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Abstract

:

Copper nanoparticles (NPs) and ZrO2-supported copper NPs (Cu NPs/ZrO2) were synthesized via a chemical reduction method applying different pH (4, 7 and 9) and evaluated in a glycerol dehydration reaction. Copper NPs were characterized with transmission electron microscopy (TEM) and UV–vis spectroscopy. Transmission electron microcopy (TEM) results revealed a homogeneous distribution of copper NPs. A hypsochromic shift was identified with UV–vis spectroscopy as the pH of the synthesis increased from pH = 4 to pH = 9. Zirconia-supported copper NPs catalysts were characterized using N2 physisorption, X-ray diffraction (XRD), TEM, X-ray photoelectron spectroscopy (XPS), temperature-programmed reduction (TPR), temperature-programmed desorption of ammonia (NH3-TPD) and N2O chemisorption. The presence of ZrO2 in the chemical reduction method confirmed the dispersion of the copper nanoparticles. X-ray diffraction indicated only the presence of tetragonal zirconia patterns in the catalysts. XPS identified the Cu/Zr surface atomic ratio of the catalysts. TPR patterns showed two main peaks for the Cu NPS/ZrO2 pH = 9 catalyst; the first peak between 125 and 180 °C (region I) was ascribed to more dispersed copper species, and the second one between 180 and 250 °C (region II) was assigned to bulk CuO. The catalysts prepared at pH = 4 and pH = 7 only revealed reduction at lower temperatures (region I). Copper dispersion was determined by N2O chemisorption. With NH3-TPD it was found that Cu NPs/ZrO2 pH = 9 exhibited the highest total quantity of acidic sites and the highest apparent kinetic constant, with a value of 0.004 min−1. The different pH applied to the synthesis media of the copper nanoparticles determined the resultant copper dispersion on the ZrO2 support, providing active domains for glycerol conversion.
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1. Introduction


Biomass is a strategic alternative for energy generation due to its renewable nature [1,2,3,4] and is currently converted into different valuable products through thermochemical and biological methods [5], including H2 production via steam reforming of bio-oils [6,7,8], biomass gasification via the Fischer–Tropsch process [9], fermentation of carbohydrates [10], production of bio-methanol from synthesis gas [11], production of bio-oils from biomass pyrolysis [12] and production of biodiesel from the transesterification of triglycerides derived from biomass [13,14].



Glycerol generated from biodiesel is a platform molecule with the potential to carry out transformation towards other products with higher value-addition. Several studies have been carried out on glycerol dehydration reactions on different metals and supports [15,16,17,18,19]. Three main products are formed by glycerol dehydration: acetol, 3-hydroxypropanal and its subsequent dehydration to acrolein [20,21]. The dehydration routes to acetol and acrolein are competitive. Acetol can be formed via direct dehydration of glycerol and subsequent keto–enol tautomerization. The acrolein pathway proceeds through the dehydrogenation–hydrogenation pathway of 1,3 propanediol (1,3-PDO). Instead of hydrogenating the 3-hydroxypropanal, another hydroxyl group is eliminated, resulting in the stable π–system of acrolein [20,22]. The acetol pathway is promoted by acidic Lewis sites and the acrolein pathway is promoted by acidic Brönsted–Lowry sites.



Heterogeneous catalysts have been used for glycerol dehydration. Glycerol can be adsorbed onto different metal oxides with acidic supports such as ZrO2, TiO2, Al2O3, cerium, niobium, SiO2 and some types of aluminosilicates [23]. Acidity–basicity is the key parameter in catalyst activity and selectivity for glycerol dehydration [24]. Different metals have been reported as active phases in the dehydration of glycerol, including both noble and transition metals [25]. It has been reported that noble metals are highly active materials; however, they promote undesired cleavage of glycerol’s C–C bond. Transition metals are less active than the noble metals, but they present higher selectivity and considerably lower economic costs, which have motivated more extensive research [26,27,28]. Copper-based mixed oxides derived from hydrotalcite as catalyst were investigated in glycerol dehydration to acetol, revealing that the optimized catalyst attained glycerol conversion higher than 90% with 60% acetol selectivity [29]. Dehydration of glycerol to acetol was also studied over Cu–MgF2 catalysts, and an acetol yield of 45.5% was observed [30]. The effect of different supports for copper as catalyst for glycerol hydrogenolysis to 1,2 propanediol (1,2-PDO) was investigated in previous research and 78.5% glycerol conversion with a 79% 1,2-PDO yield was observed [31]. Copper, nickel and Cu–Ni catalysts supported on Al2O3 and ZSM-5 were tested in glycerol hydrogenolysis to 1,2-PDO, and all catalysts converted glycerol at rates higher than 90% [32]. Selective dehydration of glycerol on copper-based catalysts was investigated over copper supported on γ-Al2O3, ZrO2 and SiO2. Cu/ZrO2 exhibited the highest acetol yield at 20% of glycerol conversion [33]. The Lewis acid sites of ZrO2 are water tolerant [20]; therefore, it is a highly favorable support for glycerol transformation in a water medium. ZrO2 is a material with remarkable hydrothermal stability; it has acid-base properties and oxidation–reduction capacities. Tolerant Lewis acid sites in the catalytic system are necessary for systems in contact with the aqueous environment. It should also be mentioned that ZrO2 is a low-cost material.



Copper is known to selectively produce acetol from glycerol dehydration [34]. Efforts to improve the stability of copper nanoparticles (NPs) have encouraged the development of novel methods of catalyst preparation [35].



Chemical reduction is a widely used method for the synthesis of copper NPs due to its low cost and operational simplicity [36]. The reduction method involves the precipitation of copper NPs from copper precursors via reducing agents such as sodium borohydride, ascorbic acid, hydrazine, phosphines and cetyltrimethylammonium bromide [37,38]. The chemical reduction method allows for control of the size and morphology of the particles in a colloidal solution. Different methods are used to control the morphology and size of the NPs, such as modifying the pH of the reaction medium [39] and the use of chemical templates such as surfactants [40]. Furthermore, the solvent in which NPs are synthesized also has a role in dispersing and stabilizing the NPs.



The stabilizing surfactants introduce electrostatic interactions, van der Waals interactions or polar bonds [41]. In addition, they prevent particle agglomeration. Polymers such as PEG (polyethylene glycol) and PVP (polyvinylpyrrolidone) are commonly used to control the metal particle size. Together with these polymers, alcohols such as ethylene glycol, glycerol and ethanol are also commonly used as solvents to disperse the metal NPs formed during synthesis [42].



The chemistry of a colloidal solution is strongly affected by the pH, ionic strength and presence of organic molecules [43]. In particular, the pH of the colloidal solution is a parameter of great importance within the chemical reduction method. Metal oxide NPs have superficial hydroxyl groups, which could be protonated or deprotonated depending on the pH of the solution, generating positive or negative partial charges, respectively. The pH for which the partial surface charge is zero (neutral surface charge) is called the zero charge point (pHpzc). When the pH of the colloidal solution is lower than pHpzc, the hydroxyl groups of the metal oxide NPs are protonated, and conversely, when the pH is higher than pHpzc, the hydroxyl groups will be deprotonated. Thus, in this case, the partial charge on the metal oxide NP’s surface within the colloidal solution is negatively charged [43]. This effect is more pronounced as the pH of the colloidal solution deviates further from the pHpzc.



The presence of a solid surface of a metal oxide in the colloidal synthesis medium may induce nucleation of the metal NPs in the colloidal solution onto the solid surface. The distribution of metal NPs in a colloidal solution onto the solid surface usually relies, on the one hand, on the electrostatic interaction, van der Waals interactions, or polar bonds of the surfactant agents, and on the other hand, on the surface groups of the solid surface. The main phenomenon that occurs is electrostatic adsorption caused by the potential difference between the solid surface and the metal NPs in the colloidal solution [43,44,45].



It must be added that the solid surface of an oxide has terminal hydroxyl groups. Thus, below the pHpzc, the hydroxyl groups of the solid surface are also protonated, and the surface is positively charged, adsorbing anionic species [43,44,45]. By contrast, above the pHpzc, the hydroxyl groups of the solid surface are deprotonated, and the surface of the oxide remains negatively charged, interacting with cationic species [44]. The electrostatic repulsion between the metal NPs of the colloidal solution and the solid surface of a metal oxide can modulate the agglomeration and/or stability of the resultant metal NPs distributed on the solid surface. This is vital for the achievement of active and stable supported heterogeneous catalysts [45].



Here, Cu/ZrO2 catalysts were prepared by chemical reduction of copper NPs in the presence of ZrO2 as solid metal oxide. Syntheses were performed under different pH (4, 7 and 9) to tentatively modulate the size of the Cu NPs. ZrO2 supported copper NPs were evaluated in the dehydration of glycerol to acetol. In this respect, it was expected that the primary hydroxyl groups of the glycerol molecules would undergo activation by the Cu species. Crude glycerol is obtained as a by-product of biodiesel production and represents 10 wt.% of the produced biodiesel. Crude glycerol contains impurities such as water. Therefore, it is relevant to investigate the catalytic conversion of an aqueous solution of glycerol as a strategy to develop active copper catalysts [20].




2. Results


2.1. Copper NPs Characterization


Figure 1a,c,e displays TEM images of the pure copper NPs obtained through the chemical reduction method regulated at different pH (4, 7 and 9) in the synthesis medium. The dark spots correspond to the copper NPs and the lighter background corresponds to the carbon matrix of the sample holder. The copper nanoparticles were homogeneously dispersed in all experimental conditions. By contrast, TEM images of the catalysts (Figure 2) revealed that the copper nanoparticles were highly dispersed over the ZrO2 support.



To perform the particle count, ImageJ software was used. Based on simple inspection, the particles obtained were spherical in shape and despite being stored for a long time did not present agglomeration over time. Figure 1b,d,f shows histograms of the copper nanoparticles’ distribution in each of the resultant samples produced via chemical reduction. It is noticeable that all samples had a narrow size distribution of copper NPs with average copper particle size in the range between 6 and 8 nm.




2.2. UV–Visible Spectroscopy of Cu-NPs


The obtained dark red powder of Cu NPs (pH = 4, 7 and 9) was unstable; when these nanoparticles were exposed to air, the color of the solutions changed to dark green/blue, suggesting that copper(I) oxide, Cu2O, was formed in each case (Supplementary Materials Figure S1). This change in solution color could be proved by the obtained UV–vis spectra of each nanomaterial (pH = 4, 7 and 9). The samples were prepared following the protocol details described in Section 4.3.1. Combination deconvoluted absorption bands are shown in the Supplementary Materials Figure S1 and summarized in Supplementary Materials Table S3. The obtained absorption bands were in the 218–328 nm range and could be attributed to the characteristic band-gap of resulting Cu2O nanoparticles stabilized by glycerol molecules in the corresponding colloidal solutions [46]. The analysis of the UV–vis spectra did not exhibit relevant absorption bands in the range of 560–600 nm (Supplementary Materials Figure S1c), which are generally ascribed to air-stable Cu nanoparticles [11]. Supplementary Materials Figure S1c indicates that the most active material was catalyst Cu NPs pH = 9, with an absorption maxima band at the deconvoluted wavelength of 264 nm. In this regard, the most important contribution of the material to the catalysis reaction could be attributed to the Cu2O presence on the surface. Considering these results, we propose the direct synthesis of supporting Cu nanoparticles on ZrO2 for catalytic applications.




2.3. Copper Catalyst Characterization


Supplementary Materials Figure S2a shows the N2 adsorption–desorption isotherms of each of the catalysts prepared under different pH conditions. The adsorption isotherms of N2 exhibited the characteristics of mesoporous materials of type IV with a distinct hysteresis loop observed in the range of 0.45–0.8 [47]. Supplementary Materials Figure S2b shows the pore size distributions of each catalyst and the support. The Barrett–Joyner–Halenda (BJH) method was used to calculate the pore-size distribution of the desorption counterpart. A major peak at about 4 nm was observed in the mesoporous range. An H2-type hysteresis loop was observed for either the ZrO2 support or the copper catalysts.



Table 1 presents a summary of the physisorption results. It is noticed that the specific surface area (SBET) and pore volume (Vp) of the ZrO2 support decreased when copper was added to the support during the chemical reduction method (see Section 4, Materials and Methods). The specific surface area of the ZrO2 support was found to be 146 m2/g. The deposited copper species could block the pores and voids of the support. Cu NP catalysts exhibited specific surface area values in the range of 136 m2/g to 129 m2/g. This decrease could be caused by consumption of the surface hydroxyl groups of the support through a superficial reaction with the oxidized species, and the agglomeration process of the copper species inside ZrO2 pores during preparation of the catalysts [48]. The total pore volume also followed a decreasing trend which may be due to pore blocking of the support by crystallites of copper species. Previous work reported the adsorption of Cu onto ZrO2 surface hydroxyl sites upon deposition. Such deposition predominates at lower copper weight loadings and facilitates higher levels of dispersion [49]. Apart from this, it is reported that oxygen vacancies stabilize Cu+, which is often invoked as a key specie for activity in catalytic reactions [50]. Evidence that copper interacted with the pore walls of the ZrO2 support is the decrease in the pore volume of the zirconia support when the copper nanoparticles were introduced via the chemical reduction method (Table 1).



Supplementary Materials Figure S3 shows the X-ray diffraction profiles of each material. Supplementary Materials Figure S3 indicates that the crystallite phase observed corresponds to the tetragonal phase of ZrO2. All materials exhibited diffraction peaks at 2θ = 30.3°, 35.2°, 50.6° and 60.2°, which are ascribed to tetragonal ZrO2 in agreement with the JCPDS standard (170923). Furthermore, there was no indication of the presence of monoclinic ZrO2, nor metallic copper species or copper(II) oxide species. The diffraction peaks of the metallic copper species according to the JCPDS standard (04–0836) should be visible at 2θ = 43°, 50° and 60°.



It has been argued that to observe crystalline CuO distinguishable from ZrO2 patterns, a copper load higher than 3 wt.% must be used. The presence of copper species on ZrO2 patterns becomes particularly visible at percentages higher than 10 wt.% [26,48]. CuO bulk formation occurs for a Cu/SSA ratio (copper charge/specific support area ratio) equal to or higher than 4.5 Cu atoms/nm2 of support. Considering that the ZrO2 support used in the present work had a specific area of 146 m2/g, the appearance of CuO bulk would occur for copper loading equal to or higher than at about 7 wt.%. No structural change in ZrO2 XRD patterns (Supplementary Materials Figure S4) was observed, which can be ascribed the presence of either amorphous or highly dispersed copper particles [51]. Previous work has also reported that highly crystalline CuO is detected from around 4 wt.% of Cu for 100 m2/g of γ–Al2O3 [52].



Figure 3 shows the temperature-programmed reduction (TPR) profiles of each catalyst. As summarized in Table 2, all samples presented reduction profiles between 125 and 180 °C. For the catalysts synthesized at pH = 4 and 7, a reduction peak was observed at low temperature region I (125–180 °C). The catalyst prepared at pH = 9 showed reduction peaks at region I and region II, with reduction peak at a higher temperature (180–250 °C).



Reduction peaks at lower temperatures have been ascribed to highly dispersed CuO species. Higher temperature peaks correspond to less dispersed species (CuO bulk) which may interact weakly with the support [48]. Shimokawabe et al. [53] reported that the lowest temperature peak corresponded to highly dispersed CuO and/or copper(II) ions in an octahedral environment of ZrO2 support. It has also been reported elsewhere that highly dispersed copper(II) oxide on a SiO2 support was reduced more easily than bulk CuO [48,53].



It is important to highlight the existence of these two main reduction temperature regions: (i) a low temperature region I (125–180 °C) and (ii) a high temperature region II (180–250 °C). It is commonly accepted that the reduction temperature of supported copper oxide species is related to a distinct interaction with the ZrO2 surface and to different sizes of copper NPs [48,53]. The higher heterogeneity in the size of the copper particles in the Cu NPs/ZrO2 pH = 9 sample must be taken in account. Particularly noticeable in the Cu NPs/ZrO2 pH = 9 sample was the presence of peaks in regions I and II, which suggests a more heterogeneous size distribution of copper particles compared to the Cu NPs/ZrO2 pH = 7 and Cu NPs/ZrO2 pH = 4 samples.



It is also reported that the first peak observed at region I was due to the one-step reduction of copper(II) oxide species that weakly interacted with the support (CuO → Cu0) and, in addition, to the partial reduction of dispersed copper species that strongly interacted with the support (CuO → Cu2O). Cu2O can be more difficult to reduce than the CuO bulk. In this respect, it is reported that the reduction observed at region II in the TPR profile of Cu NPs/ZrO2 pH = 9 sample was caused by a subsequent reduction of Cu2O (Cu+) to Cu0 [54]. A higher reduction temperature of Cu2O compared to CuO is consistent with the higher apparent activation energy, 27.4 kcal mol−1 compared to 14.5 kcal mol−1, respectively [55].



The difference in Tmax from the first reduction peak does not necessarily indicate a difference in the dispersion of CuO species, as reported by Chary et al. [48] in their catalytic study examining copper content up to percentages of 2.7 wt.%. For the Cu NPs/ZrO2 pH = 9 catalyst it should be mentioned that the copper species generated in the synthesis must have mainly existed as Cu(OH)2, due to hydrolysis promoted by the pH of the synthesis during the chemical reduction method, which could react with the hydroxyl surface groups of the zirconia support, generating Cu species that strongly interacted with the support [56].



Copper dispersion in the catalysts was investigated by combining N2O chemisorption and TPR experiments in a two-step protocol. Prior to adsorptive decomposition of N2O, the Cu NP catalysts were reduced in a flow of hydrogen at 200 °C for 2 h. Supplementary Materials Figure S4 shows the TPR profiles after the N2O adsorptive decomposition on each catalyst. Judging by the reduction profiles of the catalysts in the TPR analysis (Supplementary Materials Figure S4), the presence of more homogeneous distributions and more dispersed copper species is noted for the Cu NPs/ZrO2 pH = 4 and Cu NPs/ZrO2 pH = 7 catalysts. On the other hand, the Cu NPs/ZrO2 pH = 9 catalyst may have presented a population of less dispersed copper species, implied by the CuO bulk in reduction region II. Higher amounts of N2O adsorbed in Cu NPs/ZrO2 pH = 4 and Cu NPs/ZrO2 pH = 7 reinforce the results observed by TPR (Figure 3).



Table 2 summarizes the dispersion results and copper particle diameter (    d ¯  p   ) determined by N2O adsorption. Copper dispersion (D (%)) was expressed in terms of the exposed copper at the surface divided by the total quantity of copper. In this respect Cu NPs/ZrO2 pH = 4 and Cu NPs/ZrO2 pH = 7 exhibited the highest copper dispersions with values of about 54%, whereas Cu NPs/ZrO2 pH = 9 exhibited the lowest dispersion with a value of 42.3%. Copper particle size determined by N2O decomposition varied from 1.8 to 2.3 nm.



XPS measurement was performed to evaluate the surface composition and possible Cu and Zr chemical states in the as-prepared catalysts. The surface atomic percentages and Cu/Zr ratio are presented in Table 3. The percentage of Cu was around 2%, although there was a slight decrease from pH = 4 to pH = 9 in accordance with the Cu/Zr atomic ratio, which also decreases with pH. The Cu 2p/Zr 3d atomic ratio observed for the Cu NPs/ZrO2 pH = 9 sample was the lowest, which can be tentatively associated with lower dispersion, as suggested by N2O analysis (Table 3). XPS intensity ratio of Cu 2p/Zr 3d reflects the copper dispersion on the ZrO2 support [48].



The XPS survey spectra prove the presence of Cu, Zr and O (Supplementary Materials Figure S5, Supplementary Materials), and the high-resolution spectra of Cu 2p and Zr 3d ions in all of the prepared materials are recorded in Figure 4. In the Cu 2p spectra a broad peak was observed at approximately 933.0 eV (Cu 2p3/2) which is indicative of the presence of two different species attributed to Cu(0) and Cu(I). In addition, a peak of approximately 935.0 eV was observed, indicating the presence of Cu(II) along with weak shake-up satellites at 941.5 and 962.5 eV. The satellite at 941.5 eV is characteristic of the presence of Cu(II) hydroxide [57]. From the XPS analysis of Cu 2p spectra it was not possible to unambiguously distinguish Cu(0) from Cu(I) [58]. The Cu LMM can be used to distinguish these species. The peaks at 568, 569 and 570 eV can be attributed to Cu(0), Cu(II) and Cu(I) species, respectively, [59] as was observed in the magnification of survey spectra for all catalysts (Supplementary Materials Figure S6).



Analysis of the modified Auger parameter has been already performed by other authors to evaluate the oxidation state of Cu [60]. Table 4 presents the calculated Auger parameters for the three Cu NPs catalysts. It is noteworthy to mention that the 1849.13 eV value obtained for the spectra of Cu NPs/ZrO2 pH = 7 is very similar to the expected value of 1849.17 eV attributed to Cu2O [61]. Despite this evidence it is not possible to discount the presence of Cu(0) complementing the presence of the other two components Cu(II) and Cu(I) in all of the as-prepared catalysts, demonstrating an incomplete reduction of the catalyst and a potential oxidation of Cu2O surfaces due to atmosphere exposure.



The Zr 3d spectra are shown in Figure 4b. All spectra are well described with one doublet with the Zr3d5/2 binding energy at approximately 182.5 eV. Based on the biding energy values of Zr 3d5/2 and Zr 3d3/2 it is suggested that the zirconium oxide was present in a single type of oxide with an oxidation state of +4 [57]. The difference between the Zr 3d3/2 and Zr 3d5/2 binding energies was 2.43 eV and the ratio of the integral intensities of its components was 3:2.



The total quantity of acid sites was determined using NH3-TPD. NH3-TPD profiles (Figure S7) exhibit a maximum temperature at approximately 400 °C for the Cu NPs/ZrO2 pH = 7 and Cu NPs/ZrO2 pH = 9 samples. The NH3-TPD profile of the Cu NPs/ZrO2 pH = 4 catalyst exhibits a peak at 300 °C together with a tail suggesting a wide distribution of strength of acidic sites. The Cu NPs/ZrO2 pH = 9 catalyst presented the highest total amount of acid sites, as shown in Table 2.



The strength of the solid acid sites can be distinguished by the different ranges of temperatures for NH3 desorption: weak (120–300 °C), moderate (300–450 °C) and strong (above 450 °C) [20,62,63]. The total acidities determined for the Cu nanoparticle catalysts correlate well with typical catalysts for glycerol dehydration such as H-ZSM-5 and aluminosilicate supported heteropoly acids, with total acidity values of 0.2–0.9 mmol g−1 [64] and 0.2–0.4 mmol g−1 [65], respectively.




2.4. Catalyst Activity


Figure 5 shows the glycerol conversion glycerol progress over time for the copper nanoparticle catalysts. It is important to emphasize that pure ZrO2 did not yield noticeable glycerol conversion in the absence of Cu NPs under the same experimental conditions. In this respect, copper NPs provided active sites for the selective glycerol dehydration to acetol, which agrees with previous work [20].



ZrO2 support may induce interaction with copper NPs. The highest glycerol conversion was observed for the Cu NPs/ZrO2 pH = 9 catalyst, reaching 40% at about 2 h. The Cu NPs/ZrO2 pH = 4 and Cu NPs/ZrO2 pH = 7 samples were less active under our experimental conditions, exhibiting a glycerol conversion of at about 15% at 150 min.



The reaction was identified as first order relative to glycerol. For further insights into the intrinsic catalytic activity, the apparent kinetic constant (k) was calculated by fitting the conversion data up to 120 min of reaction for first order and the corresponding values are presented in Table 5.



The apparent kinetic constant values (k) reported in Table 5 suggest that the catalytic transformation of glycerol had a structurally sensitive character. Cu NPs/ZrO2 pH = 9 exhibited a kinetic constant value about three times higher than the values observed for the Cu NPs/ZrO2 pH = 7 and Cu NPs/ZrO2 pH = 4 samples. The results show that the chemical reduction method induced significant catalytic properties at different pH values in the synthesis medium.




2.5. Selectivity and Yield to Acetol


Different reaction routes have been suggested for the formation of acetol from glycerol. One route involves the direct dehydration of acetol [66] and in another proposed route, glycerol dehydrogenates to form glyceraldehyde or dihydroxyacetone, in order to undergo further hydrogenation to form acetol [67]. Under our experimental conditions we did not observe glyceraldehyde or dihydroxyacetone, which may be due to their high reactivity and instability relative to acetol. The formation of acetol and the absence of 3-hydroxypropanal mirrors the chemo-selectivity of copper in the preferential dehydration of glycerol.



The relationship between acetol selectivity and 1,2-PDO, as shown in Supplementary Materials Figure S8, may provide elements to understand the acetol yield during the reaction. It is observed for all catalysts that selectivity towards acetol decreased as the reaction time increased, which was probably caused by the formation of 1,2-PDO and other acetol by-products.



Figure 6 indicates that acetol was consumed to form other products, and the 1,2-PDO was not the only by-product produced from acetol. The formation of furans was also visible as the reaction time increased, especially with the Cu NPs/ZrO2 pH = 9 catalyst. It is important to mention that the present study of selective glycerol dehydration was carried out in an inert atmosphere. Under our reaction conditions the formation of 1,2-propanediol was identified, which is a value-added product. It must be emphasized that the aqueous phase of dehydration of glycerol was evaluated without external hydrogen addition.



Most of the related investigations of glycerol conversion to 1,2-propanediol (1,2-PDO) have been performed under a highly pressurized hydrogen atmosphere, employing H2 from an external supply. In this respect, the need for an external hydrogen source and the requirement of high hydrogen pressure is the main disadvantage of past studies. To overcome this inherent drawback, one promising alternative is to produce the required hydrogen in situ directly in the reaction mixture under the process conditions. Here, we reported the formation of 1,2-propanediol from glycerol under an inert atmosphere and autogenous pressure. This is a promising alternative approach to produce value-added compounds from glycerol without the use of hydrogen. It has been reported that the hydrogen is generated in situ through the dehydrogenation paths of glycerol conversion [68]. These hydrogen species may hydrogenate the formed acetol, producing 1,2-PDO.



Thus, the synthesis of 1,2-PDO from glycerol-derived acetol presents a greener production method [33]. Alternatively, the 1,2-PDO formed could also be produced from the hydrogenation of acetol by 2-propanol which could act as a hydrogen molecule donor. Acetone and 2-propanol were detected in smaller amounts. Acetone can be formed by dehydration of 1,2-PDO and 2-propanol through hydrogenation of acetol. Pyruvaldehyde, which was also observed, can be formed through the dehydrogenation of acetol.



It is important to add that 1,2-PDO may suffer a second dehydration to form acetone, which in turn could undergo a second hydrogenation step to form 2-propanol. This may also explain the small quantities of 2-propanol and acetone observed. Along with these products, there was also the generation of a furan family. Figure 7 shows the yield of acetol observed for each catalyst, expressed in terms of the of specific surface area of the corresponding catalyst. It is observed that after 90 min of reaction the yield of acetol was highest for the Cu NPs/ZrO2 pH = 9 catalyst, followed by Cu NPs/ZrO2 pH = 7 and finally by Cu NPs/ZrO2 pH = 4. After 2 h of reaction the acetol yields decreased.



Finally, a decrease in glycerol conversion during reusability has been reported in the literature. Montassier et al. ascribed this decrease to copper sintering of Cu/C treated in the presence of water in the reaction medium [69]. Adsorbed carbonaceous species deposits generated during the reaction, such as oligomerization on acid surface sites, are another source of deactivation [70]. Apart from these issues, the oxidative environment due to the aqueous medium must be considered as another source of deactivation. It is important to remark that the presence of metallic copper species in the catalyst surface is essential to glycerol conversion. As a result, in the present study where the reaction started with the catalyst calcined instead of reduced, no activity was noticed. In addition, a recovered catalyst (Cu NPs/ZrO2 pH = 7) after the reaction, when characterized with SEM-EDS (Supplementary Materials Figure S10), revealed an approximately 0.6% decrease in copper loading compared to its pre-reaction state (Supplementary Materials Figure S9b).




2.6. General Chemical Route


In light of the results stated above, the following general mechanism is proposed (Figure 8):



The formation of furans was observed in a greater proportion in the Cu NPs/ZrO2 pH = 9 catalyst. This dehydration route was promoted by Lewis acid sites [15]. As shown in the analysis of TPD-NH3, the higher acidity of the Cu NPs/ZrO2 pH = 9 catalyst allows for the achievement of high selectivity towards furans. Previous research proposed that furan derivatives are the result of a catalytic cyclisation of acetol, due to aldol condensation of carbonyl compounds such as acetol and pyruvaldehyde [25].





3. Discussion


A homogeneous distribution and greater dispersion of copper species were suggested by TPR and N2O adsorption results, particularly for the Cu NPs/ZrO2 pH = 4 and Cu NPs/ZrO2 pH = 7 catalysts, exhibiting copper dispersion at about 54% (Table 2). On the other hand, TPR and XPS of the Cu NPs/ZrO2 pH = 9 sample suggested less dispersed species and larger heterogeneity, attributed to the presence of CuO bulk species ascribed to a peak in a high reduction temperature at region II (180–250 °C). Based on N2O adsorption, a copper dispersion of 42.3% was observed for the Cu NPs/ZrO2 pH = 9 catalyst. It must be also emphasized that Cu NPs/ZrO2 pH = 9 exhibited the highest apparent kinetic constant (k). Usually, catalytic activity tended to increase as the metal dispersion increased. Therefore, copper size effects cannot completely account for the observed differences in activity obtained for the Cu NP catalysts.



Different aspects can be mentioned to tentatively rationalize the difference between the apparent kinetic constant values of the catalysts. Firstly, it must be mentioned that under our experimental conditions the transformation of glycerol was performed in a water medium. Water may produce some oxidation of metallic copper species. In this respect, it is reported that copper particles with larger particle size are more resistant to water oxidation compared to more dispersed copper particles, which exhibit a larger fraction of exposed atoms and thus higher accessibility to water [71]. This resulted in a harsher deactivation condition for the Cu NPs/ZrO2 pH = 7 and Cu NPs/ZrO2 pH = 4 catalysts, particularly during the initial minutes of the reaction. The deactivation was caused by the adverse effect of water, which can promote copper oxidation. Other possible causes of deactivation, such as copper sintering, coke and leaching as mentioned in previous research, could be considered [33,72]. It has been reported that the active species involved in glycerol dehydration are metallic copper species. It is commonly accepted that glycerol deoxygenation may occur through dehydrogenation–dehydration–hydrogenation [73,74]. The main role of the metallic Cu is to provide active sites for the activation of glycerol, while copper oxide species which have the role of Lewis acid sites may favor the polarization of glycerol [62]. In this respect, the Cu NPs/ZrO2 pH = 9 catalyst may remain more active during the reaction. It must be also added that the presence of water in the aqueous phase reaction may shield the Lewis acid sites, suppressing the active acid sites. Other possibilities such as sintering and coke formation cannot be discarded as having potential adverse effects on catalytic activity. Taking into account such considerations, the acid sites of the Cu NPs/ZrO2 pH = 9 catalyst must have expressed some benefit, as it possessed the highest total quantity of total acid sites as determined by TPD-NH3 (Table 2), explaining the difference in the kinetic constant (k) observed for the copper nanoparticles catalysts.



Table 6 exhibits our results compared with previous studies from the literature examining conversion of glycerol and selectivity to 1,2-propanediol over temperature, pressure and time.




4. Materials and Methods


4.1. Copper Nanoparticles Synthesis


Three sets of copper nanoparticles (NPs) were prepared via chemical reduction at three different pH values, regulated by an appropriate buffer solution (pH = 4, 7 and 9) obtained from Merck. The buffer composition in each case was: pH 9: boric acid/potassium chloride/sodium hydroxide, pH 7: disodium hydrogen phosphate/potassium dihydrogen phosphate and pH 4: citric acid/sodium hydroxide/hydrogen chloride. Details of the synthesis protocol are presented in Supplementary Materials Table S1 (Supplementary Information). Firstly, 5.0 mL of glycerol was added into three 500 mL round-bottom flasks under vigorous stirring. Secondly, copper(II) nitrate trihydrate (0.5 mol/L) was added to each flask. Once the copper precursor was completely dissolved, a suitable buffer dissolution of the pH was added to each flask. Finally, 6.0 mL of hydrazine monohydrate was added to each flask to induce the reduction of copper species [36,40,41]. Each resultant system was allowed to react for 10 h. After the reaction, the copper NPs obtained in the flask were centrifuged and washed several times with 28.0 mL of ethanol. Finally, they were stored in conical tubes suspended in ethanol. Before TEM analysis one drop of copper nanoparticles in ethanol was added to 10 mL of additional ethanol (10 times dilution) and sonicated before being dropped onto the carbon grids.




4.2. Zirconia-Supported Copper Nanoparticles Catalysts


Details of the synthesis protocol are presented in Supplementary Materials Table S2 (Supplementary Information). ZrO2 was obtained in irregularly sized pellets. To homogenize the pellet size, the pellets were ground in a ceramic mortar and then sieved in a mesh of between 60–120 °C. Finally, ZrO2 was calcined in a muffle at 400 °C for 4 h with a heating ramp of 5 °C/min from room temperature (RT) up to 400 °C. After calcination, ZrO2 was stored in a desiccator.



The preparation of the copper NPs supported by calcined ZrO2 was as follows: first, 5.0 mL of glycerol was added into a 500 mL three-neck round-bottom flask under vigorous stirring. Second, 285 mg of copper(II) nitrate trihydrate was added into the glycerol. The resultant mixture was stirred until completely dissolved. After that, 2.0 g of ZrO2 was added. The nominal copper loading in the catalyst was 3.5 wt.% relative to the ZrO2 support. Three flasks containing the same quantity and the same glycerol solution were prepared. 10 mL of a suitable pH buffer solution was added to each flask. A different pH buffer (pH = 4, 7 and 9) was added to each flask. After this, 6.0 mL of hydrazine monohydrate was added to each flask to reduce the copper species. Each resultant mixture was stirred overnight and then filtered on a quartz frit and washed with a mixture of acetone and water. Finally, each resultant solid material was dried at 100 °C overnight and stored in a desiccator. The catalysts were labeled as Cu NPs/ZrO2 pH = 4, Cu NPs/ZrO2 pH = 7 and Cu NPs/ZrO2 pH = 9. Before catalytic testing, the samples were reduced in a flow of H2 at 200 °C for 2 h. The results of energy-dispersive X-ray spectroscopy (EDS) matched with respect to the nominal values of the copper loading (Supplementary Materials Figure S9).




4.3. Copper Materials Characterization


4.3.1. Cu Nanoparticles (NPs)


UV–visible spectroscopy was performed using a Merck Spectroquant Prove 600. A suspension of copper NPs in ethanol was deposited in a quartz cuvette with a 1 cm optical path and diluted to 50 wt.% with additional ethanol until the cuvette was filled. Subsequently, the suspension was placed into the spectrophotometer. Wavelength scans from 200 to 800 nm were configured and the respective spectra were recorded. UV–vis was performed for the three suspensions of copper NPs in ethanol (pH = 4, 7 and 9). Finally, the UV–vis spectra obtained were plotted as wavelength (nm) versus absorbance (a.u.) and deconvolved to obtain the shifts of each band, and each absorption peak. TEM analysis of the copper nanoparticles (NPs) was performed using a Jeol Model JEM-1200 EXII. Prior to analysis, the samples were dispersed in an alcohol suspension and sonicated. A drop of the suspension was placed over a copper grid with a holey carbon film.




4.3.2. Zirconia-Supported Copper Nanoparticles Catalysts


The textural properties of the copper nanoparticle catalysts were analyzed via N2 physisorption using a Micromeritrics ASAP 2010. Before the analysis, about 100 mg of the sample was degassed under vacuum at 120 °C for 4 h. The specific surface area of the catalysts was calculated using the BET equation. The total pore volume was calculated as P/P0 equal to 0.99. The average pore size was determined via the Barret–Joyner–Halenda (BJH) method, using the desorption isotherm branch.



X-ray diffraction was performed in a Bruker diffractometer model D4Endeavor equipped with a nickel filter and a Cu–Kα-ray source (λ = 0.154 nm). The analysis conditions were 40 kV and 20 mA. The diffractograms were measured at a range of Bragg angles (2θ) between 10° and 90° at 0.02 counts per second.



Before the temperature-programmed reduction (TPR), approximately 100 mg of catalyst was oxidized at 200 °C in air flow of 50 mL/min for 2 h. The TPR was carried out using 10% H2/Ar with a flow rate of 50 mL/min, increasing the temperature from room temperature to 800 °C at a heating rate of 5 °C/min. A TCD detector was used to monitor the TPR. The water formed during the reduction process was trapped in a salt/ice cooling bath.



The catalysts were reduced at 200 °C in a H2 flow of 50 mL/min for 2 h and then cooled to 40 °C under a He flow of 50 mL/min before the temperature-programmed desorption of ammonia (NH3-TPD). A flow of 50 mL/min of NH3 was used to saturate the sample surface for 10 min. The physisorbed NH3 was removed in a He flow of 50 mL/min and the system was heated from 40 to 75 °C under this He flow. Finally, during TPD analysis, the system was heated from 75 to 800 °C at rate of 5 °C/min. A TCD detector monitored the desorption of NH3.



XPS chemical analysis was carried out using a Kratos Axis Ultra HAS spectrometer, with a hemispheric analyzer using a Mg Kα X-ray radiation source (hv = 1253.6 eV), conducted at 10 mA and 15 kV. The binding energies of the XPS spectra were referred to the C1s component (BE = 285 eV).



The copper catalyst was reduced in a flow of 5% H2/Ar (20 mL/min) at 5 °C/min from 25 °C to 200 °C, maintaining the maximum temperature for 2 h before N2O analysis. The adsorption capacity and dispersion of copper were determined by N2O chemisorption with an Autochem II 2920. Selective oxidation of the copper surface to Cu2O was performed under a 20% N2O/Ar flow (20 mL/min) at 40 °C (N2O + 2Cusurface → Cu2Osurface + N2). Subsequently, the Cu2O surface was reduced in a flow of 5% H2/Ar (20 mL/min) at 5 °C/min from 25 °C to 900 °C (H2 + Cu2Osurface → 2Cusurface + H2O). Surface copper was calculated considering the stoichiometry of N2O/Cu = 0.5     mol    N 2  O   /  mol  Cu 0     and dispersion (D) was determined as the ratio between the amount of surface copper and the total nominal content of copper. The copper nanoparticle diameter (    d ¯  p   ) was determined by:


    d ¯  p  = 6      v m  /  a m     D   



(1)







The parameter am is the surface area occupied by an atom m on a polycrystalline surface, which in the case of copper is 7.14 × 10−20 m2/copper atom. The term vm is the volume occupied by an atom m in the bulk of metal, which for copper is 1.17 × 10−29 m3/copper atom [85].




4.3.3. Glycerol Dehydration


The catalysts were tested in a glycerol dehydration reaction using a 300 mL batch reactor containing 60 mL of 80 wt.% aqueous glycerol solution. Subsequently, 500 mg of each freshly reduced copper catalyst sample was introduced into the glycerol aqueous solution. The reactor was then closed and purged with N2 to ensure an inert atmosphere. The mixture was stirred at 800 rpm. The reactor was heated to 190 °C and allowed to reach autogenous pressure, and if required, additional N2 was added to achieve a working pressure of 20 bar. The catalytic reaction was carried out for 3 h, with samples being taken every half hour. The samples were analyzed in an XL auto system gas chromatograph equipped with an FID detector and a Nukol capillary column (30 m long, 0.53 mm internal diameter and a film thickness of 0.5 µm). Helium was used as carrier gas. To measure the progress of the reaction, the glycerol conversion (X) and product selectivity (Si) were calculated at each sampling time as follows:


  X =   M o l e s   o f   g l y c e r o l   c o n v e r t e d   I n i t i a l   m o l e s   o f   g l y c e r o l   × 100 %  



(2)






   S i  =   M o l e s   o f   C   i n   t h e   p r o d u c t   i   M o l e s   o f   C   i n   t h e   i n i t i a l   q u a n t i t y   o f   g l y c e r o l   × 100 %  



(3)







The yield was expressed as:


  Y i e l d   t o   s p e c i f i c   p r o d u c t    %  =   S e l e c t i v i t y   t o   s p e c i f i c   p r o d u c t × C o n v e r s i o n   100    



(4)










5. Conclusions


Copper NP catalysts with varying synthesized pH were deposited on ZrO2 after preparation via the chemical reduction method. XRD results revealed only the presence of tetragonal ZrO2, suggesting that the copper NPs deposited on ZrO2 were highly dispersed. The TPR of copper catalysts suggested that the Cu NPs/ZrO2 pH = 4 and Cu NPs/ZrO2 pH = 7 catalysts exhibited more homogeneous dispersion of copper species compared with the Cu NPs/ZrO2 pH = 9 catalyst. The results of TPR were corroborated by N2O chemisorption based on the values obtained for dispersion and average particle size. Metallic copper was essential for the dehydration of glycerol using acetol. The aqueous reaction medium could be a vector of deactivation, particularly for the Cu NPs/ZrO2 pH = 4 and Cu NPs/ZrO2 pH = 7 samples. The copper dispersion could not completely explain the observed differences in activity obtained for the Cu NP catalysts. Total acidity and catalyst reducibility must also be considered. Finally, it is noteworthy that the main products obtained in the dehydration of glycerol were acetol, 1,2-PDO, pyruvaldehyde, furan derivatives, and to a lesser extent acetone and 2-propanol. The Cu NPs/ZrO2 pH = 9 catalyst was the most active catalyst for the formation of acetol.
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Figure 1. TEM images of the copper nanoparticles (NPs) obtained via the chemical reduction method (a) pH = 4, (c) pH = 7 and (e) pH = 9. Histograms of the Cu NPs (b) pH = 4, (d) pH = 7 and (f) pH = 9. ADP = Average Particle Diameter. 
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Figure 2. TEM images of the copper nanoparticles/ZrO2 catalysts. (a) Cu NPs/ZrO2 pH = 4, (b) Cu NPs/ZrO2 pH = 7, (c) Cu NPs/ZrO2 pH = 9. 
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Figure 3. TPR analysis. (1) Cu NPs/ZrO2 pH = 4, (2) Cu NPs/ZrO2 pH = 7, (3) Cu NPs/ZrO2 pH = 9. 
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Figure 4. High-resolution XPS spectra of the Cu 2p (a) and Zr 3d (b). (1) Cu NPs/ZrO2 pH = 4, (2) Cu NPs/ZrO2 pH = 7, (3) Cu NPs/ZrO2 pH = 9. 
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Figure 5. Glycerol conversion as a function of reaction time and catalyst. (1) Cu NPs/ZrO2 pH = 4, (2) Cu NPs/ZrO2 pH = 7, (3) Cu NPs/ZrO2 pH = 9. 
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Figure 6. Selectivity of the different products versus time observed for reactions using the copper catalysts: (a) Cu NPs/ZrO2 pH = 4, (b) Cu NPs/ZrO2 pH = 7 and (c) Cu NPs/ZrO2 pH = 9. 
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Figure 7. Yield of acetol after 90 min of reaction. (1) Cu NPs/ZrO2 pH = 4, (2) Cu NPs/ZrO2 pH = 7, (3) Cu NPs/ZrO2 pH = 9. 
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Figure 8. General chemical pathway proposed for catalyzed glycerol dehydration. 
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Table 1. Specific surface area and pore volume calculated from N2—adsorption.
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	Sample
	Specific Surface Area SBET (m2/g)
	Pore Volume (cm3/g)
	Pore Diameter (nm)





	Cu NPs/ZrO2 pH = 4
	129
	0.131
	4.1



	Cu NPs/ZrO2 pH = 7
	134
	0.137
	4.1



	Cu NPs/ZrO2 pH = 9
	136
	0.143
	4.2



	ZrO2
	146
	0.156
	4.3
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Table 2. Adsorption properties, exposed copper atoms and dispersion of copper catalysts.
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	Sample
	Tmax (°C) 1
	Tmax (°C) 2
	NH3 (mmol/gcat) 3
	N2O (µmol/gcat) 4
	Copper

(g Cu/gcat) 5
	D (%)
	      d ¯  p  ( nm )    





	Cu NPs/ZrO2 pH = 4
	153.7
	–
	1.3
	151
	0.0191
	54.8
	1.8



	Cu NPs/ZrO2 pH = 7
	163.5
	–
	1.1
	149
	0.0189
	54.1
	1.8



	Cu NPs/ZrO2 pH = 9
	161.4
	206.3
	1.5
	116
	0.0148
	42.3
	2.3







1 First TPR peak (region I). 2 Second TPR peak (region II). 3 Total NH3 consumption (µmol/gcat) by NH3-TPD. 4 N2O consumed by adsorption. 5 Exposed copper resulting from N2O adsorption.
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Table 3. Surface atomic percentages as determined by XPS.
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Material

	
Atomic Surface %

	
Cu 2p/Zr 3d Atomic Ratio a




	
C 1s

	
O 1s

	
Zr 3d

	
Cu 2p

	






	
Cu NPs/ZrO2 pH = 4

	
14.17

	
63.38

	
20.40

	
2.05

	
0.100




	
Cu NPs/ZrO2 pH = 7

	
11.18

	
65.98

	
20.87

	
1.97

	
0.094




	
Cu NPs/ZrO2 pH = 9

	
13.43

	
64.62

	
20.08

	
1.88

	
0.093








a Calculated by XPS.
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Table 4. Cu 2p3/2 binding energy, Cu LMM kinetic energy and Auger parameter.
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	Sample
	Cu 2p3/2 B.E. (eV)
	Cu LMM K.E. (eV)
	Modified Auger Parameter a





	Cu NPs/ZrO2 pH = 4
	932.88
	916.78
	1849.66



	Cu NPs/ZrO2 pH = 7
	933.38
	915.75
	1849.13



	Cu NPs/ZrO2 pH = 9
	933.05
	917.61
	1850.66







a The sum of the B.E. of the Cu 2p3/2 and the K.E. of the Cu LMM Auger.
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Table 5. Kinetic constant values for glycerol dehydration over Cu NP catalysts.
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	Sample
	k (min−1)





	Cu NPs/ZrO2 pH = 4
	0.0013



	Cu NPs/ZrO2 pH = 7
	0.0013



	Cu NPs/ZrO2 pH = 9
	0.0040
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Table 6. Comparison of the results obtained in this work with other results from the literature in the liquid phase of catalytic valorization of glycerol over metal catalysts.
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	Catalysts
	T (°C)
	H2 Pressure (atm)
	Glycerol/Catalyst (g/g)
	Glycerol Conversion (%)
	Time (h)
	Selectivity to1,2–PDO (%)
	Ref.





	Ag/Al2O3
	220
	15.0
	7.6
	46.0
	10
	96.0
	[75]



	Rh/SiO2
	120
	80.0
	27.8
	19.6
	10
	34.6
	[76]



	Pt/SiO2-Al2O3
	220
	45.0
	6.0
	6.0
	24
	31.9
	[27]



	Cu/Dolomite
	200
	40.0
	20.0
	78.5
	10
	79.0
	[17]



	Cu/ZrO2
	200
	40.0
	41.6
	12.8
	8
	12.8
	[77]



	Cu/MgO
	180
	30.0
	7.1
	72.0
	20
	97.6
	[78]



	Cu/SiO2
	240
	78.9
	166.0
	4.1
	5
	90.1
	[79]



	Cu/ZrO2
	190
	--- a
	160.0
	40.0
	3
	10.0
	This work



	Cu/ZnO/Al2O3
	220
	--- a
	100.0
	70.2
	6
	63.0
	[80]



	Cu0.4/Mg5.6Al2O8.6
	220
	--- a
	8.0
	33.1
	10
	91.7
	[81]



	Cu/C
	220
	50
	150.0
	16.6
	6
	78.6
	[82]



	Cu/ZrO2
	200
	80
	10.0
	85.0
	5
	94.0
	[83]



	Cu/MgO
	230
	--- a
	20.0
	90.0
	2
	1.0
	[84]







a N2 atmosphere. T = temperature. Ref. = Reference.
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