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ABSTRACT:
Photocatalysis-based technologies are currently striving to find a methodology able to selectively catch, and degrade specific organic contaminants. To solve this problem, we propose molecularly imprinted ZnO nanonuts as new nanomaterial. In this work, ZnO have been imprinted, through a chemical method, with one of the most diffused analgesic-antipyretic drugs: acetaminophen (commonly called “paracetamol”), today considered as an emergent environmental pollutant. The molecularly imprinted nanonuts have been characterized by scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) adsorption-desorption of N2, X-ray diffraction analyses (XRD), high-resolution transmission scanning electron microscopy (HR-S/TEM), Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). Thanks to the accurate performed characterization, the interaction between ZnO and paracetamol has been elucidated. The photodegradation of paracetamol in aqueous solution has been demonstrated under UV light irradiation. The selectivity of the photodegradation process has been additionally investigated thanks to the comparison with the degradation of methyl orange (MO) and phenol, another two common water pollutants. Imprinted ZnO nanonuts have shown a great affinity and selectivity for the paracetamol, being able to degrade all the paracetamol present in the solution in 3 hrs. This work offers a new, economic, and easy way to prepare molecularly imprinted ZnO nanonuts with high specificity, relevant in the contexts of environmental protection.
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Highlights
· Synthesis of molecularly imprinted ZnO nanonuts with paracetamol.
· Study of the morphology and structure of ZnO nanonuts.
· High efficiency photodegradation of paracetamol through imprinted ZnO nanonuts. 
· Selective photodegradation of paracetamol with respect to the degradation of methyl orange and phenol.
1. 
Introduction
A class of emerging inorganic materials is that of the semiconductor photocatalyst, because it enables a wide variety of applications including the degradation of environmentally toxic pollutants [1, 2]. When the photocatalytic semiconductor is irradiated by photons with energy equal to or higher than its band-gap energy, the generated electron-hole pairs can induce on its surface (in contact with water) the formation of reactive oxygen species, such as OH·, which are directly involved in the oxidation processes that degrade toxic organic compounds, mineralizing them in innocuous CO2 and H2O, and cause the death of bacteria, too. The combination of nanotechnology, thanks to the high surface to volume ratio, with the photocatalysis, which is effective in degrading organic compounds and microorganisms, is a promising strategy for the production of drinking water and for the protection of natural water reserves [3, 4]. Indeed, this approach allows an efficient wastewater treatment, without inducing any degradation of the material, differently from the traditional technologies.
[bookmark: _Hlk515205479]Titanium dioxide and zinc oxide are among the most studied photocatalyst due to their low cost, biocompatibility, low environmental impact and high photocatalytic efficiency [5, 6]. In the last years, nanostructured TiO2 and ZnO were deeply investigated for water treatment (see as examples Refs. 7-13). 
[bookmark: _Hlk515205675]However, a shortcoming limits the application of semiconductor photocatalysts in wastewater treatment, namely, the lack of selectivity to target contaminants. Indeed, the photocatalyst does not differentiate between highly-hazardous pollutants and low-toxicity ones. When a photocatalyst is used to treat wastewater containing multiple pollutants, the low and/or non-toxic pollutants at high concentration are efficiently degraded, while the highly-toxic organic pollutants at low concentration are hardly removed with less efficiency [14, 15]. Preferential photodegradation can be obtained by controlling the adsorption of the contaminants on the photocatalyst’s surface. This can be done by modifying accordingly the temperature [16], the pH [17-18], the presence of ions in the solution [19], the type of solvent [20], or even the UV wavelength [21]. 
[bookmark: _Hlk515205418]A fascinating method for preparing adsorbents having high selectivity and affinity for low-concentration predetermined substances is the molecular imprinting (MI) [22-24]. This is a synthesis method consisting of printing of a molecule onto a matrix during its preparation process, followed by the removal of the imprinted molecules (also called template) so to leave cavities having size and structure of the imprinted molecules. This creates molecular recognition sites that are chemically and sterically complementary to the template of interest. A molecular memory is thus introduced into the matrix, which becomes able to rebinding the template with a high selectivity [25]. The literature is mainly focused on molecularly imprinted polymer (MIP) [26, 27], even if the molecular imprinting on polymer shows some important disadvantages: the difficulty of removing the template molecules from the polymer matrix, the poor rigidity and inertness of the polymers [28, 29]. An innovative approach, poorly investigated, consists in imprinting molecules on an inorganic matrix so to have a material with higher rigidity, higher thermal stability, and also higher surface area with respect to the polymer counterpart. 
Despite the great interest of the scientific community on TiO2, imprinting onto TiO2 matrix was introduced only in 1998 [30]. Afterwards, few papers have been published on imprinted TiO2 for photocatalysis [15, 31, 32]. This fact can be explained because of the preparation methods that often require elevated temperatures (> 300 °C) in order to evaporate and burn organic residues and above all to form the photocatalytic anatase phase. Applying such temperatures during the preparation stage might evaporate or burn also the imprinted molecules and might alter any formed cavities [31]. On the other hand, the first results on imprinted ZnO date back to a few years ago [33], followed by only two papers [34, 35]. Additionally, to our knowledge no work has been published on imprinted ZnO for applications in photocatalysis.  
The idea has been to match the molecular imprinting with ZnO photocatalyst, enabling to achieve the selective physisorption of organic contaminants into the imprinted cavities (through the MI process) and the degradation of the water pollutant (through the photocatalytic process). Since conventional water treatment technologies generally fail in removing emergent environmental pollutants, such as pharmaceuticals [36], we used paracetamol, the most popular analgesic and antipyretic drug, as template. 
In this paper, we present the experimental results of selective photodegradation of paracetamol by molecularly imprinted ZnO nanonuts. The nanopowders were easily synthesized by the chemical method of co-precipitation. Scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) adsorption-desorption of N2, X-ray diffraction (XRD), high-resolution scanning transmission electron microscopy (HR-S/TEM), Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) were used to deeply characterize the materials. The effect of the imprinted sites on the photocatalytic degradation of paracetamol was studied. The selectivity of the photodegradation process was investigated thanks to the comparison with the degradation of methyl orange (MO) dye, and phenol.
2. Experimental
2.1  Preparation of ZnO nanoparticles 
Zinc acetate dihydrate (ZnAc2·2H2O), sodium hydroxide (NaOH), and acetaminophen (i.e., paracetamol) were purchased from Sigma Aldrich and used as the starting materials for the preparation of imprinted ZnO nanoparticles without any further purification. The molecularly imprinted ZnO nanonuts were synthesized thought the co-precipitation method [37]. In a typical synthesis, 20 mL of a ZnAc2·2H2O aqueous solution (0.5 M) and 20 mL of NaOH aqueous solution (1.0 M) were simultaneously mixed in a flask, together with 0.3 g of paracetamol. The molar ratio between ZnO and paracetamol was fixed to 5:1. The mixture was amalgamated for 2 hrs, thanks to a magnetic stirrer. Part of the mixture was collected and dried at 140 °C overnight, so to eliminate residual water and any possible reaction by-products. The obtained nanopowders will be hereafter called: “MI ZnO + paracetamol”. The remaining part of the mixture was washed several times in deionized water so to remove all the paracetamol bonded on the ZnO surface, and dried at 140 °C throughout the night as done for the previous sample (i.e., MI ZnO + paracetamol). The achieved materials will be simply called: “MI ZnO”. Not-imprinted ZnO nanopowders were similarly synthesized without paracetamol and treated with the same washes and thermal treatment, so to be used as reference. The reference nanopowders will be hereafter called: “ZnO”.
2.2 Characterization 
All the synthesized nanomaterials were deeply characterized. The morphology of the imprinted and not-imprinted ZnO nanoparticles was explored by SEM, with a field emission Zeiss Supra 25 microscope. Textural properties of the catalysts were measured via BET adsorption-desorption of N2 at -196 °C using a Micromeritics Tristar II Plus 3020 with prior outgassing at 100 °C overnight.
The structure of the nanopowders was investigated by XRD analyses, with a Bruker D-500 diffractometer, operating with a parallel Cu-K radiation at 40 kV and 40 mA, 2θ from 20° to 60°, in grazing incidence mode (0.8°). The XRD patterns are reported in counts per second (cps) versus 2 θ, and they were analyzed by the Bruker software suite, including ICSD structure database. TEM analyses were performed with a JEOL ARM200F Cs-corrected, operated at 200 keV; the images were acquired both with a Jeol High Angle Annular Dark Field (HAADF) and a Gatan Annular Bright Field (ABF) detector. The chemical characterization was performed through FTIR, and XPS analyses. FTIR characterization was achieved by a Perkin-Elmer Spectrum 1000 spectrometer. The analyzed samples, in the form of tables, were obtained by mixing the ZnO nanopowders (1 mg) with KBr powder (300 mg) in an Agatha mortar and pressing with a press. XPS spectra were collected by a PHI 5600 Multi Technique System (base pressure of the main chamber 2  10-8 Pa) [38, 39]. Samples were excited with the Al-K X-ray radiation using a pass energy of 5.85 eV. The instrumental energy resolution was  0.5 eV. XPS peak intensities were obtained after a Shirley background removal. Spectra calibration was achieved by fixing the main C 1s peak at 285.0 eV. Structures due to the Al-K X-ray satellites were subtracted prior to data processing. The atomic concentration analysis was performed by taking into account the relevant atomic sensitivity factors. The fitting of the XPS spectrum in the N 1s binding energy region was carried out by fitting the spectral profile with symmetrical Gaussian envelopes after subtraction of the background. This process involves data refinement, based on the method of the least squares fitting, carried out until there was the highest possible correlation between the experimental spectrum and the theoretical profile. The residual or agreement factor R, defined by R = [Σ(Fobs − Fcalc)2 / Σ (Fobs)2]1/2, after minimization of the function Σ(Fobs − Fcalc)2, converged to the value of 0.02.
2.3 Photocatalytic measurements 
The selective photocatalytic activity of the investigated ZnO nanomaterials was tested by the degradation of paracetamol, and MO in de-ionized water. MO dye was chosen because of its different chemical structure from that of paracetamol. Before any measurement, the powders were irradiated by an UV lamp for 60 min in order to remove the hydrocarbons from the samples’ surface [40]. After this preconditioning step, ~ 1.0 mg of the powder was immersed in 2.0 mL of an aqueous solution of paracetamol or MO in quartz cuvettes. The starting concentration of paracetamol and MO was fixed to 5  10-5 M for both pollutants. The solutions were treated by ultrasonic irradiations with a frequency of 40 Hz for 5 min, so to well disperse the nanopowders. The pH of the solutions was measured to be 7.2 and 6.8 for the solution with paracetamol and MO, respectively. Before switching on the light, control experiments in the dark for 1 hr were conducted to clarify the contribution of the adsorption of the organic pollutants on the beaker surface and on the sample surface. Afterwards, the solutions together with the nanopowders were irradiated by an UV lamp, centred at 368 nm, with a full width at half maximum lower than 10 nm, and an irradiance of 4 mW/cm2. The irradiated solutions were measured at regular time intervals, up to 3 hrs, with an UV-VIS spectrophotometer (Lambda 45, Perkin-Elmer), in a wavelength range of 200-700 nm. Before any measurements, the samples were centrifuged for 5 min with a spin of 1500 rpm, so to remove the powders and reduce the light scattering phenomena during the spectrophotometer measurements. The degradation of paracetamol, and MO was evaluated by the absorbance peaks at 243 nm and 464 nm, respectively, in the Lambert-Beer regime [41]. The decomposition of paracetamol and MO dye in the absence of any photocatalyst was also checked as reference. 
The photocatalytic activity of the MI ZnO was also tested for the degradation of phenol, an organic pollutant with a chemical structure similar to the paracetamol. The measurements were performed with the same procedures described above for paracetamol and MO photodegradation. The starting solution included phenol in de-ionized water, with a phenol concentration of 5  10-5 M. The pH of the solution was measured to be 6.2. The variation of the concentration of phenol was measured spectrophotometrically (Hach DR 3900 spectrophotometer), using LCK345 cuvette tests.
3. Results and discussions 
Figure 1 (a) shows the SEM analysis of the ZnO reference nanopowders.  The morphology of the nanomaterials appears as a combination of flakes with a thickness of ~ 50 nm (refer to the magnification reported in the inset of Fig. 1 (a)). Instead, MI ZnO nanopowders are composed of pierced hexagonal ZnO prisms, recalling the image of nuts: “nanonuts” (Fig. 1 (b)). A magnification of one of the largest nut (reported as inset of Fig. 1 (b)) shows an apothem of ~ 80 nm, and a hole ~ 50 nm in diameter. This peculiar morphology is due to the presence of paracetamol during the synthesis process, since it was not observed in the ZnO reference samples (Fig. 1 (a)). 
[image: ]
Figure 1: SEM images of ZnO (a), and MI ZnO (b), together with high magnification images reported as insets.

N2 adsorption and desorption isotherms for ZnO and MI ZnO samples were measured for the evaluation of the surface area, and total pore volume, by using BET equations. The BET surface area for ZnO, and MI ZnO resulted 5 ± 2 m2/g and 6 ± 2 m2/g, respectively, therefore equal within the experimental errors. On the other hand, the BET total pore volumes are 0.043 ± 0.002 cm3/g for ZnO samples, and 0.057 ± 0.003 cm3/g for MI ZnO samples, indicating a slight variation in the pore volumes. 
XRD patterns (Fig. 2) evidenced for all samples the crystalline structure of the wurtzite, typical of crystalline ZnO. In particular, XRD analyses show well-defined Bragg peaks corresponding to the planes (100), (002), (101), (102) and (110). It is known that ZnO is composed of nonpolar (100), (110), and (010) and polar (002) faces. The nonpolar faces have lower surface energy, while the polar faces have relatively higher surface energy [42, 43]. The diffractogram of paracetamol (the first one from the bottom) shows the typical peaks for paracetamol; the strongest one is peaked at 26.9°, and it is related to a metastable paracetamol stacked form [44]. The same peak, with a little shifting, is reasonably observed in the MI ZnO + paracetamol (i.e., before the removal of the template), and it is due to the interaction between the paracetamol and the ZnO hexagonal prism. It is relevant to note that the peak at 26.9° is not present in the XRD diffractograms of the MI ZnO after the removal of paracetamol (third pattern from the bottom) and, in the ZnO used as reference (first pattern from the top), as expected.

[image: ]
Figure 2: XRD patterns of paracetamol, MI ZnO + paracetamol, MI ZnO, and ZnO (from the bottom to the top).

[bookmark: _Hlk515206270]An accurate TEM investigation allowed to better elucidate the imprinting process. A Z-contrast S/TEM image of a MI ZnO + paracetamol nanonut, strewed on a TEM lacey carbon grid, acquired with a HAADF detector, is reported in Fig. 3 (a). The surface of the nanonut appears spotted, probably indicating the presence of paracetamol, which has a smaller effective atomic number, Zeff, compared to the ZnO bulk. The average size of the spots has been estimated considering several spots in different images resulting to be  5 ± 2 nm. Since the length of the paracetamol molecule is about 1.5 nm (estimated by ChemDraw©), we can suppose that few molecules imprinted the ZnO in the same region.  In order to better studying the nature of the spots, HAADF-S/TEM, and ABF-S/TEM at atomic resolution have been acquired at different defocus. Actually, thanks to the small depth of focus of the STEM techniques, we focalized small regions of the specimen, such as a portion of the bulk or its surface. To obtain a single image showing both bulk and surface, we summed their respective fast Fourier transformed (FFT) and then applied the inverse FFT (I-FFT) on it. The final image is reported in Fig 3 (b). The IFFT-HR-S/TEM image clearly shows two different crystallinity, as confirmed by the diffraction analyses reported in the insets, and the bright/dark features of the Z-contrast image of Fig. 3 (a) are still preserved. In particular we may observe the crystallographic pattern of ZnO in the form of wurtzite in correspondence of the bright areas of the image, and the typical pattern of stacked paracetamol [45] coming from the dark areas of Fig. 3 (b) instead. This latter result is in perfect agreement with the XRD analyses reported in Fig. 2. Consequently, the TEM study allowed unambiguously evidencing the presence of regularly stacked paracetamol molecules on the ZnO surfaces. 
[image: ]
Figure 3: (a) Z-contrast S/TEM image of a MI ZnO + paracetamol nanonut. (b) IFFT-HR-S/TEM image showing the paracetamol crystal localized inside darker area and ZnO in the form of wurtzite in correspondence of the bright one. Diffraction patterns of both paracetamol and ZnO have been evaluated by FFT and reported in the insets.

[bookmark: _Hlk515206202]The SEM, XRD, and S/TEM analyses allow supposing the formation of ZnO nanonuts proceeds through the mechanisms described in the following and sketched in Fig. 4. 1) The nucleation of ZnO is due to the chemical reaction between the zinc acetate dihydrate (ZnAc2·2H2O) and the sodium hydroxide (NaOH) during the synthesis process. 2) The pH of the reaction environment resulted to be 13.2, due to the presence of sodium hydroxide; this basic pH causes the deprotonation of both the hydroxyl group and the amide group of the paracetamol. The local negative charges due to the deprotonation process, favour the adsorption of paracetamol on the positive polar (002) surface of ZnO. Consequently, the presence of paracetamol on the (002) face slows down the growth of ZnO along the c axis, and the ZnO preferentially grows on the six prismatic side planes, giving as a result the observed hexagonal ZnO shape (see Fig. 1 (b)). This is demonstrated by comparing the relative intensity of the XRD peaks of the (002) plane (see Fig. 2), relative to the growth along the c axis. The relative intensity for the ZnO sample is about 18%, and decrease to 13% for the MI ZnO sample. Once the prismatic side planes are formed, the aromatic ring of the paracetamol interacts with the non-polar (100), (110), and (010) faces of the ZnO due to nonpolar interactions. 3) After the growth of ZnO prisms reaches a certain equilibrium, the polar surfaces, having the higher energy, will preferentially dissolve so to decrease the energy of the whole system and consequently piercing the ZnO prisms. This hypothesis of nucleation and growth of MI ZnO nanonuts is supported by the works of Tong et al. and Cho et al., who observed and explained the formation of ZnO nanotubes and nanocandles [46, 47]. Finally, it is worth noting that the weak interactions between paracetamol and ZnO clearly induce an imprint of the ZnO matrix with the chosen drug, allowing an easy removal of the template though several washings in de-ionized water, as already verified by XRD analyses.
[image: ]
Figure 4: Schematic of the nucleation and growth of the MI ZnO nanonuts.

FTIR analysis was performed to corroborate the removal of the paracetamol after the molecular imprinting process. Four samples were analyzed: paracetamol, reference ZnO, MI ZnO before (MI ZnO + paracetamol) and after the removal of the paracetamol (MI ZnO). The FTIR analyses are reported in Fig. 5. The spectrum of paracetamol shows several characteristic absorption bands at 3325 cm-1 and 3160-3108 cm-1 that can be assigned to the stretching vibration of –NH and –OH groups, respectively. The bands at 1654 cm-1 and 1610 cm-1 can be assigned to the stretching of C=O and C=C, respectively. Moreover, the peaks at 1565 cm-1 and 1172 cm-1 are associated to the bending of the N-H and the stretching of C-O amide II group. Vibrational peaks in the region from 838 to 514 cm-1 were assigned to para-disubstituted aromatic ring and out of plane ring deformation of phenyl ring [48], while the peak at 1442 cm-1 is related to the C-C bond in the aromatic ring. In all the ZnO samples, the ZnO characteristic peaks appeared at 3450 cm-1, due to the stretching vibrations of O-H, at 545 cm-1 and 445 cm-1, attributed to the stretching vibrations of Zn-O [49].  
 [image: ]
Figure 5: FTIR spectra of paracetamol, MI ZnO + paracetamol, MI ZnO , and ZnO  (from the bottom to the top). Dashed lines indicate the main peaks of paracetamol.
After the molecular imprinting of ZnO with the paracetamol, the FTIR spectrum showed a shift of the peaks at 1654, 1565 and 1172 cm-1 to different wavenumbers, due to the deprotonation of the nitrogen and its interaction with ZnO. In addition, the interaction between the aromatic ring of paracetamol and the plane (100) of the ZnO nanostructures generates the shift of the typical peaks from 1442 to 1412 cm-1. All the shifts of the peaks are reported in table 1. Finally, the comparison between the spectrum of ZnO and the spectrum of MI ZnO + paracetamol shows that the band at 3450 cm-1 has two shoulders at 3280 and 3160 cm-1 due to the presence of the paracetamol. After the removal of the drug, all the peaks associated to the paracetamol disappeared and only the peaks of ZnO are present in the MI ZnO spectrum.
Table 1: Typical vibrational frequencies of paracetamol and MI ZnO + paracetamol sample.
	
	Paracetamol
	MI ZnO + paracetamol

	ν N-H
	3325 cm-1
	-

	ν O-H (paracetamol)
	3160-3108 cm-1
	3280-3160 cm-1

	ν C=O
	1654 cm-1
	1640 cm-1

	ν C=C
	1610 cm-1
	-

	δ N-H 
	1565 cm-1
	1558 cm-1

	ν =C-N
	1507 cm-1
	-

	ν C-C Aryl
	1442 cm-1
	1412 cm-1

	ν  C-H Aryl
	1342-1328 cm-1
	1370 cm-1

	ν C-N Aryl
	1260-1244-1227 cm-1
	1260-1244-1227 cm-1

	ν  C-O amide
	1172 cm-1
	1150 cm-1

	δ Aromatic ring
	838 -514 cm-1
	838 -514 cm-1

	ν –OH (ZnO)
	-
	3450 cm-1

	ν Zn-O
	-
	445 cm-1



[bookmark: _Hlk515205302]XRD, S/TEM, and FTIR analyses clearly show the high interaction between ZnO and paracetamol that generate a chemical makeup (due to hydrogen bonds, π-π, and electrostatic interactions) on the ZnO surface, causing, after the removal of paracetamol, the molecularly imprinting of ZnO.
A detailed XPS analysis was performed on paracetamol, reference ZnO, on MI ZnO before and after the removal of the paracetamol. The C 1s spectrum for paracetamol, reported in the Supplementary Information as Fig. S1, shows three evident signals at 285.0, 288.2 and 290.9 eV due to the aromatic carbon, the carbon of the C=O group and to the shake-up of the aromatic ring, respectively. This latter signal usually has an intensity confined within 2-3 % of the main peak. The band of the C-OH group, expected at 286.5 eV, is hidden under the main intense peak. [38, 39] The N 1s signal for paracetamol shows a single peak at 400.4 eV, consistent with the –NH- moiety (Fig. S2).
Figure S3 shows the Zn 2p levels for the reference ZnO. The two observed spin-orbit components at 1022.7 and 1045.7 eV are typical for ZnO [50-52]. 
Figure 6 shows the C 1s spectrum for the MI ZnO + paracetamol. Beyond the main peak at 285.0 eV, due to the presence of the aromatic carbon of paracetamol (see Fig. S1), there is evidence of an additional strong signal at 288.8 eV due to the C=O group of paracetamol, thus confirming the strong interaction of this drug with the ZnO matrix. The most evident difference between the binding energy (BE) values of the present system with respect to the paracetamol reference lies in the higher BE value of the last ionization peak, that is 0.6 eV at higher BE thus suggesting a strong chemical interactions between the –C=O group and the Zn2+ ions of the ZnO. The low-energy shoulder at about 284.0 eV is possibly due to a sort of negatively partially charged carbon species belonging to paracetamol. 
[image: ]
Figure 6: Al K excited XPS for the MI ZnO + paracetamol in the C 1s binding energy region. The empty dots refer to the experimental profile. The black solid line represents the background; the dash lines refer to the 284.0 eV, 285.0 eV, and 288.8 eV components; the red solid line superimposed on the experimental profile refers to the sum of the Gaussian components.	

As reported in Fig. 7, the negative charge in the aromatic ring is due to the deprotonation of the amide group and the related resonance structures, where the charge is delocalized on the carbon ring atoms in orto positions with respect to the nitrogen atom.

[image: ]
Figure 7: Scheme of the resonance structures of paracetamol after the deprotonation.

The N 1s region of the MI ZnO + paracetamol (Fig. 8) sample clearly shows the presence of paracetamol adsorbed on the surface of the ZnO nanonuts. In particular, the N 1s signal at variance with the signal observed for pure paracetamol (Fig. S2) shows a band envelope clearly composed by two peaks, whose careful deconvolution revealed to be at 398.7 and 400.4 eV. The band at 400.4 eV is due to the paracetamol itself that remained intact on the ZnO surface. By taking into account that the synthetic method involved the mixing of zinc acetate, paracetamol and NaOH, the XPS signal at 398.7 eV could be due to some deprotonation of the amide group that lives a negative charge on the nitrogen atom. In this case, the intensities of the two components are 46% (398.7 eV) vs 54% (400.4 eV). This observation is also in agreement with the presence of the low-energy shoulder (about 284 eV) on the C 1s signal as wrote before (Fig. 6).
[image: ]
Figure 8: Al-Kα excited XPS of the MI ZnO + paracetamol in the the N 1s binding energy region. The empty dots refer to the experimental profile. The solid line represents the background; the dash lines refer to the 398.7 eV and 400.4 eV components; the red solid line superimposed on the experimental profile refers to the sum of the Gaussian components.

Figure 9 shows the XPS of the Zn 2p states of the MI ZnO + paracetamol. The two observed spin-orbit components at 1023.0 and 1045.9 eV are 0.2 - 0.3 eV at higher binding energy with respect to those observed for the reference ZnO (see Fig. S3) and this is due to the interaction of the Zn ions with paracetamol [50-51,53].
[image: ]
Figure 9: Al K excited XPS for MI ZnO + paracetamol in the Zn 2p binding energy region.
The XPS atomic concentration analysis showed a surface N/ZnO ratio consistent with a 23.2 % of paracetamol in ZnO which is in agreement with the nominal paracetamol load in the present ZnO. 
Figure 10 shows the O 1s spectrum for the reference ZnO, for the MI ZnO + paracetamol and for paracetamol. The intensity of the O 1s spectrum of paracetamol was normalized to the 23.2% with respect to those of the two ZnO systems: ZnO and MI ZnO + paracetamol. The reference ZnO shows an O 1s peak at 530.7 eV with an evident high binding energy shoulder at 532 eV due to the presence of surface hydroxide groups [52].  The  paracetamol shows a broad O 1s signal centred at 533 eV due to the two oxygen containing –OH and -CO- groups. The main O 1s signal for the MI ZnO + paracetamol is at 532.0 due to the large presence of –OH groups, and the oxygens of paracetamol (23.2 %) are largely hidden under this peak. In fact, in the synthetic strong basic conditions also the phenolic oxygen transforms in phenate anion, whose ionization moves towards lower binding energy (Fig. 7). This sample also shows a strong peak at 536.5 eV due to surface water. 
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Figure 10: Al-Kα excited XPS of the reference ZnO (black dash line), for paracetamol (green empty dots) and for MI ZnO + paracetamol (red solid line).
Figure S4 shows the XPS for the MI ZnO after washing in the O 1s binding energy region. There is a close coincidence of this spectrum with that of the reference ZnO (see Fig. 8) one more time confirming the efficiency of the washing procedure.
Finally, Fig. 11 shows the N 1s signal for the MI ZnO.  It is clear that no traces of nitrogen species are present, therefore, no remaining paracetamol was found.
[image: ]
Figure 11: Al-Kα excited XPS for the MI ZnO in the N 1s binding energy region.
Figure S5 shows the XPS for the MI ZnO in the C 1s binding energy region. It is now evident that there is no evidence of any lower binding energy shoulder with respect to the main peak that now seems to be symmetric and centred at 285.0 eV. This observation confirms the efficiency of the washing procedure used to remove the paracetamol from the ZnO surface grains.
Therefore, the XRD, S/TEM, FTIR, and XPS analyses unambiguously demonstrated the molecular imprinting of ZnO with the paracetamol and the following removal of the drug properly occurred. 
Before the degradation experiments under UV light, control experiments in absence of light were conducted. The results did not indicate the occurrence of any adsorption reactions, probably due to a week interaction between the paracetamol in the aqueous solution and the MI ZnO samples. Afterwards, the solutions together with the nanopowders were irradiated by an UV lamp. In detail, the selective behaviour of the molecularly imprinted ZnO nanonuts was investigated by testing the aptitude of the nanonuts for the photodegradation of paracetamol and MO. Methyl orange is a dye commonly used in textile industry, leather tanning industry, paper production, food technology, pharmaceutical industry, etc. [54]. It was chosen because of its chemical structure, completely different from that of paracetamol, as reported in Fig. 12. 
[image: ]
Figure 12: Molecular structures of paracetamol and methyl orange MO.
For each photocatalytic test, three samples were compared: paracetamol or MO aqueous solution without any photocatalyst, ZnO sample used as reference, and MI ZnO. Figure 13 (a) reports the photocatalytic degradation of paracetamol, while Fig. 13 (b) reports the photocatalytic degradation of MO. The experimental error of the photodegradation measurements is 1%. In detail, C is the concentration of the pollutant after UV light irradiation for a time t, while C0 is the starting concentration of the compound (i.e. paracetamol or MO). Figure 12 (a) indicates that the concentration of the paracetamol solution without any photocatalyst remains constant (closed squares), as expected. The ZnO reference sample removed ~ 20% of the starting concentration of paracetamol (closed circles in Fig. 13 (a)) due to its photocatalytic behaviour, while MI ZnO totally degraded the drug in 3 hrs of irradiation (open circles in Fig. 13 (a)). Thus, an improvement by a factor of ~ 5 in the degradation rate was observed upon using the imprinted samples. 
The selectivity of the imprinted nanomaterial was demonstrated thanks to the photodegradation of MO. Indeed, Fig. 13 (b) shows that both ZnO and MI ZnO samples exhibit the same trend, degrading ~ 20% of MO after 3 hrs of irradiation, regardless of the molecular imprinting process with paracetamol.

[image: ]
Figure 13: Paracetamol (a), and MO (b) photodegradation under UV light irradiation for three samples: paracetamol (closed squares), paracetamol with ZnO (closed circles), paracetamol with MI ZnO (open circles); MO (closed pentagons), MO with ZnO (closed triangles), and MO with MI ZnO (orange open triangles).
In order to compare the photocatalytic activity of the synthesized materials, the kinetic constants were calculated. According to the Langmuir-Hinshelwood model, the photodegradation reaction rate (k) of water contaminants is given by the following equation:

where t is the irradiation time [2]. The kinetic constants for all materials are reported in table 2. We can observe that the degradation constant of MI ZnO is ~ 10 times higher than the degradation constant of reference ZnO in the degradation of paracetamol, whereas, the kinetic constants of both samples for the degradation of MO are comparable. 
Table 2: Kinetic constants of the photocatalytic degradations of paracetamol and MO through the ZnO and MI ZnO samples. 
	
	k  [min-1] Paracetamol
	k [min-1] MO

	ZnO
	(1.12  0.06)  10-3
	(1.22  0.06)  10-3

	MI ZnO 
	(1.32  0.06)  10-2
	(9.71  0.05)  10-4



The specificity of MI ZnO nanonuts was also tested by the degradation phenol that, differently from MO, has a chemical structure similar to the paracetamol (compare Fig. 12 to Fig 14).
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Figure 14: Molecular structures of phenol
[bookmark: _Hlk515205942]The literature reports on ZnO nanoparticles with a great affinity to phenol [55]. This is confirmed by our results. Indeed, the ZnO reference nanoparticles removed  57% of phenol after 3 hrs of irradiation (closed circles in Fig. 15); MI ZnO samples removed  61% of phenol in the same time (Fig. 16 open circles). The small increase in the photodegradation can be correlated to the small increase of the pore volume  for the MI ZnO samples indicated by the BET analyses. The photocatalytic tests unambiguously demonstrates the high affinity for paracetamol. Indeed, the photodegradation of the paracetamol through MI ZnO increases of ~ 91% with respect to ZnO nanoparticles. 
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Figure 15: Phenol photodegradation under UV light irradiation for three samples: phenol (closed squares), phenol with ZnO (closed circles), phenol with MI ZnO (open circles).
After the photocatalytic tests the samples were again characterized by SEM and FTIR, in order to verify the stability of the synthesized ZnO nanonuts. SEM images, reported in Fig. S6, reveal a nanonut morphology quite close to the samples before the photocatalytic process (the reader should compare this figure to Fig. 1 (a)). FTIR analysis reported in Fig. S7 shows that the MI ZnO samples after the photocatalytic tests have the same peaks related to the ZnO, observed before the photocatalytic process (the reader should compare this figure to Fig. 5). Furthermore, no peaks related to the paracetamol, MO, or any other degradation products are present in the spectra, suggesting the ability of MI ZnO nanonuts to completely regenerate the ZnO surface.
4. Conclusion
In conclusion, molecularly imprinted ZnO nanonuts with paracetamol are easily synthesized by the chemical method of co-precipitation at room temperature. SEM analyses show the formation of nanonuts with a pierced hexagonal prism structure. Brunauer-Emmett-Teller (BET) adsorption-desorption of N2 did not indicate any significant difference in the surface area of imprinted ZnO and ZnO reference samples. The crystallinity of the nanoparticles are studied by XRD analyses, evidencing the wurtzite crystalline structure of the nanonuts; in addition, the imprinted samples with the paracetamol, show the characteristic peak of stacked paracetamol that interact with ZnO before the removal, while the peak consistently disappears after the template removal. High resolution S/TEM analysis clearly show the presence of paracetamol crystals, well localized inside the imprinted area. FTIR and XPS analyses unambiguously demonstrate the interaction between the paracetamol and ZnO, together with the effectiveness of the removing process. The selective photodegradation of paracetamol through the molecularly imprinted nanonuts is demonstrated by comparing the photocatalytic degradation of paracetamol, MO dye, and phenol. In particular, MI ZnO is able to completely remove all the paracetamol in 3 hrs, unlike the ZnO reference sample. On the other hand, ZnO and MI ZnO have the same efficiency in the removal of MO, and a similar efficiency in the removal of phenol, proving the great affinity of the molecularly imprinted samples for the paracetamol. The proposed approach, thanks to its versatility, will surely open untraveled paths in several application fields, going from environment, medicine to security.
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