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Abstract

:

Extrinsic chemiluminescence can be an efficient tool for determining pesticides and fungicides, which do not possess any intrinsic fluorescent signal. On this basis, (3-aminopropyl) trimethoxysilane (APTMS)-coated ZnO (APTMS@ZnO) was synthesized and tested as an extrinsic probe for the fungicide penconazole. Several synthetic routes were probed using either a one-pot or two-steps method, in order to ensure both a green synthetic pathway and a good signal variation for the penconazole concentration. The synthesized samples were characterized using X-ray diffraction (XRD), infrared (IR), Raman and ultraviolet-visible (UV-Vis) spectroscopy, scanning electron microscopy (SEM) imaging and associated energy-dispersive X-ray (EDX) analysis. The average size of the synthesized ZnO nanoparticles (NPs) is 54 ± 10 nm, in line with previous preparations. Of all the samples, those synthesized in two steps, at temperatures ranging from room temperature (RT) to a maximum of 40 °C, using water solvent (G-APTMG@ZnO), appeared to be composed of nanoparticles, homogeneously coated with APTMS. Chemiluminescence tests of G-APTMG@ZnO, in the penconazole concentration range 0.7–1.7 ppm resulted in a quenching of the native signal between 6% and 19% with a good linear response, thus indicating a green pathway for detecting the contaminant. The estimated detection limit (LOD) is 0.1 ± 0.01 ppm.






Keywords:


coated ZnO; APTMS; extrinsic chemiluminescence; penconazole detection












1. Introduction


Chlorinated pesticides and fungicides, such as tebuconazole, tetraconazole, and penconazole are routinely used for pest control in cultivated vegetables, herbs, and spices [1,2]. Their maximum residual level in the final commercialized product is subjected to restrictions, which depend on the country where they are marketed [3], with consequent implementation of monitoring programs [4]. In addition, in the case of imports to the European Union, the control is performed in designated countries, on a random basis, regardless of the access or destination points. Consequently, there is a time delay between the borders being crossed and the test outcome, during which the transport of the food proceeds normally. In cases where pesticide residual is too high, the contaminated food is destined to be destroyed, regardless of how far it has travelled. The tests for organochlorinated pesticide (OCPs) levels are usually performed by HPLC [5,6,7,8,9] and several implementations have been proposed to improve on selectivity and detection limits [10,11,12].



HPLC requires pre-extraction which is lengthy and expensive [13], in spite of the effort that has been dedicated to the optimization of the procedure [14,15]. The drawbacks of HPLC analysis of pesticides have stimulated the implementation of alternative techniques, suitable for fast and possibly on-field detection, especially since a quicker assessment of OCPs levels would minimize the waste occurring due to late reports of maximum residual level (MRL) violations and would aid more efficient procedures of quality and safety checks. In this framework, surface-enhanced Raman spectroscopy (SERS) has been proposed as a possible alternative for OCPs detection. This technique is based on the enhancement of the Raman signal of a molecule induced by metallic nanostructures, particularly gold and silver colloidal nanoparticles [16,17,18], which have proved to be very versatile [19,20] and sometimes are used in combination with metal oxides such as ZnO [21]. When employed for the detection of OCPs, however, linkers are necessary between the substrate and target, due to the highly hydrophobic structures of the latter and their low affinity toward the SERS substrates. Therefore, diamines [22,23], dithiols [24], bipyridinium dications [25], carbon, and metal-organic-frameworks [26] have been used to improve the selectivity. However, issues remain concerning the stability and reliability [16].



Additional detection methods with potential in-field developments are based on the employment of fluorescence. Since OCPs are “silent”, i.e., do not possess inherent fluorescence, their detection relies on the induction of extrinsic fluorescence, which can be modulated as a function of the pesticide concentration.



The choice of the material to be employed as the extrinsic fluorescent probe is crucial for an efficient pesticide detection and for the environmental impact of its productions, its future disposal, and its bioaccumulation [27]. In this regard, materials such as CdTe dots, although fluorescent, are best discarded for pollution reasons, since the leaching of cadmium and tellurium from the dots may represent an environmental hazard [28]. This is especially the case if the dots are employed as free detecting agents and not encapsulated, for instance in solar panels. Carbon materials for sensing [29,30,31,32], especially quantum dots, are also an option, although issues of selectivity may arise, due to the lack of specific surface anchoring. In order to promote environmentally friendly alternatives, biocompatible materials such as ZnO [33] are proposed for the chemiluminescent core [34,35,36,37,38,39] for detection purposes. ZnO is generally recognized as a safe (GRAS) substance by the US Food and Drug Administration (USFDA) [40]. Moreover, ZnO exhibits excellent UV absorption and photoluminescent properties due to its wide bandgap, which makes ZnO a suitable candidate as a chemiluminescent probe [41,42,43].



Subsequent coating with a silanizing agent may cause an interaction with selected pesticides and chemiluminescence variation. The pathway for determining a green profile or a greenprint for pesticide detection includes selecting efficient synthetic preparation strategies for detecting particles with minimal environmental impact.



Synthesis methods of metal oxides and mixed oxides (materials used in several types of detection systems [44,45,46,47,48,49,50,51,52,53,54,55]) are varied and may be conveniently used to tune the structural, morphological, and optical properties [56,57,58,59,60].



In the present paper, we propose a trial system, tested in aqueous solvent, which employs coated ZnO nanoparticles for the detection of penconazole. In particular, ZnO chemiluminescence is used as the probe for monitoring concentration variation.



As for the coating, silanes were selected, in particular aminopropyltrimethoxy silane, because of their potential to bind to the ZnO on one side, and interact with chlorinated pesticides on the other side, through the amine functional group. Furthermore, when used for p-nitrophenol detection in aqueous solutions, the analogue aminopropyltriethoxy silane (APTES)-coated ZnO displayed a larger fluorescence signal variation than bare ZnO, thus indicating an enhanced coating-related effect [61].



APTES is often used as a coating agent as well as a template, due to its cross-linking properties which ensure the creation of a uniform shell around the core [62,63,64]. Furthermore, the presence of the -NH2 terminal is a hook for interactions with the -Cl of the organochloride pesticides. In the present paper, we focus on the synthetic strategies for achieving coated ZnO in conditions as environmentally friendly as possible. Therefore, we used the APTMS analogue as our coating agent, since it has methoxy instead of ethoxy ligands around Si, i.e., slightly better leaving groups and likely allows milder synthetic conditions. We probed one-pot and two-steps syntheses and found that the best synthetic strategy for APTMS-coated ZnO (APMTS@ZnO) is a two-steps synthesis, carried out at 40 °C or lower temperatures, depending on the stage of the reaction, fully in water solvent and with good coverage of the ZnO surface.



Tests of chemiluminescence as a function of the penconazole concentration indicate a good linear response in the detection range 0.7–1.7 ppm, with a LOD of 0.1 ppm. The advantages of the system we are proposing are twofold: on the one hand, we aim for a simple and green strategy for a synthesis of coated ZnO nanoparticles, on the other hand, the synthesized material will be used for the detection of pesticides such as penconazole by using a routine technique, i.e., a fluorescence which can also be applied in-field [65,66].




2. Materials, Equipment, and Synthetic Procedures


2.1. Materials and Equipment


Zinc acetate dihydrate (Zn(ac)2∙2H2O), zinc nitrate hexahydrate (Zn(NO3)2∙6H2O), potassium hydroxide (KOH), sodium hydroxide (NaOH), anhydrous absolute ethanol (EtOH), nitric acid (HNO3, 65%), (3-aminopropyl)trimethoxysilane (APTMS), and penconazole were purchased from Sigma-Aldrich (St. Louis, MO, USA). Toluene was purchased from Scharlab (Barcelona, Spain). The water used in all the experiments was doubly distilled and purified using a Milli-Q system (Millipore, Burlington, MA, USA).



Infrared spectra were recorded with a Shimadzu Prestige-21 FT-IR instrument (Shimadzu, Kyoto (Japan)), equipped with an attenuated total reflectance (ATR) diamond crystal (Specac Golden Gate), in the 400–4000 cm−1 range, with a resolution of 4 cm−1.



The samples were characterized by XRD diffraction, using an X’ pert pro X-ray diffractometer by Philips (Amsterdam, The Netherlands), operated with CuK-Alpha radiation.



The Raman spectra were acquired on a Renishaw 2000 equipped with a Peltier cooled CCD camera (Renishaw, New Mills (UK)) and a Leica optical microscope, operated at 785 nm. Prior to sample evaluation, automated alignment and calibration for each laser and grating pair were undertaken to ensure proper instrument performance.



UV-visible spectra were carried out with a PerkinElmer Lambda 950 spectrophotometer (Perkin Elmer, Inc., Waltham (MA, USA)), using quartz cuvettes with a 1 cm optical path.



The surface morphology of the synthesized particles was determined with an FE-SEM, Field Emission Scanning Electron Microscope SUPRA TM 35, Carl Zeiss SMT (Oberkochen, Germany), operating at 7 kV, with the Energy Dispersive Microanalysis (EDS/EDX, INCAx-sight, Model: 7426, Oxford Instruments, Abingdon, Oxfordshire, UK), operating at 20 kV.



A Malvern Nano-ZetaSizer, equipped with a 5 mW HeNe laser (λ = 632.8 nm) and thermostated cell, was used to perform both dynamic light scattering (DLS) and electrophoretic mobility measurements. For DLS, this instrument employs a backscattering configuration, i.e., the scattered light is collected at an angle of 173°. This detection geometry offers the advantage of being less sensitive to multiple scattering effects than the more conventional collection angle of 90°. DLS autocorrelation functions were analyzed by using the cumulant method [67]. The first cumulant was used to calculate the diffusion coefficient D of the particles, which is converted into the hydrodynamic diameter, D (D = 2R, radius) by applying the Stokes–Einstein relationship D = kBT/3πηD, where kBT is the thermal energy and η is the solvent viscosity. The polydispersity index was determined by the second cumulant.



To determine the electrophoretic mobility, the Doppler shift was analyzed using the phase analysis light scattering (PALS) method [68]. The mobility µ of the particle is converted into a ζ-potential using the Smoluchowski relation ζ = µ η/ε, where ε and η are the permittivity and the viscosity of the solution, respectively.



For both DLS and electrophoretic measurements, the result represent the average and the standard deviation on three different measurements, where each measurement is composed of 12 sub-runs, at least.



Chemiluminescence spectra were obtained on a Perkin Elmer (Waltham, MA, USA) LS50B spectrophotometer, equipped with a Xenon discharge lamp and working in the dual-monochromator configuration, step 0.1 nm. Samples were housed in quartz cuvettes with a 1 cm optical path. Excitation and emission slits were selected at 5 nm. For the chemiluminescence quenching tests, 1 mg/10 mL water dispersions of G-APTMS@ZnO were sonicated for 30 min, prior to the measurements. Furthermore, different quotas of penconazole were dissolved in 0.5 mL ethanol and added to the water dispersion of G-APTMS@ZnO, in order to achieve the target concentrations. The blank measurements were carried out on 1 mg/10 mL water dispersions of G-APTMS, additioned with 0.5 mL ethanol, to achieve the same water–ethanol ratio as in the measurements containing penconazole.




2.2. Synthetic Procedures


Two synthetic procedures were followed, one-pot and two-steps. For the two-steps procedure, 12.5 mmol of zinc nitrate hexahydrate were dissolved in 125 mL ultrapure water and kept under vigorous stirring at 40 °C by means of an oil bath. 125 mL of a 0.1 M NaOH solution were added dropwise, and the slurry was aged at 40 °C under stirring overnight. The white precipitate was separated from the mother liquor by centrifugation at 3500 rpm for 10 min, washed twice with distilled water, resuspended in water, transferred into a Petri glass dish, and left drying in an oven at ~40 °C overnight.



The subsequent coatings with APTMS were carried out according to two different procedures. In the first one, 100 mg of ZnO were dispersed in 10 mL ultrapure water by sonication for 30 min in a 100 mL round-bottom flask. Afterwards, 40 μL APTMS were added, and the dispersion was sonicated for further 30 min. The dispersion was refluxed under stirring overnight (T = 100 °C). The sample was centrifuged twice, at 3500 rpm for 10 min, rinsing first with water and then with ethanol, and left drying overnight at ~40 °C, to achieve the N-APTMS@ZnO.



The second procedure was fully carried out at RT. More specifically, 100 mg of ZnO were dispersed in 10 mL ultrapure water sonicating for 30 min in a 100 mL round-bottom flask. Drops of a 2 M solution of HNO3 were added until reaching a pH of 6.50. After stirring for further 30 min, 40 μL of APTMS were added. The pH rose to 8.64 and then stabilized at 8.22. The dispersion was left under stirring at RT for 24 h. The sample was centrifuged twice, at 3500 rpm for 10 min, rinsing first with water and then with ethanol, and left drying overnight, in an oven at ~40 °C, to achieve the G-APTMS@ZnO.



The one-pot synthesis with Zn(ac)2 was carried out by dissolving 1.88 mmoles Zn(ac)2 2·H2O in 10 mL of anhydrous absolute ethanol, in a round-bottom flask immersed in an oil bath, pre-heated at 68 °C and kept under vigorous stirring for 90 min. 5 mL of a 0.8 M solution of KOH was added dropwise and the white turbid reaction mixture was left under stirring for 1 h at RT. Finally, 60 μL of APTMS were diluted in 5 mL ethanol and added dropwise, followed by the addition of 0.5 mL of ultrapure water. The reaction mixture was left under stirring for 120 min. The slurry was rinsed twice with toluene in a separating flask, centrifuged twice at 3500 rpm for 10 min, rinsed with ethanol, and finally dried overnight at RT, to achieve the S-APTMS@ZnO.





3. Results and Discussion


To achieve a green synthetic pathway of APTMS@ZnO nanoparticles with chemiluminescent properties, different strategies were probed.



Two main approaches were followed, one-pot and two-steps, using two different sources of Zn, i.e., Zn(ac)2 or Zn(NO3)2. The former is employed in sol-gel types of synthesis [69], the latter in precipitations.



In the one-pot approach, Zn(ac)2 and APTMS are added into the same reaction vessel, to synthesize ZnO nanoparticles and simultaneously silanize them (sample S-APTMS@ZnO).



In the two-steps approach, the ZnO nanoparticles are synthesized according to the reaction:


     Zn ( NO   3   ) 2   + 2 NaOH     →   T P       Zn ( OH )     2 ( s )         ,   ZnO     ( s )       + 2 NaNO     3 ( aq )     →   T D         ZnO     ( s )       + H   2     O + 2 NaNO     3 ( aq )     











TP and TD were both set at 40 °C, which proved to be the lowest temperature at which ZnO could be achieved without further calcination [70]. ZnO nanoparticles are subsequently coated with APTMS in a different reaction pot, at any convenient moment.



Two different silanization procedures were followed, at different temperatures and pHs (samples N-APTMS@ZnO and G-APTMS@ZnO).



The summary of the employed conditions for the synthesis of the coated ZnO nanoparticles is reported in Table 1.



The samples characterization was carried out by IR, Raman, UV-Vis spectroscopies, XRD, SEM, EDX, DLS, and zeta-potential measurements in order to determine their crystallographic phase, the efficacy of the silanization, the presence of residuals, the morphology, the size, and the absorbance and fluorescence properties. Finally, chemiluminescence quenching by penconazole was performed on the most “promising” sample as a function of the pesticide concentration.



Powder X-Ray diffraction patterns for all the samples are reported in Figure 1. For comparison purposes, the reflexes of pure ZnO are additionally reported from JCPDS card 73-1520, corresponding to a hexagonal close-packed wurtzite structure. There is a one-to-one correspondence between synthesized ZnO and the reference reflexes, thus indicating the achievement of the target compound and the reproducibility of the synthetic procedures fully carried out at 40 °C [70]. To go into further detail, reflexes at 2θ = 31.7°, 34.3°, 36.1°, 47.5°, 56.5°, 62.9°, 66.3°, 67.9°, and 68.9° were identified as belonging to the (100), (002), (001), (102), (110), (103), (200), (112), and (201) planes.



The subsequent silanization of ZnO performed in the two-steps procedures does not affect the cores of the particles, whose XRD patterns are comparable to the uncoated sample [71]. Nonetheless, the spectra are compatible with the presence of surface layers of silanes, which would not contribute to the diffraction patterns.



The one-pot synthesis of S-APTMS@ZnO provides features specific to ZnO, whose comparatively broader and lower intensity appearance can be ascribed to multiple factors, including small particle size, size polydispersion, random mutual orientation of the particles, a degree of amorphism, and a thick layer of coating [72].



The efficacy of the silanization procedure was evaluated, in the first instance, by IR spectroscopy. The spectra corresponding to the various samples are reported in Figure 2. The main peaks along with their assigments are reported in Table 2. The IR spectrum of ZnO has the typical steep band rising from 400 cm−1 towards higher frequency values, with a shoulder at 543 cm−1 assigned to Zn-O stretching vibrations [73,74]. Additional broad bands around 860 cm−1 and 3360 cm−1 are assigned to -OH libration and stretching vibration, respectively, and are associated with the presence of Zn(OH)2 on the surface of the ZnO nanoparticles [73,74]. Adsorbed water molecules also contribute to the high frequency band. Additional bands at 1394 cm−1 and 1651 cm−1 are attributed to the presence of surface carbonate groups and/or carboxilic -C=O groups [75]. This is likely the outcome of a carbonation process owing to the CO2 in the air, since the synthesis is carried out in an open vessel. Upon silanization, new features appear, related both to the presence of APTMS and to the condensation bonds between APTMS and ZnO. The relative intensity of the IR features reflects the condensation mechanism as well as the extent of the coating layers. More precisely, the G-APTMS@ZnO sample is characterized by a broad band centered at 3300 cm−1, to which stretching vibrations of -OH, -NH2 -CH2 and -CH3 contribute. At lower frequencies, the region between 1100 cm−1 and 1600 cm−1 presents the -NH2 bending as well as -CH2 scissoring of the aminopropyl and methoxy moieties [76], although the latter overlaps with the carbonate split-stretching band at the same frequency. The region 1050–800 cm−1 carries the signature of the silanization process, i.e., Si-O-Si and above all the Zn-O-Si vibrations [77]. Finally, below 800 cm−1, a few additional characteristic bands appear, -NH2 wagging and Si-C stretching.



The N-APTMS@ZnO sample has a similar spectrum as G-APTMS@ZnO, the main difference being the presence of a more intense peak at 993 cm−1, related to Si-O-Si stretching vibrations and the absence of the Si-O-CH3 band, thus indicating a larger silane network. S-APTMS@ZnO shows much more intense and well-resolved features and it presents distinguishable bands related to -OH, -NH2, and -CH3/-CH2, stretching vibrations at high frequencies. The strong peaks at about 1564 cm−1, 1400 cm−1, and 1330 cm−1 are attributed to C=O stretching and C-O stretching, respectively [69,78], and are related to the presence of acetate groups complexed with a metal like zinc. This is partly due to the confinement of KAc into the ZnO structure during the synthesis [79]. Additional silanization features below 1000 cm−1 are also present. The overall intensity of the bands also suggests a thicker coating. In general, all samples present a certain silanization degree. However, some differences can be observed among the various samples, which can ultimately be ascribed to slightly different ZnO-APTMS condensation mechanisms. In particular, the Si-O-Si and the Zn-O-Si bands have nearly the same intensity in the N-APTMS@ZnO sample, whereas the Si-O-Si band is dimmer in the G-APTMS@ZnO sample, suggesting a less extensive network of Si-O-Si bonds. Simultaneously, the narrow band of Si-O-CH3 bending only appears for the G-APTMS@ZnO sample.



As for the mechanism, in their study on ZnO silanization via ZnO-APTES interaction, Nicolay et al. [77] proposed that the condensation occurs between the surface Zn(OH)2 layer covering the ZnO particle and the alkoxy moiety of the APTES molecule. However, we hypothesize that the condensation pathways may be different depending on the reaction temperature. At a higher temperature (i.e., the temperature of the reactions carried out under reflux), hydrolysis of the methoxy moiety may occur with consequent hydroxylation of the silane. Water elimination from adjacent hydroxyls leads to a further Si-O-Si network. When silanization reactions are carried out at RT, as is the case for G-APTMS@ZnO, the silane hydroxylation occurs to a lesser extent, with a consequently lower degree of Si-O-Si network and a larger amount of methoxy moieties on the coated sample. This is in line with the observed sharp intensity at 829 cm−1 relating to the methoxy moiety and with the relatively low intensity of the Si-O-Si band at 1000 cm−1, for the G-APTMS@ZnO sample. The products of the condensation reactions are sketched in Figure 3.



Raman spectra of the samples were acquired using a laser excitation at 785 cm−1 and are reported in Figure 4, in the ranges 200–600 cm−1 (panel a) and 1100–1700 cm−1 (panel b). These ranges are characteristic of ZnO-related features and of terminal -NH2 groups, respectively. More precisely, the spectrum of the synthesized ZnO displays features at 332 cm−1, 434 cm−1, and 578 cm−1 which can be attributed to the optical modes, E2 (Transversal Optical—TO), E2 (Longitudinal Optical—LO) and E1, respectively [80]. A low peak is present at 534 cm−1 which is not assigned [80]. The spectrum of the G-APTMS@ZnO in this energy range is similar to that of pure ZnO. The spectra of N-APTMS@ZnO and S-APTMS@ZnO present additional features at 290 cm−1 and 505 cm−1, more pronounced for the latter, as well as a shift of the main peak, which appears at 438 cm−1. Both features are related to the presence of acetate, and especially the lower energy one can be attributed to ν (ZnO), due to the presence of Zn(ac)2 [81,82] either as reagent in excess (S-APTMS@ZnO) or as newly formed compound (N-APTMS@ZnO). The higher-energy feature is compatible with the optical absorption of acetate [83] as well as with the formation of overlayers. In the region 1100–1700 cm−1, both G-APTMS@ZnO and N-APTMS@ZnO are characterized by a broad feature centered at 1380 cm−1, which is considered diagnostic of terminal -NH2 attached to an alkyl moiety for the analogous APTES-coated ZnO nanoparticles [80] and attributed to the -NH2 rocking vibration. S-APTMS@ZnO is characterized by features at 1225 cm−1, 1307 cm−1, 1341 cm−1,1412 cm−1, and 1447 cm−1. The features at 1341 cm−1 and 1447 cm−1 have been assigned to -CO symmetric stretching and -CH3 symmetric bending of the acetate [84], whereas the other ones can be ascribed to APTMS overlayers [80].



The morphology and average size of the samples was investigated using SEM microscopy and representative images are reported in Figure 5. ZnO synthesized and dried at 40 °C displays the typical 54 ± 10 nm average size, in line with previous observations for this type of preparation procedure [70]. Upon silanization, the nanoparticle morphology is largely preserved. Depending on the sample, various degrees of sheathing are observed, which can be ascribed to the presence of the APTMS coating on the ZnO. More specifically, the N-APTMS@ZnO presents only limited regions of sheathed surface, marked with green circles in Figure 5b. The ZnO nanoparticles appear embedded in the sheath in the G-APTMS@ZnO sample (Figure 5c), although the particle shapes can still be distinguished. The nanoparticles also appear immersed in the sheath in the S-APTMS@ZnO sample and the particle contours can no longer be recognized, as if the silane formed a multilayer on top of the particles.



An estimate of the composition of the coated samples has been calculated using EDX analysis and the results are reported in Table 3. The atomic ratios between Zn/O, Zn/C, Zn/N, and N/Si are fairly similar for G-APTMS@ZnO and N-APTMS@ZnO, whereas they are significantly lower for S-APTMS@ZnO, thus indicating a greater coverage of the ZnO nanoparticles by the silane.



Overall, the one-pot synthesis seems to produce ZnO samples coated with a greater amount of APTMS, but also more agglomerate.



The zeta-potential and DLS measurements were carried out on all samples and are reported in Table 4. The zeta-potential of ZnO is 25.8 ± 0.70 mV, i.e., within a range where high electrostatic repulsive forces exist between the nanoparticles, with consequently good stability in aqueous solutions [85]. This value increases upon silanization, according to the order N-APTMS@ZnO < G-APTMS@ZnO < S-APTMS@ZnO, which also reflects the degree of coating observed in the SEM images. The associated DLS measurements indicate an average diameter in the 175–225 nm range. These values are apparently larger than the average nanoparticle size estimated by SEM. However, in the comparison it must be taken into account that DLS assesses hydrodynamic ranges, which are typically larger, and that agglomerates may form in water dispersions. More precisely, this concerns the interplay of a few parameters, such as the size, concentration, shape, polydispersity, and surface properties of the nanoparticles [86]. The average dynamic radius decreases with the increasing surface charge, likely due to the surface repulsion induced by the charge, with the exception of the S-APTMS@ZnO. This sample, however, has large inhomogeneity, as also demonstrated by the large polydispersity index.



The UV-visible spectra of the synthesized samples in water dispersions are displayed in Figure 6. They are all characterized by a main excitonic peak in the 300–400 nm range. The absorption peak of ZnO is centered at 358 nm and is compatible with hexagonal wurtzite [87]. G-APTMS@ZnO has a main peak at 366 nm, N-APTMS@ZnO at 357 nm, and S-APTMS@ZnO at 340 nm.



The corresponding band gaps can be estimated using the equation Eg (eV) = (hc/λm) = 1240/λm (nm), where Eg is the optical band gap, h is the Planck’s constant, c is the speed of light and λm is the wavelength of maximum absorption [88,89]. Band gaps and λm are recorded in Table 5, along with literature data about ZnO synthesized using different methods, and whose UV-visible spectra were collected from dispersions in solvents. A main exitonic peak at 378 nm is observed for the water dispersion of ZnO nanoparticles with spherical shape in the range 30–90 nm. They were obtained by reacting Zn(NO3)2·6H2O and egg white, followed by calcination at 600 °C [88]. An exitonic peak at 368 nm was observed in the case of ethanol dispersion of a mix of nearly spherical and rod-shaped ZnO aggregates, obtained by Zn(ac)2 thermolysis. In our case, the excitonic peak of ZnO is observed at 358 nm, i.e., it is blue-shifted. In general, this is attributed to confinement effects, which occur when the average size of the nanoparticles decreases, and it is compatible with the smaller size of our samples as compared to the ones in the literature. Taking the ZnO value of 358 nm as a reference, the effect of the coating is threefold, depending on the synthesis procedure. In particular, the excitonic peak is nearly unaffected in the case of N-APTMS@ZnO, likely due to the scattered coverage of the ZnO surface by the silane as observed by SEM imaging. The excitonic peak (and band gap) is blue-shifted in the case of S-APTMS@ZnO and it is red-shifted in the case of G-APTMS@ZnO.



The blue shift of the capped S-APTMS@ZnO can be related to further confinement effects, due to the size reduction and the formation of anisotropic morphology initiated by the thick silane layer which gives rise to edge-dependent optical properties [90,91]. The red shift is typically associated with the insertion of defects such as the migration of the Zn interstitial position and it is likely induced in the ZnO lattice by room-temperature silanization. Overall, of the synthesized coated samples, N-APTMS@ZnO is not homogeneously coated (SEM images) and S-APTMS@ZnO has traces of the initial acetate reagent (IR and Raman characterizations). G-APTMS@ZnO, on the other hand, not only presents a homogeneous coating, but it is also the sample synthesized in the blandest conditions, at temperatures ranging from room temperature to 40 °C max, and by employing water solvent only. Therefore, further tests on penconazole detection were carried out on G-APTMS@ZnO. The outcome is reported in Figure 7. By using an excitation wavelength of 365 nm, the chemiluminescence of G-APTMS@ZnO is observed at 523 nm. The quenching effects as a function of the penconazole concentration were probed in the range 0.7–1.7 ppm. The corresponding peak intensity variation range lies between 6% and 19%, with a good linear response, as indicated in the inset of Figure 6.



The LOD was evaluated as the concentration corresponding to three times the standard deviation of the signal in the blank sample and it was found to be 0.1 ± 0.01 ppm. This value is in line with LODs found for the detection of OCPs by SERS (detection of penconazole using this technique has not been reported so far, and we made a comparison with other OCPs), and higher than for HPLC detection of penconazole (Table 6).




4. Conclusions


In the present paper, one-pot and two-steps synthetic strategies were pursued in order to achieve APTMS-coated ZnO nanoparticles with chemiluminescent properties, for the detection of the fungicide penconazole. The low-temperature synthesis, fully carried out in water, i.e., in green reaction conditions, appeared to be the most effective for obtaining APTMS@ZnO, defined by a ZnO core, nanoparticles dimensions averaging 54 ± 10 nm, a homogenous layer of coating, and no trace of residual reagents. This sample is also characterized by a red shift of the band gap and by the presence, to some extent, of the terminal methoxy moiety. The tests of chemiluminescence as a function of the penconazole concentration indicate a linear response in the probed range 0.7–1.7 ppm and a LOD of 0.1 ± 0.01 ppm.







Author Contributions


Conceptualization, E.M.B. and M.C.; methodology, E.M.B. and G.B.; validation, all authors; formal analysis, E.M.B., G.B. and M.C.; investigation, G.B., C.R., S.S., T.D.C. and D.C.; resources, E.M.B., A.N. and M.C.; data curation, G.B., C.R. and D.C.; writing—original draft preparation, M.C.; writing—review and editing, M.C. and E.M.B.; supervision, E.M.B.; project administration, M.C.; funding acquisition, E.M.B., A.N. and M.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Regione Lazio con Determinazione n. G04014 del 13/04/2021 nell’ambito dell’Avviso Pubblico “Progetti di Gruppi di Ricerca 2020”, grant number A0375-2020-36643—Sviluppo di un Dispositivo Portatile Integrato per la Valutazione Spettroscopica Multimodale non Invasiva della Qualità di Materie Prime Alimentari (B85F21001350002).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Available online: https://www.sfa.gov.sg/food-information/risk-at-a-glance/use-of-pesticide-in-food (accessed on 18 October 2022).

	



Available online: https://www.sustainability-times.com/green-consumerism/report-finds-pesticides-may-make-many-u-s-foods-unsafe/ (accessed on 8 October 2022).

	



Available online: https://efsa.onlinelibrary.wiley.com/doi/full/10.2903/j.efsa.2017.4853 (accessed on 18 October 2022).

	



van Asselt, E.D.; Banach, J.L.; van der Fels-Klerx, H.J. Prioritization of chemical hazards in spices and herbs for European monitoring programs. Food Control 2018, 83, 7–17. [Google Scholar] [CrossRef]

	



Gómez-Ramos, M.M.; Ferrer, C.; Malato, O.; Agüera, A.; Fernández-Alba, A.R. Liquid chromatography-high-resolution mass spectrometry for pesticide residue analysis in fruit and vegetables: Screening and quantitative studies. J. Chromatogr. A 2013, 1287, 24–37. [Google Scholar] [CrossRef]

	



Polledri, E.; Mercadante, R.; Fustinoni, S. Determination of tebuconazole and penconazole fungicides in rat and human hair by liquid chromatography/tandem mass spectrometry. Rapid Commun. Mass Spectrom. 2018, 32, 1243–1249. [Google Scholar] [CrossRef]

	



Abdallah, O.I.; Alrasheed, A.M.; Al-Mundarij, A.A.; Omar, A.F.; Alhewairini, S.S.; Al-Jamhan, K.A. Levels of residues and dietary risk assessment of the fungicides myclobutanil, penconazole, tebuconazole, and triadimenol in squash. Biomed. Chromatogr. 2021, 35, e5126. [Google Scholar] [CrossRef]

	



Babazadeh, S.; Moghaddam, P.A.; Keshipour, S.; Mollazade, K. Analysis of imidacloprid and penconazole residues during their pre-harvest intervals in the greenhouse cucumbers by HPLC–DAD. J. Iran Chem. Soc. 2020, 17, 1439–1446. [Google Scholar] [CrossRef]

	



Zeid, M.I.A.; Awad, M.K.; Melki, K.C.; Jawdah, Y.A.; Jammoul, A.M. Pesticides residues on Loquat: A minor crop in Lebanon. Food Control 2021, 130, 108297. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, X.; Luo, F.; Sheng, H.; Zhou, L.; Zhong, Q.; Lou, Z.; Sun, H.; Yang, M.; Cui, X.; et al. Application and enantioselective residue determination of chiral pesticide penconazole in grape, tea, aquatic vegetables and soil by ultra performance liquid chromatography-tandem mass spectrometry. Ecotox. Environ. Saf. 2019, 172, 530–537. [Google Scholar] [CrossRef]

	



Abd-Alrahman, S.H.; Ahmed, N.S. Dissipation of Penconazole in Peach, Plum, Apricot, and Mango by HPLC–DAD. Bull. Environ. Contam. Toxicol. 2013, 90, 260–263. [Google Scholar] [CrossRef]

	



Chen, M.; Chen, L.; Pan, L.; Liu, R.; Guo, J.; Fan, M.; Wang, X.; Liu, H.; Liu, S. Simultaneous analysis of multiple pesticide residues in tobacco by magnetic carbon composite-based QuEChERS method and liquid chromatography coupled to quadrupole time-of-flight mass spectrometry. J. Chromatogr. A 2022, 1668, 462913. [Google Scholar] [CrossRef] [PubMed]

	



Narenderan, S.T.; Meyyanathan, S.N.; Babu, B. Review of pesticide residue analysis in fruits and vegetables. Pre-treatment, extraction and detection techniques. Food Res. Int. 2020, 133, 109141. [Google Scholar] [CrossRef]

	



Seebunrueng, K.; Tamuang, S.; Ruangchai, S.; Sansuk, S.; Srijaranai, S. In situ self-assembled coating of surfactant-mixed metal hydroxide on Fe3O4@SiO2 magnetic composite for dispersive solid phase microextraction prior to HPLC analysis of triazole fungicides. Microchem. J. 2021, 168, 106396. [Google Scholar] [CrossRef]

	



Farajzadeh, M.A.; Djozan, D.; Nouri, N.; Bamorowat, M.; Shalamzari, M.S. Coupling stir bar sorptive extraction-dispersive liquid–liquid microextraction for preconcentration of triazole pesticides from aqueous samples followed by GC-FID and GC-MS determinations. J. Sep. Sci. 2010, 33, 1816–1828. [Google Scholar] [CrossRef] [PubMed]

	



Moldovan, R.; Iacob, B.-C.; Farcău, C.; Bodoki, E.; Oprean, R. Strategies for SERS Detection of Organochlorine Pesticides. Nanomaterials 2021, 11, 304. [Google Scholar] [CrossRef] [PubMed]

	



Bernat, A.; Samiwala, M.; Albo, J.; Jiang, X.; Rao, Q. Challenges in SERS-based pesticide detection and plausible solutions. J. Agric. Food Chem. 2019, 67, 12341–12347. [Google Scholar] [CrossRef]

	



Pang, S.; Yang, T.; He, L. Review of surface enhanced Raman spectroscopic (SERS) detection of synthetic chemical pesticides. TrAC Trends Anal. Chem. 2016, 85, 73–82. [Google Scholar] [CrossRef]

	



Carbone, M.; Sabbatella, G.; Antonaroli, S.; Remita, H.; Orlando, V.; Biagioni, S.; Nucara, A. Exogenous control over intracellular acidification: Enhancement via proton caged compounds coupled to gold nanoparticles. Biochim. Biophys. Acta Gen. Subj. 2015, 1850, 2304–2307. [Google Scholar] [CrossRef]

	



Limosani, F.; Remita, H.; Tagliatesta, P.; Bauer, E.M.; Leoni, A.; Carbone, M. Functionalization of Gold Nanoparticles with Ru-Porphyrin and Their Selectivity in the Oligomerization of Alkynes. Materials 2022, 15, 1207. [Google Scholar] [CrossRef]

	



Vemuri, S.K.; Khanna, S.; Utsav Paneliya, S.; Takhar, V.; Banerjee, R.; Mukhopadhyay, I. Fabrication of silver nanodome embedded zinc oxide nanorods for enhanced Raman spectroscopy. Colloids Surface A 2022, 639, 128336. [Google Scholar] [CrossRef]

	



Guerrini, L.; Izquierdo-Lorenzo, I.; Garcia-Ramos, J.V.; Domingo, C.; Sanchez-Cortes, S. Self-assembly of α, ω-aliphatic diamines on Ag nanoparticles as an effective localized surface plasmon nanosensor based in interparticle hot spots. Phys. Chem. Chem. Phys. 2009, 11, 7363–7371. [Google Scholar] [CrossRef]

	



Guerrini, L.; Izquierdo Lorenzo, I.; Rodriguez-Oliveros, R.; Sánchez-Gil, J.A.; Sanchez-Cortes, S.; Garcia-Ramos, J.V.; Domingo, C. α, ω-Aliphatic Diamines as Molecular Linkers for Engineering Ag Nanoparticle Clusters: Tuning of the Interparticle Distance and Sensing Application. Plasmonics 2010, 5, 273–286. [Google Scholar] [CrossRef]

	



Kubackova, J.; Fabriciova, G.; Miskovsky, P.; Jancura, D.; Sanchez-Cortes, S. Sensitive Surface-Enhanced Raman Spectroscopy (SERS) Detection of Organochlorine Pesticides by Alkyl Dithiol-Functionalized Metal Nanoparticles-Induced Plasmonic Hot Spots. Anal. Chem. 2015, 87, 663–669. [Google Scholar] [CrossRef] [PubMed]

	



Guerrini, L.; Aliaga, A.E.; Cárcamo, J.; Gómez-Jeria, J.S.; Sanchez-Cortes, S.; Campos-Vallette, M.M.; García-Ramos, J.V. Functionalization of Ag nanoparticles with the bis-acridinium lucigenin as a chemical assembler in the detection of persistent organic pollutants by surface-enhanced Raman scattering. Anal. Chim. Acta 2008, 624, 286–293. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, X.; Liu, G.; Zhang, H.; Li, Y.; Cai, W. Porous zeolite imidazole framework-wrapped urchin-like Au-Ag nanocrystals for SERS detection of trace hexachlorocyclohexane pesticides via efficient enrichment. J. Hazard. Mater. 2019, 368, 429–435. [Google Scholar] [CrossRef] [PubMed]

	



Donia, D.T.; Carbone, M. Fate of nanoparticles in environmental cycles. Int. J. Environ. Sci. Technol. 2019, 16, 583–600. [Google Scholar] [CrossRef]

	



Ramos-Ruiz, A.; Wilkening, J.V.; Field, J.A.; Sierra-Alvarez, R. Leaching of cadmium and tellurium from cadmium telluride (CdTe) thin-film solar panels under simulated landfill conditions. J. Hazard. Mater. 2017, 336, 57–64. [Google Scholar] [CrossRef]

	



Babazadeh, S.; Bisauriya, R.; Carbone, M.; Roselli, L.; Cecchetti, D.; Bauer, E.M.; Sennato, S.; Prosposito, P.; Pizzoferrato, R. Colorimetric Detection of Chromium(VI) Ions in Water Using Unfolded-Fullerene Carbon Nanoparticles. Sensors 2021, 21, 6353. [Google Scholar] [CrossRef]

	



Valentini, F.; Roscioli, D.; Carbone, M.; Conte, V.; Floris, B.; Palleschi, G.; Flammini, R.; Bauer, E.M.; Nasillo, G.; Caponetti, E. Oxidized Graphene in Ionic Liquids for Assembling Chemically Modified Electrodes: A Structural and Electrochemical Characterization Study. Anal. Chem. 2012, 84, 5823–5831. [Google Scholar] [CrossRef]

	



Gontrani, L.; Pulci, O.; Carbone, M.; Pizzoferrato, R.; Prosposito, P. Detection of Heavy Metals in Water Using Graphene Oxide Quantum Dots: An Experimental and Theoretical Study. Molecules 2021, 26, 5519. [Google Scholar] [CrossRef]

	



Limosani, F.; Bauer, E.M.; Cecchetti, D.; Biagioni, S.; Orlando, V.; Pizzoferrato, R.; Prosposito, P.; Carbone, M. Top-Down N-Doped Carbon Quantum Dots for Multiple Purposes: Heavy Metal Detection and Intracellular Fluorescence. Nanomaterials 2021, 11, 2249. [Google Scholar] [CrossRef]

	



Zhou, J.; Xu, N.S.; Wang, Z.L. Dissolving Behavior and Stability of ZnO Wires in Biofluids: A Study on Biodegradability and Biocompatibility of ZnO Nanostructures. Adv. Mater. 2006, 18, 2432–2435. [Google Scholar] [CrossRef]

	



Djurišić, A.B.; Leung, Y.H. Optical Properties of ZnO Nanostructures. Small 2006, 2, 944–961. [Google Scholar] [CrossRef] [PubMed]

	



Galdámez-Martinez, A.; Santana, G.; Güell, F.; Martínez-Alanis, P.R.; Dutt, A. Photoluminescence of ZnO Nanowires: A Review. Nanomaterials 2020, 10, 857. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Zhang, Y.; Li, T.; Tao, T. ZnO quantum dots for fluorescent detection of environmental contaminants. J. Environ. Chem. Eng. 2021, 9, 106800. [Google Scholar] [CrossRef]

	



Sinha, R.; Ganesana, M.; Andreescu, S.; Stanciu, L. AChE biosensor based on zinc oxide sol-gel for the detection of pesticides. Anal. Chim. Acta 2010, 661, 195–199. [Google Scholar] [CrossRef] [PubMed]

	



Sahoo, D.; Mandal, A.; Mitra, T.; Chakraborty, K.; Bardhan, M.; Dasgupta, A.K. Nanosensing of Pesticides by Zinc Oxide Quantum Dot: An Optical and Electrochemical Approach for the Detection of Pesticides in Water. J. Agric. Food Chem. 2018, 66, 414–423. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.M.R.; Mitra, S.; Sahoo, D. Metal oxide QD based ultrasensitive microsphere fluorescent sensor for copper, chromium and iron ions in water. RSC Adv. 2020, 10, 9512–9524. [Google Scholar] [CrossRef] [PubMed]

	



Espitia, P.J.P.; Soares, N.F.F.; Coimbra, J.S.R.; Andrade, N.J.; Cruz, R.S.; Medeiros, E.A.A. Zinc oxide nanoparticles: Synthesis, Antimicrobial Activity and Food Packaging Applications. Food Bioprocess Technol. 2012, 5, 1447–1464. [Google Scholar] [CrossRef]

	



Koch, U.; Fojtik, A.; Weller, H.; Henglein, A. Photochemistry of semiconductor colloids. Preparation of extremely small ZnO particles, fluorescence phenomena and size quantization effects. Chem. Phys. Lett. 1985, 122, 507–510. [Google Scholar] [CrossRef]

	



Monticone, S.; Tufeu, R.; Kanaev, A.V. Complex Nature of the UV and Visible Fluorescence of Colloidal ZnO Nanoparticles. J. Phys. Chem. B 1998, 102, 2854–2862. [Google Scholar] [CrossRef]

	



Irimpan, L.; Nampoori, V.P.N.; Radhakrishnan, P.; Deepthy, A.; Krishnan, B. Size dependent fluorescence spectroscopy of nanocolloids of ZnO. J. Appl. Phys. 2007, 102, 063524. [Google Scholar] [CrossRef]

	



Carbone, M. CQDs@NiO: An Efficient Tool for CH4 Sensing. Appl. Sci. 2020, 10, 6251. [Google Scholar] [CrossRef]

	



John, R.A.B.; Kumar, A.R. A review on resistive-based gas sensors for the detection of volatile organic compounds using metal-oxide nanostructures. Inorg. Chem. Commun. 2021, 133, 108893. [Google Scholar] [CrossRef]

	



Carbone, M.; Aneggi, E.; Figueredo, F.; Susmel, S. NiO-nanoflowers decorating a plastic electrode for the non-enzymatic amperometric detection of H2O2 in milk: Old issue, new challenge. Food Control 2022, 132, 108549. [Google Scholar] [CrossRef]

	



Kumar, R.; Liu, X.; Zhang, J.; Kumar, M. Room-Temperature Gas Sensors under Photoactivation: From Metal Oxides to 2D Materials. Nano-Micro Lett. 2020, 12, 164. [Google Scholar] [CrossRef]

	



Valentini, F.; Roscioli, D.; Carbone, M.; Conte, V.; Floris, B.; Bauer, E.M.; Ditaranto, N.; Sabbatini, L.; Caponetti, E.; Chillura-Martino, D. Graphene and ionic liquids new gel paste electrodes for caffeic acid quantification. Sens. Actuators B Chem. 2015, 212, 248–255. [Google Scholar] [CrossRef]

	



Sun, D.; Luo, Y.; Debliquy, M.; Zhang, C. Graphene-enhanced metal oxide gas sensors at room temperature: A review. Beilstein J. Nanotechnol. 2018, 9, 2832–2844. [Google Scholar] [CrossRef]

	



Valentini, F.; Ciambella, E.; Boaretto, A.; Rizzitelli, G.; Carbone, M.; Conte, V.; Cataldo, F.; Russo, V.; Casari, C.S.; Chillura-Martino, D.F.; et al. Sensor Properties of Pristine and Functionalized Carbon Nanohorns. Electroanalysis 2016, 28, 2489–2499. [Google Scholar] [CrossRef]

	



Zou, Y.; Zhang, Y.; Hu, Y.; Gu, H. Ultraviolet Detectors Based on Wide Bandgap Semiconductor Nanowire: A Review. Sensors 2018, 18, 2072. [Google Scholar] [CrossRef]

	



Carbone, M.; Tagliatesta, P. NiO Grained-Flowers and Nanoparticles for Ethanol Sensing. Materials 2020, 13, 1880. [Google Scholar] [CrossRef]

	



Carbone, M. NiO-Based Electronic Flexible Devices. Appl. Sci. 2022, 12, 2839. [Google Scholar] [CrossRef]

	



Nunes, D.; Pimentel, A.; Gonçalves, A.; Pereira, S.; Branquinho, R.; Barquinha, P.; Fortunato, E.; Martins, R. Metal oxide nanostructures for sensor applications. Semicond. Sci. Technol. 2019, 34, 043001. [Google Scholar] [CrossRef]

	



Carbone, M.; Missori, M.; Micheli, L.; Tagliatesta, P.; Bauer, E.M. NiO Pseudocapacitance and Optical Properties: Does the Shape Win? Materials 2020, 13, 1417. [Google Scholar] [CrossRef]

	



Carbone, M. Zn defective ZnCo2O4 nanorods as high capacity anode for lithium ion batteries. J. Electroanal. Chem. 2018, 815, 151–157. [Google Scholar] [CrossRef]

	



Carbone, M.; Bauer, E.M.; Micheli, L.; Missori, M. NiO morphology dependent optical and electrochemical properties. Colloids Surf. A Physicochem. Eng. Asp. 2017, 532, 178–182. [Google Scholar] [CrossRef]

	



Carbone, M. Cu-Zn-Co nanosized mixed oxides prepared from hydroxycarbonate precursors. J. Alloys Compd. 2016, 688, 202–209. [Google Scholar] [CrossRef]

	



Carbone, M.; Nesticò, A.; Bellucci, N.; Micheli, L.; Palleschi, G. Enhanced performances of sensors based on screen printed electrodes modified with nanosized NiO particles. Electrochim. Acta 2017, 246, 580–587. [Google Scholar] [CrossRef]

	



Carbone, M.; Briancesco, R.; Bonadonna, L. Antimicrobial power of Cu/Zn mixed oxide nanoparticles to Escherichia coli. Environ. Nanotech. Monitor. Manag. 2017, 7, 97–102. [Google Scholar] [CrossRef]

	



Kadam, V.V.; Balakrishnan, R.M.; Ettiyappan, J.P.; Thomas, N.S.; Souza, S.A.D.; Parappan, S. Sensing of p-nitrophenol in aqueous solution using zinc oxide quantum dots coated with APTES. Environ. Nanotech. Monitor. Manag. 2021, 16, 100474. [Google Scholar] [CrossRef]

	



Egghe, T.; Narimisa, M.; Ghobeira, R.; Nisol, B.; Onyshchenko, Y.; Hoogenboom, R.; Morent, R.; De Geyter, N. Comparison of the physicochemical properties and aging behavior of two different APTES-derived plasma polymer-based coatings. Surf. Coat. Technol. 2022, 449, 128945. [Google Scholar] [CrossRef]

	



Knorr, D.B., Jr.; Williams, K.S.; Baril, N.F.; Weiland, C.; Andzelm, J.W.; Lenhart, J.L.; Woicik, J.C.; Fischer, D.A.; Tidrow, M.Z.; Bandara, S.V.; et al. Use of 3-aminopropyltriethoxysilane deposited from aqueous solution for surface modification of III-V materials. Appl. Surf. Sci. 2014, 320, 414–428. [Google Scholar] [CrossRef]

	



Rahman, I.A.; Jafarzadeh, M.; Sipaut, C.S. Synthesis of organo-functionalized nanosilica via a co-condensation modification using γ-aminopropyltriethoxysilane (APTES). Ceram. Int. 2009, 35, 1883–1888. [Google Scholar] [CrossRef]

	



Bertani, F.R.; Businaro, L.; Gambacorta, L.; Mencattini, A.; Brenda, D.; Di Giuseppe, D.; De Ninno, A.; Solfrizzo, M.; Martinelli, E.; Gerardino, A. Optical detection of aflatoxins B in grained almonds using fluorescence spectroscopy and machine learning algorithms. Food Control 2020, 112, 107073. [Google Scholar] [CrossRef]

	



Weesepoel, Y.; Alewijn, M.; Wijtten, M.; Müller-Maatsch, J. Detecting Food Fraud in Extra Virgin Olive Oil Using a Prototype Portable Hyphenated Photonics Sensor. J. AOAC Int. 2021, 104, 7–15. [Google Scholar] [CrossRef] [PubMed]

	



Koppel, D.E. Analysis of Macromolecular Polydispersity in Intensity Correlation Spectroscopy: The Method of Cumulants. J. Chem. Phys. 1972, 57, 4814–4820. [Google Scholar] [CrossRef]

	



Tscharnuter, W.W. Mobility measurements by phase analysis. Appl. Opt. 2001, 40, 3995–4003. [Google Scholar] [CrossRef]

	



Spanhel, L.; Anderson, M.A. Semiconductor clusters in the sol-gel process: Quantized aggregation, gelation, and crystal growth in concentrated zinc oxide colloids. J. Am Chem. Soc. 1991, 113, 2826–2833. [Google Scholar] [CrossRef]

	



Donia, D.T.; Bauer, E.M.; Missori, M.; Roselli, L.; Cecchetti, D.; Tagliatesta, P.; Gontrani, L.; Carbone, M. Room Temperature Syntheses of ZnO and Their Structures. Symmetry 2021, 13, 733. [Google Scholar] [CrossRef]

	



Widjonarko, N.E. Introduction to Advanced X-ray Diffraction Techniques for Polymeric Thin Films. Coating 2016, 6, 54. [Google Scholar] [CrossRef]

	



Holder, C.F.; Schaak, R.E. Tutorial on Powder X-ray Diffraction for Characterizing Nanoscale Materials. ACS Nano 2019, 13, 7359–7365. [Google Scholar] [CrossRef]

	



Handore, K.; Bhavsar, S.; Horne, A.; Chhattise, P.; Mohite, K.; Ambekar, J.; Pande, N.; Chabukswar, V. Novel Green Route of Synthesis of ZnO Nanoparticles by Using Natural Biodegradable Polymer and Its Application as a Catalyst for Oxidation of Aldehydes. J. Macromol. Sci. A 2014, 51, 941–947. [Google Scholar] [CrossRef]

	



Winiarski, J.; Tylus, W.; Winiarska, K.; Szczygieł, I.; Szczygieł, B. XPS and FT-IR Characterization of Selected Synthetic Corrosion Products of Zinc Expected in Neutral Environment Containing Chloride Ions. J. Spectrosc. 2018, 2018, 2079278. [Google Scholar] [CrossRef]

	



Musić, S.; Popović, S.; Maljković, M.; Dragčević, D. Influence of synthesis procedure on the formation and properties of zinc oxide. J. Alloys Compd. 2002, 347, 324–332. [Google Scholar] [CrossRef]

	



Bistričit, L.; Volovšek, V.; Dananić, V. Conformational and vibrational analysis of gamma-aminopropyltriethoxysilane. J. Mol. Struct. 2007, 834–836, 355–363. [Google Scholar] [CrossRef]

	



Nicolay, A.; Lanzutti, A.; Poelman, M.; Ruelle, B.; Fedrizzi, L.; Dubois, P.h.; Olivier, M.-G. Elaboration and characterization of a multifunctional silane/ZnO hybrid nanocomposite coating. Appl. Surf. Sci. 2015, 327, 379–388. [Google Scholar] [CrossRef]

	



Sakohara, S.; Ishida, M.; Anderson, M.A. Visible Luminescence and Surface Properties of Nanosized ZnO Colloids Prepared by Hydrolyzing Zinc Acetate. J. Phys. Chem. B 1998, 102, 10169–10175. [Google Scholar] [CrossRef]

	



Toscani, S.; Hernandez, O.; Aparicio, C.; Spanhel, L. Glass formation and confined melting in sol-gel derived nano-ZnO aggregates. J. Sol-Gel Sci. Technol. 2014, 69, 457–463. [Google Scholar] [CrossRef]

	



Jaramillo, A.F.; Baez-Cruza, R.; Montoya, L.F.; Medinam, C.; Pérez-Tijerina, E.; Salazar, F.; Rojas, D.; Melendrez, M.F. Estimation of the surface interaction mechanism of ZnO nanoparticles modified with organosilane groups by Raman Spectroscopy. Ceram. Int. 2017, 43, 11838–11847. [Google Scholar] [CrossRef]

	



Frost, R.L.; Kloprogge, J.T. Raman spectroscopy of the acetates of sodium, potassium and magnesium at liquid nitrogen temperature. J. Mol. Struct. 2000, 526, 131–141. [Google Scholar] [CrossRef]

	



Gültekin, D.; Akbulut, H. Raman Studies of ZnO Products Synthesized by Solution Based Methods. Acta Phys. Pol. A 2016, 129, 803–805. [Google Scholar] [CrossRef]

	



Noma, H.; Miwa, Y.; Yokoyama, I.; Machida, K. Infrared and Raman intensity parameters of sodium acetate and their intensity distributions. J. Mol. Struct. 1991, 242, 207–219. [Google Scholar] [CrossRef]

	



Yang, R.D.; Tripathy, S.; Li, Y.; Sue, H.-J. Photoluminescence and micro-Raman scattering in ZnO nanoparticles: The influence of acetate adsorption. Chem. Phys. Lett. 2005, 411, 150–154. [Google Scholar] [CrossRef]

	



Pochapski, D.J.; dos Santos, C.C.; Leite, G.W.; Pulcinelli, S.H.; Santilli, C.V. Zeta Potential and Colloidal Stability Predictions for Inorganic Nanoparticle Dispersions: Effects of Experimental Conditions and Electrokinetic Models on the Interpretation of Results. Langmuir 2021, 37, 13379–13389. [Google Scholar] [CrossRef] [PubMed]

	



Darwish, M.S.A.; Bakry, A.; Al-Harbi, L.M.; Khowdiary, M.M.; El-Henawy, A.A.; Yoon, J. Core/shell PA6@Fe3O4 nanofibers: Magnetic and shielding behavior. J. Disper. Sci. Technol. 2019, 41, 1711–1719. [Google Scholar] [CrossRef]

	



Wooten, A.J.; Werder, D.J.; Williams, D.J.; Casson, J.L.; Hollingsworth, J.A. Solution-Liquid-Solid Growth of Ternary Cu-In-Se Semiconductor Nanowires from Multiple- and Single-Source Precursors. J. Am. Chem. Soc. 2009, 131, 16177–16188. [Google Scholar] [CrossRef]

	



Pudukudy, M.; Yaakob, Z. Facile Synthesis of Quasi Spherical ZnO Nanoparticles with Excellent Photocatalytic Activity. J. Clust. Sci. 2015, 26, 1187–1201. [Google Scholar] [CrossRef]

	



Hanif, M.A.; Kim, Y.S.; Ameen, S.; Kim, H.G.; Kwac, L.K. Boosting the Visible Light Photocatalytic Activity of ZnO through the Incorporation of N-Doped for Wastewater Treatment. Coatings 2022, 12, 579. [Google Scholar] [CrossRef]

	



Zhao, N.; Qi, L. Low-Temperature Synthesis of Star-Shaped PbS Nanocrystals in Aqueous Solutions of Mixed Cationic/Anionic Surfactants. Adv. Mater. 2006, 18, 359–362. [Google Scholar] [CrossRef]

	



Navaneethan, M.; Archana, J.; Arivanandhan, M.; Hayakawa, Y. Functional properties of amine-passivated ZnO nanostructures and dye-sensitized solar cell characteristics. Chem. Eng. J. 2012, 213, 70–77. [Google Scholar] [CrossRef]

	



Chi, H.; Wang, C.; Wang, Z.; Zhu, H.; Mesias, V.S.D.; Dai, X.; Chen, Q.; Liu, W.; Huang, J. Highly reusable nanoporous silver sheet for sensitive SERS detection of pesticides. Analyst 2020, 145, 5158–5165. [Google Scholar] [CrossRef]








[image: Materials 15 08050 g001 550] 





Figure 1. XRD pattern of ZnO and the coated samples N-APTMS@ZnO, G-APTMS@ZnO, and S-APTMS@ZnO. The violet vertical lines represent reflexes from the JCPDS 73-1520 reference card of hexagonal ZnO. The planes indexes are also reported. 
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Figure 2. IR spectra of ZnO and of the coated samples N-APTMS@ZnO, G-APTMS@ZnO, and S-APTMS@ZnO, in the range 4000–400 cm−1. 
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Figure 3. Sketches of ZnO condensation with APTMS. The red oval shapes outline the hydroxylation procedure and the Si-O-Si network formation at higher temperatures (reflux). In the blue circle, the persistence of -OCH3 moiety upon RT synthesis is outlined. 
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Figure 4. Raman spectra of ZnO and the coated samples N-APTMS@ZnO, G-APTMS@ZnO, and S-APTMS@ZnO. Panel (a) 200–600 cm−1, panel (b) 1100–1700 cm−1. 
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Figure 5. SEM images of coated and uncoated ZnO at 100 K magnification: (a) ZnO, (b) N-APTMS@ZnO, (c) G-APTMS@ZnO, (d) S-APTMS@ZnO. 
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Figure 6. UV-visible spectra of G-APTMS@ZnO, N-APTMS@ZnO, and S-APTMS@ZnO. 
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Figure 7. Chemiluminescence spectra of G-APTMS@ZnO as a function of penconazole (PNC) concentration. The peak intensity variation is reported in the inset as a function of the concentration, indicating a good linear response. 
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Table 1. Summary of the synthesis conditions. Ovn = overnight.






Table 1. Summary of the synthesis conditions. Ovn = overnight.



















	Sample
	Step
	Salt
	[Zn2+]
	Base
	[OH−]
	APTMS
	ZnO
	Solv.
	Temp.
	Time
	pH





	ZnO
	1st
	Nitrate
	0.1 M
	NaOH
	0.1 M
	
	
	H2O
	40 °C
	ovn
	



	G-APTMS@ZnO
	2nd
	
	
	
	
	40 μL
	0.125 M
	H2O
	40 °C
	24 h
	6.5/8.22



	N-APTMS@ZnO
	2nd
	
	
	
	
	40 μL
	0.125 M
	H2O
	100 °C
	ovn
	



	S-APTMS@ZnO
	Single
	Acetate
	0.19 M
	KOH
	0.8 M
	60 μL/5 mL EtOH
	
	EtOH
	68 °C
	2 h
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Table 2. Assignment of the IR features. Sh = sharp, st = strong, m = medium, v st = very strong, w = weak, vw = very weak, sd = shoulder, br = broad, ν = stretching, δ = bending, ω = wagging, χ = scissoring.
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	ZnO-cm−1
	S-APTMS@ZnO-cm−1
	N-APTMS@ZnO-cm−1
	G-APTMS@ZnO-cm−1
	Assignment





	3360 br
	3387 sd
	
	
	-OH ν



	
	
	3330 br
	3330 br
	-OH ν + -NH ν

+ -CH2 ν



	
	3248 br
	
	
	-NH ν



	
	2935 m-w
	2934 w
	
	-CH2 ν



	
	
	1598 w
	
	-NH2 δ



	
	1564 v st
	
	
	-C=O (C-O) ν



	
	
	
	1550 sd
	-NH2 δ



	1510
	
	
	1506 st
	-CO32− νas split



	
	
	1454 vw
	
	-CH δ



	1394 br
	
	
	
	-CO32− νas



	
	1400 v st
	
	
	C-O (C=O) ν



	
	
	1398 w
	1392 st
	-CH2 χ



	
	1339 st
	
	
	-C-O (C=O) ν



	
	1215 m
	1217 w
	1215 w
	-C-O- ν NH2 ω



	
	1015 w
	993 m
	1039 sd
	Si-O-Si ν



	
	878 st
	881 m
	881 m
	Zn-O-Si ν



	860 br
	
	
	
	Zn-OH libr



	
	
	
	829 sh
	Si-O-CH3 ν



	
	672 st
	668 vw
	670 vw
	NH2 wag

SiC str



	
	617 w
	
	
	-CH δ



	543 sd
	543 sd
	543 sd
	543 sd
	Zn-O ν
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Table 3. EDX analyses of the coated ZnO samples. Atomic percentages of C, N, O, Zn, and Si averaged over three different areas for each sample. In addition, the atomic ratios between the various elements are reported.
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	Sample
	C
	N
	O
	Zn
	Si
	K
	Zn/O
	Zn/C
	Zn/N
	N/Si





	G-APTMS@ZnO
	15.0
	1.4
	45.0
	38.0
	0.6
	/
	0.8
	2.5
	27.1
	2.3



	N-APTMS@ZnO
	20.1
	1.6
	40.1
	37.1
	1.1
	/
	0.9
	1.8
	23.2
	1.5



	S-APTMS@ZnO
	53.2
	2.1
	29.2
	13.2
	2.0
	0.3
	0.5
	0.2
	6.3
	1.05
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Table 4. DLS and zeta-potential measurements. 2R = Average hydrodynamic diameter; PDI = Polydispersity index.
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	Sample
	2R (nm)
	PDI
	Z Pot (mV)





	ZnO
	214.4 ± 6.9
	0.182 ± 0.032
	25.8 ± 0.70



	N-APTMS@ZnO
	201.0 ± 2.5
	0.161 ± 0.018
	26.8 ± 0.30



	G-APTMS@ZnO
	175.7 ± 3.5
	0.148 ± 0.011
	27.4 ± 0.75



	S-APTMS@ZnO
	226.0 ± 47.0
	0.449 ± 0.054
	38.4 ± 0.50
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Table 5. Exitonic peaks and estimated band gaps of the synthesized samples and literature references.
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	Sample
	λm-nm
	Band Gap-eV
	Ref.





	ZnO Water
	378
	3.28
	[88]



	ZnO EtOH
	368
	3.37
	[89]



	ZnO
	358
	3.46
	this work



	G-APTMS@ZnO
	366
	3.39
	this work



	N-APTMS@ZnO
	357
	3.48
	this work



	S-APTMS@ZnO
	340
	3.65
	this work
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Table 6. LODs of penconazole detected by HPLC in various matrices and OCPs by SERS. LE = Liquid Extraction, DAD = Diode Array Detector, ES = Enantioselective.
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	Sample
	Pesticide
	Matrix
	Method
	LOD (ppm)
	Ref.





	G-APTMS@ZnO
	Penconazole
	Water
	Fluorescence
	0.1
	This work



	Au/Ag
	Dieldrin
	Water
	SERS
	0.3
	[24]



	Ag NPs sheets
	Lindane
	Water
	SERS
	0.0872
	[24]



	Ag
	Endosulfan
	Water
	SERS
	0.167
	[24]



	Ag/Au
	HCH
	Water
	SERS
	1
	[92]



	
	Penconazole
	Water
	HPLC
	2.5 × 10−3
	[14]



	
	Penconazole
	Grape, Tea
	ES-HPLC
	0.3–1.5 × 10−3
	[10]



	
	Penconazole
	Peach, Plum
	HPLC/DAD
	0.1 × 10−3
	[11]



	
	Penconazole
	tobacco
	LE-GC
	0.011
	[12]
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