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Abstract

:

Environmental contaminations can sometimes be difficult to measure, particularly in complex matrices such as seawater. This is the case of organotin compounds (OSn) such as the monobutyltin (MBT), dibutyltin (DBT), and tributyltin (TBT), whose range of polarity is wide. These compounds, mostly coming from antifouling paints used on ship shell, can be found in water and sediments where they are stable and can persist for years. Passive sampling is gaining in interest to offer solutions to monitor these kinds of compounds even in low concentrations. However, due to the diversity of pollutants present in the environment nowadays, it is important to propose solutions that allow a specific sampling. This work aims to highlight the usability of molecularly imprinted polymers (MIPs) in passive sampling for the monitoring of OSn. MIPs were synthetized using three synthesis ways (bulk, suspension, and mini-emulsion processes) and kinetics were realized in order to estimate the retention of OSn by the solid MIP phase. Results highlighted a good retention of OSn with mean retention kinetic constants near 10−5, 10−6 and 10−7 L·ng·s−1 for DBT, TBT and MBT respectively. The synthesis mode showed no impact on retention kinetics, therefore, bulk synthesis is recommended because of its simplicity. If the elimination of OSn from MIPs is to be optimized, the retention of OSn on MIPs has been demonstrated, and is very promising for their use in specific passive samplers.
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1. Introduction


Butyltin compounds such as monobutyltin (MBT), dibutyltin (DBT), and tributyltin (TBT) are known to be among the most hazardous compounds for both humans and aquatic ecosystems. Consistent effects of these compounds in the aquatic environment have already been observed at concentrations under 1 ng L−1 [1,2]. Huge amounts of OSn have been used for years in several activity sectors as antifouling paints for boats, namely a biocide to protect the hull. OSn have also been used as stabilizers in PVC, as well as pesticides and bactericides [3,4,5]. In 1999, the United States Environmental Protection Agency (US-EPA) [6] recommended a maximum of 10 ng L−1 of TBT (as a cation) in seawater and 63 ng L−1 in freshwater. Meanwhile the European Environmental Quality Standard (EQS) of TBT for all types of waters covered by the Water Framework Directive (WFD) have been set at 0.2 ng L−1 for annual average concentration, and a maximum allowed concentration set at 1.5 ng L−1 in unfiltered water samples [7]. However, despite these regulations, OSn are used (heat stabilizer, catalytic agents, and biocidal) and are still present in the environment [8]. Indeed, sediments are both a sink and a source of butyltin in which their stability has been evaluated at about ten years [9]. The measurement of the concentration of these pollutants in the water column is therefore important for assessing their potential long-term biological impact.



The use of passive sampling techniques for monitoring water quality has been gaining interest in recent years [10,11,12,13,14,15]. Passive sampling devices allow the measurement of compounds in water and can provide more efficiency in storage (between sampling and analysis), deployment, and sensibility. A lot of passive sampling devices are available depending on the pollutant of interest and the matrix sampled. The Semi-Permeable Membrane Devices (SPMD) can be used for non-polar (log Kow > 3) organic compounds sampling such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and pesticides [16,17].



Inorganic compounds including cationic (Cd, Co, Cu, Fe, Mn, Ni, Pb, Zn) and oxyanionic (As, V) can be sampled using Diffusion Gradient Thin films (DGT) using a chelating resin [18,19,20]. The DGT is composed of an inert body and a receiving phase composed of agarose gel. Recent studies show an interest in using o-DGT passive sampler to sample organic chemicals. The receiving phase of these samplers is composed of resin and different types of particles.



The Polar Organic Chemical Integrative Sampler (POCIS) [21,22,23] is used to monitor polar (log Kow < 3) hydrophilic organic compounds (pharmaceutical residues, herbicides). This sampler is composed of two semi-permeable membranes between which the sampling phase is sequestered under silica powder form. However, the nature of the powder can be changed to obtain POCIS-like samplers allowing the sampling of other compounds such as less polar organic compounds or non-polar compounds.



The Chemcatcher® passive sampler device, by contrast, can be deployed to evaluate the time-weighted average concentration (TWAC) of both organic [24,25] and inorganic (heavy metal) compounds [26] in the aquatic environment (1.5 < logKow < 6). This sampler is composed of an inert body, a membrane, and a receiving phase under disc form. Different types of discs exist according to the chemicals targeted.



Passive samplers can be used for short-term (few days) and long-term exposures (several weeks). They are used in environmental monitoring to obtain an insight into pollution and they are more representative than spot sampling.



A lot of solutions exist in passive sampling for a huge amount of chemicals; however, sampling sometimes needs to be more specific of one chemical, particularly in a heavily contaminated environment such as seawater. In fact, depending on the type of sampler and compounds studied, several receiving phases already exist to sample a wide range of compounds (organic solvent, C18 disks, hydrogels). However, the sampling of a determined compound in a complex matrix with these non-specific receiving phases could be complicated. For OSn, as an example, the usual analysis is achieved by gas or liquid chromatography, and some research has shown difficulties in limit detection and quantification in complexes matrices [27,28]. In order to solve this problem, studies such as the one conducted by Gallegos-Gallegos and his team recommend using molecularly imprinted polymers (MIPs) for the preconcentrating phase during solid phase extractions (SPE) for environmental analysis [29,30,31,32]. This kind of solid phase extraction allows the specific separation of compounds thanks to its structure holding functionalized cavities [33]. Indeed, molecular imprinting of polymers is a process in which a functional monomer and a cross-linking agent are copolymerized in the presence of a target analyte (the imprint molecule) that acts as a molecular template to imitate natural molecular recognition [34]. The imprint molecule is then removed to form binding sites whose sizes and structure are complementary to the template. The molecular imprinted polymer and its target relationship is like the one observed between an enzyme and its substrate. Therefore, MIPs are functionalized materials capable of recognizing a specific molecule in a complex matrix.



Several syntheses of molecularly imprinted polymers exist [27,29,32,35]. Among them, the bulk polymerization is widely used because it is easy to implement. However, the shape and size of the particles cannot be controlled, and it needs a crush and sieving step to achieve the wanted size of particles. In order to obtain size-controlled spherical particles, suspension and mini-emulsion synthesis can be applied. These syntheses are more complex because they require more reagents and solvents, an emulsification step, and more complicated purifications. Indeed, organic droplets are created in aqueous solution, and the synthesis takes place in those droplets that allow for the control of shape and size of the obtained particles. The particles obtained with this synthesis can reach µm to nm sizes, which improve specific surface area, and consequently, the retention efficiency.



Thanks to this specificity, MIPs are used in many areas such as separation technics for environmental application such as seawater preconcentrating and analysis [34], and agricultural sample analysis [36,37,38], biological [37] and in organic synthesis as a catalyzer to stabilize the reactions [33,39,40]. MIPs have been recently used in chemical sensors for bisphenol A [41] and OSn detection [42], and in the passive sampler POCIS for the glyphosate sampling [43]. Concerning the study of Zamora, regarding sensors for tributyltin, detection did not allow to reach the EQS required for the WFD, and was only tested and validated for filtered seawater matrices.



The presence of OSn is still a problem, especially in port areas where they can be resuspended during dredging operations [44]. In view of the extremely low environmental quality standards adopted and the complexity of the seawater matrix (presence of salts, ionic species, and biota), it is necessary to develop alternatives to spot samples that are not representative of the contamination of the environment. Successfully used as a preconcentration technique (solid phase for selective extraction (SPE)), the objective of the present study is to synthesize an OSn-specific molecularly imprinted polymer in order to provide a new application as a receptor phase for an OSn-specific passive sampler. In this study, bulk, suspension, and mini-emulsion polymerizations have been tested to obtain the MIP particles and accumulation kinetics of MBT and DBT, and TBT by MIPs have been performed in tap water.




2. Materials and Methods


2.1. Chemicals and Reagents


All solvents and reagents were of analytical grade, or higher purity. Tributyltin chloride (96%), dibutyltin dichloride (97%), and monobutyltin trichloride (95%) were obtained from Sigma-Aldrich Chimie SARL (Saint-Quentin-Fallavier, France) and LGC Promochem (Molsheim, France), and the tripropyltin chloride (98%) from Strem Chemicals (Bischeim, France). Tripropyltin was used as a chromatographic internal standard because it is easily derivatized, and normally absent in polluted water. Standards and working solution were prepared similarly to those done by Garnier et al. [45]. For analysis, an aqueous solution of 2% NaBEt4 (97%, Sigma Aldrich Chimie S.a.r.l, Saint-Quentin-Fallavier, France) in ultrapure water was used as a derivatizing agent, and an acetic–acetate buffer (2 mol L−1, pH 4.8) was used to control the derivatization. This was prepared using sodium acetate (Saint-Quentin-Fallavier, France) and acetic acid (Carlo Ebra reagents, Val-de-Reuil, France). Ethylated derivatives were simultaneously extracted either by isooctane (analysis grade, Carlo Ebra, Val-de-Reuil, France) for liquid–liquid extraction, or by SPME for liquid–solid extraction, immediately prior to GC-ICP-MS analysis.



MIPs were synthetized using methacrylic acid (MAA, Acros Organics 99.5%), ethylene glycol methacrylate (EGDMA, Acros Organics 98%), azobisisobutyronitrile (AIBN, Fluka, Sigma Aldrich Chimie S.a.r.l, Saint-Quentin-Fallavier, France), acetonitrile (CAN, Fisher Scientifics, Illkirch, France), polyvinyl alcohol (PVA, Celanese, grade Erkol 26/88), chloroform (CH3Cl3, Sigma Aldrich, Saint-Quentin-Fallavier, France), hexadecane (Sigma Aldrich 99%), and Sodium dodecyl sulfate (SDS, Sigma Aldrich, Saint-Quentin-Fallavier, France).




2.2. Synthesis of MIPs


As explained in the Introduction, the MIP synthesis consists of a polymerization of monomers and monomer chains around a template in order to create functionalized cavities. In this study, three kinds of synthesis were performed. Figure 1 is a schematic representation of these syntheses. The reaction mechanisms remain the same in each synthesis, the differences reside in the volume of the organic phase where these reactions take place.



2.2.1. Bulk Synthesis


The bulk synthesis of the adsorbent was carried out following the procedure used by Gallegos-Gallegos [30]. Into a 50 mL flask equipped with a condenser, 150 mg of TBT was mixed with 200 µL of methacrylic acid (MAA). The mixture was left for 5 min under stirring in order to form the complex template-monomer, origin of the functionalized sites. Then, 2 mL of ethylene glycol dimethacrylate (EGDMA), 20 mg of azobisisobutyronitrile (AIBN), and 5 mL of acetonitrile were added. The mixture was kept under stirring at 65 °C for 24 h in order to complete the polymerization process. After the reaction, the solvent was evaporated. The polymer was crushed in a porcelain mortar, and then purified by Soxhlet extraction using a solution of hydrochloric acid in methanol (0.1 M) for 8 h. In order to evaluate the impact of the initial amount of TBTCl during polymerization, another polymerization with 15 mg of TBTCl was performed in the same polymerization conditions.




2.2.2. Suspension Synthesis


A suspension synthesis of molecularly imprinted polymers was performed in order to obtain more regular particles than those obtained in bulk polymerization. The protocol utilized is inspired by the one used by Gallegos-Gallegos [31]. The template molecule (TBTCl, 150 mg) and functional monomer (MAA, 169 µL) were dissolved in 8 mL of chloroform (CH3Cl). The cross-linker (EGDMA, 2 g) and the initiator (AIBN, 20 mg) were then added to this mixture and sonicated until dissolution. This mixture is identified as the organic part of the emulsion in which the polymerization takes place. Polyvinyl alcohol (PVA, 6 g) was dissolved in 150 mL of hot ultrapure water in a 250 mL flask under stirring. After cooling to room temperature, the organic mixture was added to the aqueous solution drop by drop with a syringe. Then, the obtained solution was kept at 65 °C under stirring for 15 h. The obtained product was washed with hot water to remove PVA and dried. The polymer particles were finally purified by Soxhlet extraction using a mixture of hydrochloric acid in methanol (0.1 M) for 8 h. The same protocol was used with a lower concentration of PVA in order to evaluate the impact of the aqueous phase viscosity on the shape and size of MIP particles.




2.2.3. Mini-Emulsion Synthesis


In order to obtain smaller particles, a synthesis of MIP was performed by using a mini-emulsion process. The protocol used was inspired by a protocol applied for the synthesis of a MIP for the detection of bisphenol A [46]. First, a mixture containing the template molecule (TBTCl, 150 mg) and functional monomer (MAA, 169 µL) was prepared and stirred for 5 min in order to rearrange the molecules to improve the non-covalent interactions. The crosslinker (EGDMA, 2 mL), the initiator (AIBN 20 mg), and the co-stabilizer (Hexadecane, 0.5 g) were then added to this mixture. The solution obtained was stirred for 5 min and added to 50 mL of a solution of deionized water and sodium dodecylsulfate (SDS, 0.001 mol L−1). The mixture was finally stirred for 10 min and placed under sonication for 10 min (DIGITAL SONIFIER 450 from BRANSON ULTRASONICS at 30% of power). The polymerization was then performed in a 250 mL flask at 65 °C for 15 h. The reaction mixture obtained was lyophilized, washed two times with cyclohexane, and then purified by Soxhlet extraction using a mixture of hydrochloric acid in methanol (0.1 M). The resume of these synthesis conditions can be found in Table 1.





2.3. Washing Steps


The Soxhlet purification was not efficient in removing the OSn residues from the MIPs [32] intended to be used in environmental compartments where concentrations are generally in the ng L−1 range. In fact, residues of TBT, MBT, and DBT were still found after Soxhlet extraction. In our study, several solvents were tested to wash the first bulk MIP synthetized (with 150 mg of TBTCl). The cleaning was performed in 50 mL polyethylene tubes. The MIP was synthetized with the bulk protocol (with 150 mg of TBT) and mixed with 40 mL of different solvents. The solvents tested were: methanol, a methanol/HCl (0.1 M) mixture, and dichloromethane (CH2Cl2) as suggested by Gallegos-Gallegos [30], and a methanol/CH2Cl2 (4:1) mixture also tested by this team [31]. When the solvent was added to the polymer to clean, the tubes were shacked manually for a few seconds and placed under sonication for 30 min. Solvent and MIP were separated by centrifugation (4500 rpm, 10 min). Then, MIP was extracted with 10 mL of a methanol/acetic acid (3:1) mixture under sonication for 15 min. Extract was then recovered after centrifugation (4500 rpm, 10 min) to be analyzed by GC-ICP-MS. This analysis allows for the determination of the amount of TBT extractible with each extracting solvent (generally used in sediments and receiving phase extraction). It should be noted that several molecules are trapped inside the cross-linked structure of the MIP particles. These molecules cannot be removed by the solvent washings and are theoretically non-desorbable from MIP and therefore will not be a problem in the environment.



Cleaning the suspension synthetized MIP was then performed similarly to the protocol above with the methanol/HCl (0.1 M) mixture, dichloromethane (CH2Cl2), and methanol/CH2Cl2 (4:1) mixture, and the extractant methanol/acetic acid (3:1) solution as washing solvent before extraction steps.




2.4. Kinetics Experiments


In order to evaluate the OSn accumulation potential by MIPs, accumulation kinetic tests were performed on the bulk synthetized MIPs. The polymer was washed 5 times with a mixture of acetic acid/methanol and dried in a proofer before use. The experiments were conducted in 30 mL polyethylene vials. For each kinetic test, eight vials were used containing 100 mg of MIPs and 20 mL of ultrapure water spiked to 100 ng L−1 with MBT, DBT, and TBT. All the vials were stirred at 300 rpm during the experiment at 18 °C. Every hour, a vial was eliminated, and the solution was filtered with 0.2 µm filters in order to determine the OSn concentration and evaluate the amount adsorbed by the MIP. The evolution of OSn concentration allows for the determination of accumulation kinetics rates. Second order reaction was obtained. Kinetic constants k (expressed in L·ng−1·s−1) have been calculated using reversed concentration linearization of the considered compound (1/[OSn]) (Equation (1))


   1    OSn     = k . t +  1    OSn °      



(1)








2.5. Butyltin Species Analysis


Butyltin extraction from molecularly synthetized imprinted polymers was performed similarly to the OSn extraction from receiving disks in the Aguilar experiment [11] and Garnier’s study [44]. The extract was then prepared for analysis. The butyltin species (MBT, DBT, and TBT) were determined using a gas chromatograph (TRACE 1300, GC Thermo Fisher Scientific®, Waltham, MA, USA), along with an inductively coupled plasma mass spectrometer (ICP-MS X Series II, Thermo Fisher Scientific®, Waltham, MA, USA) [47]. This analysis method requires an OSn derivatization step done with NaBEt4, which exchanges butyl groups with analytes to make them more volatile. Liquid injection was used for the analysis of extracted OSn and a liquid–liquid extraction was performed in accordance with Garnier [44]. Concentrations were obtained using the standard addition method. This method was validated using certified reference material analysis (CRM PACS-2 and PACS-3). Detection and quantification limits obtained with this method are presented in Table 2.





3. Results


3.1. Synthetized MIP Comparisons


Different methods for the synthesis of molecularly imprinted polymers have been carried out in this work. Methods in bulk, in suspension, and in mini-emulsion have been used to compare each one with the others and with the literature.



3.1.1. Bulk


The bulk polymerization is simple to set up, as all of the reagents are melted in the reactor together in one homogeneous phase. The obtained MIP particles using the bulk procedure are similar to the particles obtained by Gallegos-Gallegos and his collaborators [31] (Figure 2). The synthesis, thanks to its simple set-up, can be reiterated by different researchers and provide similar results. However, this synthesis results in a solid block of MIP which needs to be grinded. As shown in Figure 2, the particles obtained are irregular and their size can range from a few nanometers to several micrometers. Scanning electron microscopy also shows that the surface of the particles is nonporous. The retention mechanisms of compounds with this kind of material would consequently occur at the surface of particles, specifically. According to Gallegos-Gallegos [31], the amount of porogen solvent added to the mixture could affect the porosity of particles; an increase of porogen solvent could provide a more porous material in order to optimize the retention of compounds [48].




3.1.2. Suspension


The suspension polymerization is more difficult to set up because of the use of two solvents to create an emulsion. However, the result obtained (Figure 3) shows that the particles synthetized are perfectly spherical and the particles range in size from approximately 10 µm to 40 µm. The size differences between particles can be due to turbulences in the reactor during the emulsion and polymerization. For these polymer particles, they also appear to have a non-porous surface; the compounds’ retention will be then carried out to the surface of particles homogeneously thanks to their spherical fate. However, the particle size obtained allows for the increasing of specific surface area and should improve the quantity of butyltin compounds trapped at the surface of MIPs. The particles obtained in this experiment are similar to those synthetized by Gallegos-Gallegos [31]. A suspension synthesis has also been found with the same procedure but with 10 times less polyvinyl alcohol, to evaluate the impact of aqueous phase viscosity on particles synthetized. The particles obtained (Figure 4) present bigger sizes ranging from 30 µm to 100 µm, which may be due to bigger droplets formed during emulsion. Furthermore, close to the totality of particles seem to be broken, a phenomenon that can occur during solvent vaporization while breaking a particle’s structure.




3.1.3. Mini-Emulsion


The mini-emulsion synthesis is more complex to carry out because of stirring/sonication and mixing steps before performing the polymerization. These steps are important in order to form the smallest droplets as possible. However, the results obtained with this synthesis are encouraging. In fact, as shown in Figure 5, the particles obtained are spherical and their size ranges from 200 nm to 2 µm. The specific surface area should be much larger with these sizes of MIP particles. However, the particles seem to agglomerate together which could finally reduce the available specific surface and cause troubles during retention steps.





3.2. Template Molecule Removal


In order to use these MIPs in environmental conditions (low concentrations in water), it is necessary to remove the totality of butyltins present in the MIPs’ structure. In fact, the theoretical concentration of TBT present in the MIP after synthesis is around 75 mg g−1 (7.5 mg g−1 when the procedure “bulk 2” MIP was used). Furthermore, during the polymerization and purification process (in Soxhlet), where the temperature is high, it appears that TBT is degraded into MBT and DBT. This reaction of debutylation can occur by photo degradation of TBT [49], and this photodegradation kinetic may have been increased at high temperature. Removal experiments have been carried out considering the total amount of Sn in the polymer. The initial concentration of Sn in the polymer has been theoretically set at the amount of TBT introduced during the synthesis per mass of polymer obtained at the end of the synthesis.



3.2.1. Purification of Bulk Polymers


The results obtained during the washing steps of bulk synthetized polymers are shown in Figure 6. In this part, the Soxhlet and solvent washing steps have not been differentiated. These results highlighted the removal efficiency of OSn with different solvents, particularly with dichloromethane (CH2Cl2) and the methanol/dichloromethane (3:1) mixture with removal efficiencies close to 94% (around 4 mg g−1 to 5 mg g−1 remaining in volume and surface). This is in accordance with the results of Gallegos [32]. However, despite more than 90% removal efficiency, this result remained too high for environmental uses where concentrations found were very low, around 1 ng L−1 (European Water Framework Directive, fixed an annual average to 0.2 ngSn·L−1). Further studies are needed to improve these results and leave MIPs fully free of OSn. Other washing solvents could be tested with stronger bindings with OSn or different washing set-ups such as cascade washes or higher contact time between the solvent and the MIP. Furthermore, as the surfaces of MIPs are non-porous, the solvent cannot reach the enclosed TBT within the particles. This could lead to leakages if particles break during uses.




3.2.2. Suspension and Mini-Emulsion Polymer Purification


In this study, other types of solvents have been used during suspension MIP washes. The removal efficiency after the Soxhlet step is also presented here for the suspension and mini-emulsion of MIPs. As we can see in Figure 7, the removal efficiencies after the Soxhlet steps are already more than 90%. The Soxhlet allows for the removal of polymerization residues and the butyltin present in the polymer. Furthermore, the washes performed after the Soxhlet allows it to reach more than 99% with a mixture of acetic acid (CH3COOH)/methanol (3:1), as well as being used for the OSn extraction before GC-ICP-MS analysis, and almost 100% with a mixture methanol/hydrochloric acid (HCl) (0.1 M). Contrary to the bulk synthetized MIP, the suspension MIP seems to be better washed with these two solvents but not with CH2Cl2 or the MeOH/CH2Cl2 (4:1) mixture, which allowed for reaching the removal efficiencies of 94% and 90%, respectively.





3.3. Retention Kinetics


Kinetic essays have been carried out to evaluate the OSn retention efficiency of the bulk synthetized MIP. No swelling was observed during the experiment which lasted up to 8 h. Unfortunately, the MIP was not totally free of OSn before use, as exposed in Figure 8.



Despite the initial introduction of 100 ngSn L−1 of OSn in the water, this concentration reached 550 µgSn L−1 for TBT, 250 µgSn L−1 for MBT, and 30 µgSn L−1 for DBT, respectively. This highlights the necessity to improve the washing step for an environmental use of these MIPs. However, it appears that the water concentration decreases during the experiment. As no degradation or adsorption of OSn on reactors’ surfaces have been observed during the 8 h experiment, this decrease is certainly due to the re-absorption of OSn in the MIP. Retention of kinetic constants was calculated considering a second order removal in water and considering all components were adsorbed by MIPs (no degradation in 8 h, no adsorption on reactor surfaces, etc.). The results are listed in Table 3 and are expressed as L·ng−1·s−1. The higher these constants are, the faster the accumulation is in MIPs. As shown in Table 3, the results obtained for the bulk synthetized MIP with 150 mg of TBT during the synthesis and the one with 15 mg of TBT both show comparable results. This result highlights the fact that even if less TBT is used during the synthesis, the number of activated sites seems to be comparable for both MIPs. It could be more interesting to reduce the amount of TBT during the synthesis to avoid washing problems and remaining TBT. The kinetic constant obtained with the suspension synthesis are like those obtained with the bulk polymer. It seems that the suspension MIP, despite a smaller particle size than the bulk, do not provide better performance for the OSn retention. Furthermore, it appears that mini-emulsion MIP provides lower kinetic constants than the bulk MIP due to the agglomerate formation during the synthesis. In fact, as shown in Figure 5, mini-emulsion MIP agglomerates form bigger particles that could reduce the specific area, which then reduces the retention of compounds.





4. Conclusions


The results obtained during this study highlight the potential of MIPs for OSn retention and therefore, in passive sampling of these compounds.



Comparison of the three syntheses of MIPs highlighted a good retention of OSn with a mean retention kinetic. Retention efficiency of MIPs did not seem to depend on the type of synthesis chosen, consequently, bulk polymerization is recommended because of its simplicity in achievement. Our study demonstrates the possibility of synthesizing MIPs for use in the fabrication of specific phases for passive sampling of organotin compounds. Tests were performed for the first time with these MIPs in powder form and not in cartridge form, and were used to preconcentrate organotin compounds before an analytical technique. The kinetics achieved using powder form under conditions close to those could be implemented in natural ecosystems and testify to the promising character of the use of MIPs.



The template removal after the synthesis is not optimal and would deserve some supplementary assays to achieve a good MIP purification in order to use it in environmental conditions for very low concentration sampling. Some research could be done using less TBT during the MIP synthesis, improvement of washing methods (i.e., cascade wash, ultrasonic bath, stronger solvents, etc.), or by using another template molecule with a similar structure as the tributyltin such as the tributyl lead. This study stands for the first step toward the creation of a new passive sampler based on MIPs for environmental OSn sampling. Once MIPs are totally cleaned from the template, studies on phase formatting such as electrospinning or gel casting can be performed, as well as new kinetic experiments in seawater environments.
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Figure 1. Schematic representation of the MIP synthesis. 
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Figure 2. Scanning electron microscopy pictures of Bulk synthesized MIP by Gallegos-Gallegos [28] (A) and in this study (B). 
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Figure 3. Scanning electron microscopy pictures of Suspension synthesized MIP by Gallegos-Gallegos [31] (A) and in this study (B). 
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Figure 4. Scanning electron microscopy pictures of Suspension synthesized MIP with 2024 g·L−1 of polyvinyl alcohol. The pictures have been zoomed in 200 times (A), 500 times (B), and 1000 times (C). 
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Figure 5. Scanning electron microscopy pictures of mini-emulsion synthesized MIPs zoomed in 200 times (A), 1600 times (B), and 50,000 times (C). 
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Figure 6. OSn concentrations remaining in the extracts of bulk synthesized MIP after washing steps and its respective removal efficiencies. 
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Figure 7. OSn concentrations remaining in the extracts of suspension synthesized MIP after washing steps and its respective removal efficiencies. OSn concentrations and efficiencies after Soxhlet steps and before washing steps. 
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Figure 8. Example of OSn concentration in water during retention kinetic essay with bulk synthetized MIP. 
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Table 1. Amount of chemical reagents used during polymerization.
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	TBT (g)
	MAA (µL)
	EGDMA (mL)
	AIBN (g)
	ACN (mL)
	PVA (g)
	CH3Cl (mL)
	Eau (mL)
	SDS (g)
	Hexadecane (g)
	MIP Mass (g)





	Bulk 1
	0.15
	200
	2
	0.02
	5
	
	
	
	
	
	~2



	Bulk 2
	0.015
	200
	2
	0.02
	5
	
	
	
	
	
	~2



	Suspension 1
	0.15
	169
	2
	0.02
	
	6
	8
	150
	
	
	~2



	Suspension 2
	0.15
	169
	2
	0.02
	
	0.6
	8
	150
	
	
	~2



	Mini-emulsion
	0.15
	169
	2
	0.02
	
	
	
	50
	0.015
	0.5
	~2
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Table 2. Detection and quantification limits of the organotin analysis method.
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	MBT
	DBT
	TBT





	LOD ngSn·L−1
	0.1
	0.2
	0.09



	LOQ ngSn·L−1
	0.6
	0.3
	0.2
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Table 3. Accumulation kinetic constants of OSn by MIPs synthetized in bulk, suspension, and mini-emulsion expressed in L·ng−1·s−1.
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	Synthesis Mode
	MBT (L·ng−1·s−1)
	DBT (L·ng−1·s−1)
	TBT (L·ng−1·s−1)





	Mass (150 mg)
	3.9 10−7
	4.3 10−5
	1.3 10−6



	Mass (15 mg)
	7 10−7
	3.2 10−5
	1.3 10−6



	Suspension
	2.2 10−7
	8.1 10−5
	2.7 10−6



	Mini-emulsion
	6.2 10−8
	4.3 10−7
	9.6 10−9
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