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Abstract

:

Low-ordered carbon/layered double hydroxide (LDH) nanocomposites were prepared by rehydration of the oxides produced by calcination of an organic LDH. While the memory effect is a widely recognized effect on oxides produced by inorganic LDH, it is unprecedented from the calcination/rehydration of organic ones. Different temperatures (400, 600, and 1100 °C) were tested on the basis of thermogravimetric data. Water, instead of a carbonate solution, was used for the rehydration, with CO2 available from water itself and/or air to induce a slower process with an easier and better intercalation of the carbonaceous species. The samples were characterized by X-ray powder diffraction (XRPD), infrared in reflection mode (IR), and Raman spectroscopies and scanning electron microscopy (SEM). XRPD indicated the presence of carbonate LDH, and of residuals of unreacted oxides. IR confirmed that the prevailing anion is carbonate, coming from the water used for the rehydration and/or air. Raman data indicated the presence of low-ordered carbonaceous species moieties and SEM and XRPD the absence of separated bulky graphitic sheets, suggesting an intimate mixing of the low ordered carbonaceous phase with reconstructed LDH. Organic LDH gave better memory effect after calcination at 400 °C. Conversely, the carbonaceous species are observed after rehydration of the sample calcined at 600 °C with a reduced memory effect, demonstrating the interference of the carbonaceous phase with LDH reconstruction and the bonding with LDH layers to form a low-ordered carbon/LDH nanocomposite.
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1. Introduction


Layered double hydroxides (LDH) are materials that have attracted a lot of interest in the last few years [1,2,3] thanks to the possibility to act as a host for different inorganic or organic anions that can be intercalated between the mixed metals (e.g., Zn/Al or Mg/Al) hydroxide layers to counterbalance the positive charge of the layer. The applications of layered double hydroxides span from catalysts [4,5,6,7] to host for drugs or cosmetics [8,9,10,11,12,13] to polymers additives to improve thermal stability and flame resistance [14,15,16,17] to adsorbents for decontamination [18,19,20,21]. Recently single-layer LDH nano-sheets applications in catalyzing oxygen evolution reactions and preparing light emitting devices, supercapacitors, and flame retardant nanocomposites were reviewed [22]. LDH colloids were also proposed as an alternative form for particular applications [23]. The preparation methods span from the traditional co-precipitation methods [24] to other more prone to scale up [3]. The exchange of the anion and the intercalation of organic anions can be achieved in different ways, which are covered extensively in the literature [3]. One of the methods used in particular for the intercalation of large organic anions is reconstruction upon hydration by exposure to air or to a solution containing the organic anion after the calcination of the inorganic LDH, exploiting the so-called “memory effect” [25] of LDH. The memory effect is an intriguing property of LDH and it consists of the ability of recovering the LDH structure after its collapse induced by thermal treatment [26,27,28]. The maximum temperature allowing the reconstruction of the structure depends on the LDH type, but is usually below 500 °C [29]. While there are many papers regarding the thermal characterization of the phase changes induced on inorganic LDH by thermal treatment [30,31,32,33] and their reconstruction [27,28,29,34], the number of studies on this aspect for hybrid LDH is rather limited [35,36,37]. The rehydration can be carried out by a carbonate solution [38] or deionized water with carbonate coming from CO2 in the water itself and/or air [39,40,41]. The rehydration is of course facilitated and is faster when carbonate is given in stoichiometric ratio or excess amounts in the solution used for the reconstruction.



In this work, we tried to investigate the lesser known part of the “memory effect”, for example, the hydration of oxides obtained by calcination of organic LDH, with the goal of obtaining layered phases, mixed to low-ordered carbonaceous graphite-like species. Thermal treatments of both inorganic and organic LDH were carried out by a thermogravimetric analysis (TGA) experiment to have better control and to be able to track the weight loss. X-ray powder diffraction (XRPD) was used to assess the degree of reconstruction and infrared spectroscopy in reflectance mode (IR) to identify the anionic species. Finally, a Raman spectroscopy combined with the scanning electron microscopy study was performed on the carbon-containing LDH to confirm the presence of low-ordered carbonaceous graphite-like species, intimately mixed with LDH.




2. Results


2.1. Sample Preparation and TGA and XRPD Analysis


Two samples were chosen as staring materials for this study. The first sample is a hybrid Zn/Al LDH intercalated with the NSAID drug Flurbiprofen (Flur) and obtained by liquid assisted grinding (LAG) method [11,42,43], and hereafter called LDH_Flur. The second sample is the Zn/Al nitrate intercalated LDH used to prepare the hybrid sample, hereafter called LDH_NO3, as reference material with known “memory effect” properties. Figure 1 reports the XRPD patterns of the starting materials and of flurbiprofen alone (CCDC code FLUBIP) [44] as a reference, evidencing a high degree of crystallinity. In the LDH_Flur XRPD profile, a peak of residual LDH_NO3 (marked with a circle) and a peak due to a sodium nitrate residual (marked with an asterisk) is still visible because the XRPD pattern was collected before washing the sample. In the LDH_NO3 pattern, a broad and very weak peak not indexed by standard carbonate LDH structure can be seen at 2θ = 7°, and one even weaker at 2θ = 12.5°. Any attempts at assigning these two peaks with typical inorganic structures contaminating LDH or reactant/byproduct structure failed. As alternative way, attempts at fitting with one of the polytypes of LDH or with a supercell did not give convincing results; even if a supercell of standard hydrotalcite roughly fit the 2θ = 7° and 12.5° peaks, a reliable assignation requires a far more detailed analysis beyond the scopes of the present paper. However, its elimination during the thermal treatment assures that this feature does not affect the rehydration process and, more importantly, these two peaks are not observed again after the LDH reconstruction.



A TGA analysis of the two starting samples was exploited to both identify the best temperature treatments and prepare the calcined samples. Preparing the samples used for the rehydration experiment by a TGA, equipped with an automatic sample holder, assured an identical treatment in the same inert atmosphere for every sample in Table 1, without any bias due to manual operator. It was also possible to reproduce the same heating conditions and atmosphere, with respect to a treatment in ovens or furnaces, whose temperature and atmosphere can not be controlled as finely as in the TGA furnace. Moreover, it was possible to follow the calcination and weight loss of the samples treated at the various temperatures (Figure 2). Three temperature were chosen; namely, (i) 400 °C, when a first degradation occurred with a weight loss much smaller with respect to the organic content; (ii) 600 °C, when the degradation of the organic is complete and only a residual carbonaceous phase should be present; and (iii) 1100 °C, when the degradation and elimination of organic moieties are complete.



The two samples used as starting materials and the three thermal treatments gave the six calcined samples, summarized in Table 1.




2.2. Optimization of the Rehydration Protocol


The rehydration was carried out on calcined samples using deionized water instead of a carbonate solution. In this case, carbonate is formed by adsorption of CO2 from the deionized water and/or the air and fixation. This choice, the alternative to using a carbonate solution, was done to induce a slower reconstruction process with an easier and better intercalation of the carbonaceous species within the layers. At first, XRPD was carried on the rehydrated samples to assess the degree of reconstruction, calculated by Rietveld refinement, using carbonate LDH and ZnO structures as detailed in the Supplementary Materials file. In this way, the various protocols used for the rehydration were tested and optimized. Two approaches were used, also to overcome the problem of the low wettability of the samples, being rather hydrophobic. The hydrophobicity is usually increased by the presence carbonaceous species, as already observed by Zhang et al. [45]. The combination of a slow rehydration mechanism with the hydrophobicity of the sample made the reaction rather slow and times up to 28 days were tested to obtain a good rehydration yield. In fact, typical times (hours) used for rehydration were not effective on carbonaceous-containing oxides and longer times were thus mandatory. A first method was a liquid assisted grinding (LAG)-like approach, similar to those used by some of us for anion exchange in hydrotalcites [42,43], consisting of mixing and gently grinding the sample and then adding a few drops of distilled water. In a series of preliminary measurements, the rehydration was repeated at intervals of hours and days, thus alternating hydration and ageing to develop and test the protocol. In a second approach, the hydration was carried out in a sealed vial to prevent evaporation. The evolution of the hydration protocol to arrive to the best one is described in the next subsections.



2.2.1. Short-Time Hydration


To assess the duration of the rehydration process, an in situ XRPD experiment was attempted by collecting one pattern, limited to the 9–14° 2θ region, every one minute for one hour. These preliminary experiments demonstrated a very limited degree of reconstruction in the LDH_NO3@600 because the reconstruction is a slow process requiring days and not minutes or hours. In fact, when measuring in situ the rehydration of the LDH_NO3@600, a weak but still detectable peak (height of about 250 counts with oscillation of the background of around 120 counts) is observed (Figure 3). The same can be observed, even if with even weaker peaks in the other samples (Figure S2, see Supplementary Materials). This indicates that the rehydration starts just after wetting, but it is very slow and much longer times are needed, especially for organic-containing samples. Moreover, when measuring in situ in the open sample holder, evaporation is faster than rehydration, therefore, a way of minimizing evaporation was mandatory. To overcome the slowness of the reaction and the drying, in a second series of experiments, the samples were mixed and hydrated in a mortar, covered with parafilm, and then measured within 1 and 72 h.



As a first indication, the reconstruction was unsuccessful, independent of the method, on the inorganic sample treated and 1100 °C, and the residual mass after calcination at 1100 °C for the organic samples was a very small, difficult to manage amount. The organic samples at the highest temperatures were not characterized.



In the XRPD pattern of the LDH_NO3 sample calcined at 600 °C (Figure 4A), the broad band centered at about 23° demonstrates the presence of an amorphous Al(OH)3 phase, while the sharp peaks correspond to crystalline ZnO (ICDD 75–0576).



It can be noticed that the basal 003 and 006, peaks of the LDH structure have appeared at 11.70° and 23.48° (Figure 4), respectively, but the peaks of ZnO are still present, indicating that the complete reconstruction or the LDH structure is not achieved after 24 h of rehydration (Figure 4C). This is in agreement with Rocha et al. [29], stating that if the calcination temperature exceeds 550 °C, more time is necessary to achieve full reconstruction. However, in this case, even after 72 h, the reconstruction is not complete, as demonstrated by the presence of the mixed oxide peaks also in the XRPD pattern collected after 72 h (Figure 4D).



The in situ rehydration experiment of LDH_Flur@600 (Figure S2) was performed as described using the same protocol of the inorganic LDH. It is worth noting that in the XRPD pattern of LDH_Flur calcined at 600 °C (Figure 4A), a large diffraction bump between 12* and 29° 2θ is observed and attributed to amorphous Al(OH)3 and the ZnO peaks as in the LDH_NO3 sample, suggesting a rather different degree of order. After rehydration attempts, the appearance of the LDH peaks was not observed at any time, indicating that reconstruction did not occur in this case, as can be seen in Figure 5, where the XRPD patterns collected after 72 h are shown. This further confirms that oxides coming from calcination organic hydrotalcites are different, as already observed by XRPD, and more recalcitrant to rehydration. This is probably due to its increased hydrophobicity [45] with respect to fully inorganic ones, and a special and longer wetting protocol must be conceived.



Concerning the sample of LDH_Flur calcined at 1100 °C, when analyzed by XRPD, it showed (Figure S3) the presence of the broad band of Al(OH)3 and the ZnO peaks. Moreover, a spinel ZnAl2O4 phase is present, matching the mineral Gahnite. The presence of this phase, typical of LDH calcined above 1000 °C, is known to inhibit the reconstruction [29], and in fact, no change of the XRPD pattern occurs during the rehydration experiment. Therefore, the samples treated at 1100 °C were abandoned, concentrating the interest on 400 °C and 600 °C ones. Moreover, the hydration protocol was changed to allow a longer hydration, while preventing evaporation.




2.2.2. Long-Time Hydration in a Vial


A sealed vial was used to avoid drying and the time was increased to 14 days. Then, hydration was repeated for another 14 days for a total of 28 days, as detailed in the experimental section. The samples obtained by the longer rehydration in a sealed vial are listed in Table 2. In this case, a good degree of reconstruction was obtained (Figure 6). Repeating the hydration helped obtaining a high reconstruction yield and increased crystallinity (see CS_L values obtained by Rietveld refinement of XRPD data in Table 3), especially in the case of the organic containing LDH.



The XRPD pattern obtained after rehydration of the inorganic samples (Figure 6 top) indicated that the reconstruction is already good after 14 days, and only a limited increase of the LDH peaks is observed after the second rehydration to arrive at 28 days of ageing. The ZnO oxide peaks are still present, evidencing a fraction recalcitrant to hydration also with this hydration protocol. In the organic LDH (Figure 6 bottom), the second rehydration gave an important increase of the LDH peaks, especially if the calcination was carried out at 600 °C.



To quantify the degree of rehydration, a Rietveld refinement was carried out (see Figures S5–12 and Table 3), while to further investigate the nature of the samples, a spectroscopic and microscopic investigation is carried out.



The Rietveld analyses confirm that the hydration of inorganic LDH_NO3 samples gave more crystalline LDH if they were calcined at 600 °C with respect to 400 °C, even if the amount is larger at the lower temperature. Conversely, the hydration of the calcined LDH_Flur samples in both cases gave crystalline LDH after rehydration, and a larger amount of layered phases in the sample prepared at 400 °C (79 vs. 72%). As the samples after 28 days of reconstruction gave a higher degree of reconstruction, spectroscopic and morphological characterizations were carried out only on these samples. It is moreover noticeable by looking at the XRPD patterns of wet samples (Figure S13), how the formation of a larger amount of amorphous phase is correlated to a higher degree of reconstruction when the sample is dried.





2.3. Spectroscopic Characterization


A reflectance micro-IR measurement (Figure 7) was carried out to assess the nature of the sample and in particular of the anion after the reconstruction. The optical inspection indicated the presence of black aggregates, as a result of carbonaceous species, in the samples prepared from the organic LDH, while the samples prepared from the inorganic LDH are white. All samples showed homogeneous morphologies at this magnification level. In all samples, an evident band at ~1350 cm−1 was observed, indicating the presence of carbonate in the reconstructed materials. Therefore, we can conclude that the rehydration occurred absorbing carbon dioxide from both water and air, and converting it into carbonate, finally intercalated into LDH as interlayer anion. This confirms the great CO2 absorption capability of the prepared oxides, as well as those obtained from calcination of organic LDH.



Raman spectroscopy (Figure 8 and Figure 9) was employed to further investigate the conversion of species before and after the rehydration and the fate and conversion of the organic intercalated molecules into carbonaceous species. The laser of each experiment was chosen to minimize fluorescence and increase signal to noise ratio. In Figure 8, Raman spectra are collected with red laser (633 nm) for samples before hydration and green laser (532 nm) for hydrated samples.



Considering the Raman spectra of thermally treated nitrate LDH (Figure 8A), before hydration, the sample treated at 400 °C highlights the presence of residual nitrate ions (featuring the band at 1050 cm−1) [31] and a signal around 440 cm−1 that, according to literature, can be related to Zn–O/Zn–OH stretching modes [46]. Comparing the calcined samples at 400 and 600 °C, the main evidence is the loss of the signal due to nitrate ions that appear to be completely removed after the treatment at higher temperatures. This is highlighted in the comparison of the spectra reported in Figure 8A.



Upon recovery of the structure due to hydration, two main contributions appear in the spectra of the samples treated at 400 and 600 °C, respectively. The bands at low frequency (around 150, 440, 495, and 550 and minor signals between 250 and 350 cm−1 in Figure 8A) [47] of the sample treated at 400 °C are evidence of the recovery of hydroxylic moieties. The sample at 400 °C highlights the shouldering of the nitrate band by a component at higher frequency as a result of the formation of carbonate ions, with a typical Raman band at 1060 cm−1. The sample treated at 600 °C after recovery differs from the sample treated at 400 °C for the increase of the intensity of the layered structure vibrational features, but in particular for the signals related to the interlayer ions. In this case, the most evident aspect is the formation of CO32− anions as unique species, highlighted by the presence of the related band at 1060 cm−1. Comparing the spectra, Raman profiles confirm that the higher the temperature of treatment, the higher the extent of decomposition of nitrate ions and of the conversion of LDH to ZnO/Al(OH)3 species, and the greater the effectiveness of the structural recovery. Further evidence between these two samples can be noted in the hydroxyl stretching region shown in Figure 8B, where samples treated at 400 and 600 °C reveal the gradual formation of the patterned profile reported in literature, consisting of three bands at around 3355–3360, 3440–3455, and 3535–3580 cm−1 [47].



Conversely, the samples originating from flurbiprofen-intercalated analogues (Figure 9) show only very weak signals coming from the inorganic fraction, close to the 300–500 cm−1 region (spectra of nitrate analogues are reported in Figure 8 for comparison). This weakness is due to the overwhelming absorption and fluorescence of the carbonaceous fraction with respect to the inorganic one. In this case, the presence of an organic molecule interleaving the hydroxide structure induces a fully different decomposition/reconstruction pathway. Upon thermal treatment, flurbiprofen is thermally decomposed to carbonaceous fractions (this occurs even at 400 °C, where no signals of flurbiprofen features are found in the Raman and IR spectra). Weak broad signals around 1330 and 1590 cm−1 can be inferred, as witnesses of the beginning of formation of a low ordered carbonaceous species (Figure 9A,B, green curve) [46]. The extent and diffusion of this carbon-based moieties is highlighted by the 1300–1600 cm−1 region of the Raman spectrum of the sample treated at 600 °C (Figure 9A,B, blue curve). In this case, the spectral features in the interest regions reported above are far more evident and are consistent with low ordered carbonaceous structures, consistent with graphenic or multilayer carbonaceous sheets. The signals are observed clearly before (Figure 9A) and are still present, although weaker, after (Figure 9B) hydration. The presence of such carbonaceous phases is related to a relevantly different behavior of the inorganic Zn/Al hydroxide layers. Raman spectroscopy confirms the presence of low ordered carbonaceous species, even if their location, within the layers of the LDH [48,49,50] or as separated entities, cannot be demonstrated by Raman spectroscopy only.



Scanning electron microscopy (SEM) was used to investigate the morphology of the samples and the location of carbonaceous species. At first, SEM micrograph confirms the larger crystallinity of LDH_NO3@600_28d sample (Figure 10B), where individual platelet-like crystallites are clearly observable, with respect to LDH_NO3@400_28d (Figure 10A), where aggregates of smaller crystallites are present, as already suggested by XRPD. The opposite is observed for the samples prepared starting from the organic sample (Figure 10 bottom). This indication confirms that the treatment at 400 °C (Figure 10C), with a limited production of carbonaceous species (as indicated by Raman spectroscopy), allows a better reconstruction, with features similar to those of inorganic samples treated at 600 °C. In the sample treated at 600° (Figure 10D), the presence of carbonaceous species induces a different reconstruction process, with much smaller crystallites. These indications, together with the absence of separated carbonaceous particles or graphitic species in the SEM analysis, strongly suggest that carbonaceous species are intimately mixed within the reconstructed LDH crystallites.





3. Discussion


The calcination and rehydration protocol of organic LDH was tested and optimized, while an inorganic LDH was used as reference. The process more efficient in giving reconstruction of carbon-containing LDH resulted rather slow, and the highest degree of reconstruction was obtained after a repeated hydration with deionized, but not de-carbonated water in a sealed vial, with a total of 28 days of ageing. Interestingly, the inorganic samples gave better reconstruction after calcination at 600 °C, while the organic ones did so at 400 °C. In the samples prepared starting from the flurbiprofen-containing samples, Raman data confirmed the presence of low ordered carbonaceous species, possibly including graphene, in the sample calcined at 600 °C. The better reconstruction of the organic sample treated at 400 °C is ascribed to the limited production of carbonaceous species at 400 °C, thus allowing a rehydration process similar to that observed for the inorganic samples. Conversely, the organic sample treated at 600 °C, with a much larger amount of carbonaceous species, undergoes a different rehydration process, with smaller and more irregular observed crystallites. The absence of XRPD peaks due to graphitic and of graphenic phases in the SEM micrograph suggest that the low ordered carbonaceous species highlighted by Raman after the treatment at 600 °C are intimately mixed within LDH re-constructed species, to form a low-ordered carbon/LDH nanocomposite. The direct detection of single layer of graphene was indeed not obtained by SEM analysis, as the selected area electron diffraction investigations are necessary.



Concerning the mechanism of the reconstruction by the “memory effect” in the two cases (organic and inorganic LDH), the presence of carbonaceous species is able to interfere with the LDH reconstruction. A different decomposition mechanism can be inferred. In fact, in nitrate containing materials, the decomposition of nitrate promotes the presence of oxide ions and the reaction between atomic species on different layers, forming new crystalline phases. When the organic fraction is present, the process of charring increases the sample hydrophobicity and induce a lower wettability, thus preventing or reducing the formation of oxidic structures at low temperature and favoring amorphous hydroxides. This phenomenon prevents the interaction of the cationic species distributed on different lamellae of the LDH structure, inducing a markedly different morphology of the LDH reconstructed in presence of carbonaceous species. Finally, a nanocomposite, formed by carbonaceous species intimately mixed within the reconstructed LDH crystallites, is obtained.




4. Materials and Methods


4.1. Sample Preparation


Zn/Al LDH_NO3 prepared by urea method as described in the literature [13,51] was used as starting material to prepare the LDH intercalated with Flurbiprofen (sample LDH_Flur), exploiting the liquid assisted grinding (LAG) method [42,43,52,53].



The calcination of the samples was obtained by thermal treatments imparted by TGA on LDH_Flur and on the LDH_NO3. The heating starts at 25 °C and, by a heating rate of 10°/min, reaches 400 or 600 or 1100 °C to obtain the samples LDH_Flur@400, LDH_Flur@600, LDH_Flur@1100 and LDH_NO3@400, LDH_NO3@600, LDH_NO3@1100, respectively.



The rehydration processes were carried out in two modes. The short-time hydration was performed mixing approximately 20 mg of calcined sample for 3 min in a mortar with 60 μL of deionized water, then the mortar was kept covered with parafilm for 72 h. The XRPD characterizations were performed after 75 min, and 24 and 72 h. The long-time rehydration was performed by mixing 20 g of calcined sample for 3 min in a mortar with 60 μL of deionized water, and then storing the sample in sealed vials to prevent evaporation. After 14 days, the samples were characterized by XRPD and then again put in contact with 60 μL of deionized water and aged in a sealed vial for 14 days to reach a total of 28 days of ageing. These samples were characterized by XRPD, SEM, IR, and Raman spectroscopy.




4.2. Instrumental Methods


Thermogravimetric analysis (TGA) was performed using a thermo-balance TGA/SDTA LF1100 (Mettler–Toledo, Novate Milanese MI, Italy) at a scanning rate of 10 °C/min from room temperature to 1100 °C under N2.



Static X-ray measurements were performed on a ThermoARL powder diffractometer XTRA (ThermoFisher, Rodano, MI, Italy), equipped with a solid state Peltier cooled detector. All X-ray powder diffraction (XRPD) patterns were measured in continuous mode using the following conditions: 2θ angular range 5–80°, tube power 45 kV and 40 mA, step size 0.02° 2θ, integration time: 1.200 s, scan rate: 1.000°/min, in situ measures were performed in the range 9–14° 2θ with a scan rate of 5.000°/min on the sample hydrated in the mortar as discussed in Section 4.1.



IR spectra were recorded on a Nicolet™ iN™ iN10 infrared microscope (ThermoFisher, Rodano, MI, Italy) using the LN-cooled MCT detector to enhance sensitivity. Measurements were performed in reflection mode and then the plots were converted in % transmittance to compare them with standard transmission IR spectra. Each spectrum is the average of 128 scans over an area of 150 × 150 µm.



Raman spectra have been collected by different instrumentations equipped with different lasers and optics, to minimize the fluorescence problems on different samples and optimize signal detection for each sample.



The first was a FT-Raman RFS-100 instrument (Bruker, Milano, Italy) equipped with a 1.5 W Nd/YAG air-cooled laser delivering an excitation wavelength of 1064 nm. The detector was a liquid nitrogen cooled germanium detector, allowing a spectral range 3500 to 50 (stokes) and −100 to −2000 cm−1 (anti-stokes).



The second was a Renishaw inVia Reflex (Renishaw PLC, Gloucestershire, UK) micro-Raman spectrophotometer equipped with a cooled charge-coupled device camera at excitation wavelength of 514.5 nm with a laser power of 10 mW (spectral resolution and integration time of 3 cm−1 and 10 s, respectively).



The third was a high-resolution dispersive Horiba Jobin Yvon (Villeneuve d’Ascq, France) Labram HRVIS model system, with an HR800 spectrometer, a confocal microscope, a 800 mm path monochromator, and a CCD cooled detector (−70 °C). Nd solid state green laser (wavelength 532 nm, power 250 mW) and 1800 lines/mm grating were used, with a spectral resolution of 2 cm−1. Spectra have been taken placing the samples on the microscope stage and observing with long working distance 10×, 20×, 50×, and 100× Olympus objectives. The sampled area was identified and focused using either a video camera or microscope binoculars. Spectra were obtained using laser at full power and checking visually with the camera view the absence of damages in the sampling area. Once optimized, spectra have been collected with variable exposure times (1 to 30 s) or high number of acquisitions of short shots (10 acquisitions of 1 s then averaged), depending on the absolute counting given by the detector.



Raman spectroscopy and XRPD data were analyzed with OPUS [54] and TOPAS Academic v5.0 [55] software, respectively.



Textural and morphological observations (secondary electrons images—SE) were performed by means of a Tescan FE-SEM (Mira 3XMU-series), equipped with an EDAX energy-dispersive spectrometer. The operating conditions were as follows: 20 kV accelerating voltage, around 13 mA beam current, different working distance and magnifications (reported in each photo). Samples for SEM observations were prepared either by C-coating from graphite evaporation.









Supplementary Materials


The following are available online at http://www.mdpi.com/2304-6740/6/3/79/s1, Figure S1: Thermogravimetric analysis (TGA) plot (left) and first derivative (right) of the samples layered double hydroxide (LDH)_NO3 (black), Flurbiprofen (Flur) (red), LDH_Flur (green), and of the mechanical mixture of LDH_NO3 and Flurbiprofen (blue), Figure S2: X-ray powder diffraction (XRPD) patterns collected during the in situ rehydration experiments on LDH_FLUR@600 (A) and LDH_NO3@600 (B). Selection of one pattern every 10 min, Figure S3: Plot of the XRPD pattern of LDH_NO3 after calcination at 1100 °C, Figure S4: Picture of the samples after calcination showing that the inorganic calcined LDHs remain white, while organic intercalated LDHs are black after the calcination, Figure S5: Plot of the Rietveld fit on the XRPD pattern of the LDH_FLUR@400_14d sample. Experimental patter in black, calculated curve in red. Peak tickmarks of the LDH phases in blue and black, zinc oxide in green, Figure S6: Plot of the Rietveld fit on the XRPD pattern of the LDH_FLUR@400_14d sample. Experimental patter in green, calculated curve in red. Peak tickmarks of the LDH phase in blue, zinc oxide in black, Figure S7: Plot of the Rietveld fit on the XRPD pattern of the LDH_FLUR@600_14d sample. Experimental patter in blue, calculated curve in red. Peak tickmarks of the LDH phase in blue, zinc oxide in black, Figure S8: Plot of the Rietveld fit on the XRPD pattern of the LDH_FLUR@600_28d sample. Experimental patter in green, calculated curve in red. Peak tickmarks of the LDH phase in blue, zinc oxide in black, Figure S9: Plot of the Rietveld fit on the XRPD pattern of LDH_NO3@400_14d sample. Experimental patter in brown, calculated curve in red. Peak tickmarks of the LDH phase in blue, zinc oxide in black, Figure S10: Plot of the Rietveld fit on the XRPD pattern of the LDH_Flur@400_28d sample. Experimental pattern in violet, calculated curve in red. Peak tickmarks of the LDH phase in blue, zinc oxide in black, Figure S11: Plot of the Rietveld fit on the XRPD pattern of LDH_Flur@600_14d sample. Experimental pattern in blue, calculated curve in red. Peak tickmarks of the LDH phase in blue, zinc oxide in black, Figure S12: Plot of the Rietveld fit on the XRPD pattern of LDH_Flur@600_28d sample. Experimental pattern in blue, calculated curve in red. Peak tickmarks of the LDH phase in blue, zinc oxide in black, Figure S13: Comparison of the XRPD patterns of the wet samples after 14 days of rehydration.
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Figure 1. X-ray powder diffraction (XRPD) profiles of the starting samples. The indices are referred to as the layered double hydroxide (LDH) phases. In the LDH_Flurbiprofen (Flur) pattern, the circle marks the LDH_NO3 residue and the asterisk marks the NaNO3 residue. 
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Figure 2. Thermogravimetric analysis (TGA) carried out to prepare the samples used for the characterization. 
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Figure 3. Selected patterns (one every 10 min) from the in situ XRPD experiment on LDH_NO3@600 sample. 
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Figure 4. XRPD pattern of LDH_NO3 calcined at 600 °C (A); after 1 h rehydration (B), after 24 h (C), and after 72 h (D). ZnO peaks are indexed in plot (A). 
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Figure 5. XRPD pattern of LDH_Flur calcined at 600 °C (blue) and after 72 h (black). 
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Figure 6. XRPD data before and after 14 and 28 days of ageing for the samples calcined at 400 and 600 °C. 
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Figure 7. IR reflectance data on the samples after the samples after 28 days of reconstruction. 
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Figure 8. Raman data of LDH_NO3 after calcination at 400 °C (orange) and 600 °C (black) in the 1200–100 cm−1 range (A) and in the 4000–3000 cm−1 range (B) before rehydration (dotted lines) and after two hydrations and a total of 28 days of ageing (solid lines). 
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Figure 9. Raman data (green laser excitation) of LDH_FLUR after calcination at 400 °C (green) and 600 °C (blue) in the 1700–1100 cm−1 range before rehydration (A). Raman spectra in the range 1700–100 cm−1 of the FLUR samples after two hydrations and a total of 28 days of ageing (B). 
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Figure 10. Scanning electron microscopy (SEM) images on the samples after 28 days of reconstruction. (A) LDH_NO3@400_28d (WD 9.30 mm, MAG 5.0k×, view field (VF) 57.8 µm). The red box inserted to ease the comparison with the scale and view field of the other pictures. (B) LDH_NO3@600_28d (WD 9.34 mm, MAG 19.0k×, VF 15.2 µm); (C) LDH_Flur@400_28d (WD 9.32 mm, MAG 19.0k×, VF 15.2 µm); (D) LDH_Flur@600_28d (WD 8.19 mm, MAG 19.0k×, VF 15.2 µm). 
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Table 1. Sample prepared by thermal treatment in the thermogravimetric analysis (TGA) furnace. LDH—layered double hydroxide; Flur—Flurbiprofen.
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Starting Sample

	
Temp. Treatment (°C)




	
400

	
600

	
1100






	
LDH_NO3

	
LDH_NO3@400

	
LDH_NO3@600

	
LDH_NO3@1100




	
LDH_Flur

	
LDH_Flur@400

	
LDH_Flur@600

	
LDH_Flur@1100
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Table 2. Summary of samples and treatments.
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Starting Sample

	
Treatment Temperature (°C)




	
14 Days Hydration

	
28 Days Hydration






	
LDH_NO3@400

	
LDH_NO3@400_14d

	
LDH_NO3@400_28d




	
LDH_Flur@400

	
LDH_Flur@400_14d

	
LDH_Flur@400_28d




	
LDH_NO3@600

	
LDH_NO3@600_14d

	
LDH_NO3@600_28d




	
LDH_Flur@600

	
LDH_Flur@600_14d

	
LDH_Flur@600_28d
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Table 3. Results of the Rietveld fit on the samples. The % of the phases and c parameter of the LDH phases are reported. No error is given on phase weight % because the e.s.d. (estimated standard deviation) calculated during Rietveld is much smaller than the realistic value. % were therefore approximated to unit, the typical estimated precision of such measurements.
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	Samples
	% LDH_1
	% ZnO
	c LDH_1 (Å)
	CS_L LDH_1 1





	LDH_NO3@400_14d
	19
	67
	23.4(1)
	5



	LDH_NO3@400_28d
	60
	40
	23.6(7)
	8



	LDH_NO3@600_14d
	26
	74
	22.69(4)
	77



	LDH_NO3@600_28d
	31
	69
	22.69(4)
	78



	LDH_Flur@400_14d
	79
	21
	22.67(6)
	42



	LDH_Flur@400_28d
	85
	15
	22.67(6)
	42



	LDH_Flur@600_14d
	65
	35
	22.68(8)
	66



	LDH_Flur@600_28d
	73
	27
	22.67(6)
	80







1 Crystallite size parameter (CS_L) of the main LDH phase. Larger values correspond to higher crystallinity.
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