\,\left( {{\text{V}}/{\text{m}}} \right)$$]

 (8)


where Ci = the initial CYZ concentration in the solution before adsorption, Cf = the final CYZ concentration in the solution after adsorption, V = the volume of solvent used and m = the mass of MIP/NIP used.
The selectivity coefficients for CYZ, the template molecule relative to AME, the binding competitor for MIP and NIP were determined according to Eq. (9) [67].
and[image: $${\text{Selectivity}}\,{\mkern 1mu} {\text{coefficient,K}}_{{{\text{sel}}}} {\text{ = K}}_{{\text{D}}}^{{{\text{CYZ}}}} {\text{/K}}_{{\text{D}}}^{{{\text{AME}}}}$$]

 (9)


where [image: $${\mathrm{K}}_{\mathrm{D}}^{\mathrm{CYZ}}$$] = the batch binding assay of MIP/NIP for CYZ and [image: $${\mathrm{K}}_{\mathrm{D}}^{\mathrm{AME}}$$] = the batch binding assay of MIP/NIP for AME.
Hence, the relative selectivity coefficient (k’) was defined by Eq. (10) [67], as below.[image: $$k^{\prime}\, = \,{{{{K}}_{{{{MIP}}}} } \mathord{\left/ {\vphantom {{{{K}}_{{{{MIP}}}} } {{\text{K}}_{{{{NIP}}}} }}} \right. \kern-0pt} {{{K}}_{{{{NIP}}}} }}$$]

 (10)




Removal of CYZ from tap water and river water
The collected tap water (Environmental Lab 1, FRST) and river water (Samarahan River) were filtered by using vacuum filtration to eliminate any suspended particles. Any presence of CYZ in the collected tap water and river water was monitored using a UV–Visible spectrophotometer.
Firstly, the filtered river water, tap water and DIW were spiked with 25 µg/mL of CYZ, respectively. Secondly, 0.1 g of MIP (AAm) and NIP (AAm) were added to respective conical flasks containing 10 mL of spiked CYZ solution. The conical flasks containing the mixture were agitated on a shaker at 150 rpm for 240 min. Finally, the CYZ concentrations after adsorption were observed via a UV–Visible spectrophotometer. The CYZ removal efficiency in river water, tap water and DIW by using MIP (AAm) and NIP (AAm) were calculated using Eq. (1).
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