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Abstract

:

Fatty alcohols are important products in the chemical industry, given that they are frequently used in the formulation of surfactants and lubricants. In this context, this work describes a catalytic heterogeneous approach for the production of 1-octadecanol (C18OH) from ethyl stearate (ES) using nanosized Ru-supported on tungstated zirconia (W/Zr). The activity and selectivity of this series of catalysts have been studied during the hydrogenation of ES in a batch reactor at 175 °C and PH2 = 40 bar. The so-prepared catalysts were characterized by a sort of characterization techniques (i.e., X-ray diffraction, H2-TPR, etc.), confirming the high dispersion and higher reducibility of Ru nanoparticles on the W/Zr surface (primarily tetragonal zirconia) with respect to pure zirconia. Overall, the catalysts were significantly active. In addition, a strong synergistic effect was revealed between Ru and W species, according to catalytic data. Finally, the reaction sequence towards fatty alcohol has also been elucidated, pointing to the ester hydrogenolysis to the aldehyde and ulterior hydrogenation of the latter as the main route for fatty alcohol formation.
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1. Introduction


Fatty alcohols are straight-chain primary alcohols whose origin can be both synthetic or natural and are highly appreciated for having important applications as indispensable intermediates for the production of lubricants, the plasticizer industry (between six and ten carbon atoms), the detergent industry (more than eleven carbon atoms), cosmetics, food additives, pharmaceutics, industrial solvents, etc.



In this context, the hydrogenation of fatty acids to their corresponding alcohols is considered an important industrial task due to the broad use of fatty alcohols in important fields of specialty chemicals, as stated [1,2,3]. Nonetheless, although fatty acids are an abundant worldwide commodity, most alcohol producers think it preferable to hydrogenate the corresponding fatty acid esters (FAEs). This is due in part to the difficulty of directly hydrogenating acids due to the required harsh reaction conditions (i.e., temperatures and H2 pressure above 200 °C and 250 bar, respectively), low selectivity, and the sensitivity of many catalysts to acids (Scheme 1) [4].



In sharp contrast, hydrogenation of FAEs can be carried out at lower temperatures, as evidenced by a variety of efficient homogeneous metal-catalyzed ester hydrogenations under mild conditions that have been recently reported [5,6,7,8,9,10,11,12,13]. In this regard, owing to their lower expense, renewability, eco-friendliness, and biodegradability, priority is being given to obtaining them from greasy wastes (i.e., mainly from the hydrogenation of vegetal and animal fats) [14,15,16,17].



To summarize briefly, during the 80s, different companies designed their own slurry processes for the hydrogenation of methyl esters and fatty acids (via waxes) to produce fatty alcohols using different versions of a copper chromite catalyst [18,19,20]. Subsequently, fixed-bed reactors were also reported, which operated at high H2 pressure. For example, the Air-Liquide (Lurgi) technology had an operating procedure at 250 bar pressure in a liquid phase process, while the Davy process was taking place in the vapor phase at 40 bar pressure [21]. In addition, and as information of interest, the pioneering Adkins (CuO/CuCr2O4) catalysts are still used to manufacture fatty alcohols on an industrial scale with yields in excess of 90% [22,23].



Given these precedents, it seems that the large-scale hydrogenation of FAEs has hardly changed over the past decades since it still basically takes place with the intervention of Cu/Cr catalysts under reaction conditions ranging from 25 to 30 MPa hydrogen pressure and 200–300 °C temperature [24].



In this regard, not only the harsh reaction conditions but the toxic nature of chromium render these catalysts unsuitable for extensive use from a green point of view. For this reason, the development of efficient Cr-free catalysts as a green alternative for producing fatty alcohols is highly desirable. Efforts have been invested in obtaining highly active and selective Cr-free catalysts, many of them based on Cu (i.e., mono and bimetallic Cu-based catalysts such as Cu-Zn, CuO/ZnO/Al2O3, Cu-Fe, Cu-Zn-Al-Ba mixed oxide, etc.) and noble metals [25,26,27,28,29,30,31,32], and, more recently, with Ni and Co-based catalysts [33,34,35,36,37].



Although in some cases, the selectivities and conversions achieved were very high, and in many cases, the reaction conditions were still very demanding (i.e., T > 250 °C and PH2 > 5 MPa). In parallel, different Ru-based catalysts using different promoters (i.e., B, Sn, Ge, etc.) were also reported. In this case, the Ru activity was substantially reduced in the presence of Sn, although conversion and selectivity improved (>98%) for producing the fatty alcohol derived from methyl oleate [38,39].



Following this line, in this study, a series of supported Ru-based catalysts has been developed to be applied as catalysts in the hydrogenation of ethyl stearate (ES) to 1-octadecanol or stearyl alcohol (C18OH). Stearic acid (also denoted as octadecanoic acid) is found mostly in animal fats as a mixed triglyceride and as an ester of fatty alcohol and is frequently used in cosmetics, plastics, stiffening detergents, and soaps [40].



In this case, Ru has been deposited on ZrO2, given the interest that this oxide has aroused over the past decades due to a large number of catalytic applications in the industry [41]. Then, modification with the high valent element, Wn+, has also been addressed, given that tungstated oxides show less tendency to deactivation and superior stability than other strong solid acids (i.e., sulfated oxides) under both oxidizing and reducing conditions [42,43,44,45]. Then, an H2-TPR study has shown that W facilitates the reducibility of all Ru species, whereas an adequate Ru/W ratio will enhance the hydrogenating activity of the catalyst through an appreciable cooperative effect. Interestingly, such a synergistic effect has been related to the formation of WO3 species.




2. Results and Discussion


2.1. Structural Characterization of Synthesized Catalysts


Zirconia was synthesized according to a method reported in the literature (see Section 3.2). In this case, X-ray powder diffraction (XRPD) analysis of the synthesized supports revealed that a mixture of crystalline tetragonal (2θ = 30.24, 34.80, 50.70) and monoclinic (2θ = 28.18, 31.40, 34.2, 35.3) ZrO2 phases had formed (t-ZrO2 and m-ZrO2, respectively) (Figure 1A) [46,47]. Then, Ru metal was incorporated, as described in Section 3.2, to give the solid Ru(1)/ZrO2. In this case, structural analysis by XRPD confirmed the stability of the ZrO2 phase and the absence of segregated phases derived from Ru (Figure 1B).



At this point, given that the incorporation of Sn4+ improved the selectivity towards obtaining oleyl alcohol during the hydrogenation of the corresponding fatty acid over Ru supported on alumina [48,49], a study about the influence of Wn+ was carried out.



For this, a series of tungstated zirconias (i.e., W/Zr) was prepared from W deposition on zirconium oxyhydroxide using increasing proportions of W (see Section 3.2). Both the structure and physico-chemical characteristics of the resulting solids were analyzed by X-ray diffraction as well as by typical surface characterization techniques. In principle and as a curiosity, the diffractograms showed that the incorporation of W on ZrO2 stabilized the crystallization of metastable tetragonal ZrO2 (t-ZrO2) over monoclinic ZrO2 phase (m-ZrO2) [41]. In close connection to this, there are precedents in the literature indicating that the stabilization of the tetragonal polymorph occurs under mild temperature and pressure conditions when an iso- or aliovalent zirconium substitution of larger cationic radii takes place (i.e., Y4+, Ga3+, Gd3+, and Fe3+) [50,51,52].



On the other hand, it is important to indicate that the formation of WO3 (2θ = 23–25°) was detected from a tungsten content of about 33 wt.% (Figure 1). In this regard, early studies have shown that there is a maximum amount of WOx on ZrO2 before crystalline WO3 is formed. According to these studies, there is a dispersion threshold where WOx species are considered to cover the surface of ZrO2 in a monolayer state [46,53]. Calculations of different models have shown that the dispersion (or W surface density) (ρ) threshold should be around 6–8 W atoms/nm2. Then, when the W surface density is below this value, W usually will exist in the form of isolated monotungstate species. However, when the W surface density is close to the dispersion threshold, WOx will form polytungstate species and, finally, the crystallized WO3 nanoparticles (W NPs) [46,54].



In our case, we have calculated the tungsten surface density (ρ) for W(33)Zr (the support of one of the most active catalysts, as will be seen later) as 18.9 W atoms/nm2, which is well above the dispersion threshold. So, in principle, under these conditions, there might surely be polytungstate species as well as WO3 species (detected by X-ray diffraction) [54].



In summary, the incorporation of about 20 wt.% of W led to the stabilization and exclusive formation of t-ZrO2, whereas an increase of up to 33 wt.% W led to the detection of WO3 species according to diffraction data. All these features will have an influence on the catalysis, as will be shown later.



Continuing with this study, it is important to remark that the characteristic peaks of ZrO2 and WO3 were not affected by the deposition of Ru (Figure 1), not even when the Ru content was increased to twice the original (Ru 2 wt.%), as could be deduced from Figure S1 (see Supplementary Materials). In fact, for both Ru(1.3)/W(33)Zr and Ru(2)/Zr(33)W catalysts, only the typical reflections of ZrO2 were observed in the corresponding diffractograms.



In this case, the absence of characteristic diffraction peaks of the ruthenium crystallites (even with a content of up to 2 wt.%) was interpreted as proof of good metallic dispersion on the W/Zr surface (Figure S1).



For the purposes of comparison, TiO2 was also used as support. Figure S2 shows the diffractograms obtained for two analogous Ru-based catalysts supported on the mixed oxide W/Ti (Ru/W/Ti) and pure TiO2 taken as a reference (see details for its synthesis in Section 3.2). In both cases, the characteristic peaks of WO3 (2θ = 23–25°) and titania in the anatase phase (2θ = 25.2, 37.9, 48.1) were observed [55].



Given that, as in the previous case with zirconia, no peaks that could be attributed to a Ru phase (2θ = 42.0) could be detected by XRPD, this was again interpreted as a probe of a good metallic dispersion on the titania surface.




2.2. Physico-Chemical and Textural Characterization of Synthesized Catalysts


Nitrogen adsorption/desorption isotherms were used to investigate the Brunauer, Emmett, and Teller (BET) surface area and pore volume, whereas average metal particle size and distribution of elements on the surface was determined by transmission electron microscopy (TEM). It is necessary to indicate that the analytical determination of each element was carried out by ICP-AES analysis and, in some cases, by X-ray fluorescence spectroscopy. The main chemical and textural characterization results obtained for this series of catalysts are included in Table 1.



In general, it was observed that the total pore volume and external surface area decreased as the W content on ZrO2 increased (Table 1). The same observation took place with increasing amounts of Ru (Table 1).



The metal particle size was determined through transmission electron microscopy (TEM). In this case, a dependence of the metal particle size with respect to the metal loading was observed. As an example, the catalyst Ru(0.5)/W(33)/Zr with a Ru load of 0.5% had an average metal particle diameter of 0.5 nm (entry 6, Table 1), while the catalyst Ru(1.3)/W(33)/Zr (entry 7, Table 1) with a Ru content of 1.3 wt.% showed a particle size of about 1.2 nm.



Figures S3–S5 (see Supplementary Materials) show some of the most representative TEM micrographs of the catalysts from which the average diameter of the metal particles deposited on the different supports was determined. Then, the reducibility of the most representative Ru-based catalysts was also obtained as data of interest. Figure 2 illustrates the H2-TPR profiles of this series of Ru-based catalysts.



From Figure 2, it could be deduced that, in general, the incorporation of W on zirconia brought an improvement in the reducibility of Ru. Effectively, ruthenium on pure zirconia (Ru(1)/Zr) showed two reduction peaks at relatively low temperatures: (a) a reduction peak about 50 °C which was associated with the reduction of well-dispersed RuOx species to metal; (b) a second reduction peak about 130 °C associated to the reduction of RuOx nanoparticles with low dispersion (>3 nm); and (c) a third one around 300 °C, which was attributed to Ru species interacting strongly with the support through strong metal-support interactions (SMSI) [56].



It is important to indicate that in the presence of 33 wt.% W, the two most easily reducible Ru species (at 130 °C and 50 °C) evolved to give essentially a single more uniform metallic species that could be reduced at intermediate temperature (approx. 70 °C) (Figure 2a,b), whereas the reduction of SMSI species took place below 300 °C (Figure 2a,b). It is interesting to note that these SMSI species were undetectable with higher Ru loadings (1–2 wt.% Ru) (Figure 2c,d).



Finally, given that the reduction of the WOx species took place from 550 °C (Figure 2), a reduction temperature of 400 °C was selected to guarantee the complete and exclusive reduction of surface Ru species when preparing the series of catalysts.




2.3. Catalytic Studies


The fatty alcohol production through the hydrogenation of fatty acid derivatives is an environmentally friendly process that can be complementary to the industrial one, which is based on petrochemical processes. In this case, the hydrogenation of ethyl stearate (ES) to 1-octadecanol (C18OH) was chosen as a model reaction to determine the activity/selectivity of the Ru-based catalytic systems thus prepared. In this case, a preliminary screening of reaction conditions led to determining the optimal experimental parameters: 175 °C, 40 bar hydrogen pressure, 1 mmol of ES, 0.6 mmol of n-dodecane (internal standard), 3 mL of hexane, and 100 mg of catalyst.



Then, the data collected in Table 2 shows the catalytic data obtained at different conversion values with the Ru-based solid catalyst series.



As can be deduced from Table 2, along with the desired fatty alcohol C18OH, other secondary products were formed, such as SA, the transesterification product SS, and the straight chain hydrocarbons heptadecane and octadecane (C17 and C18, respectively).



It is interesting to note that the W-catalyzed acid hydrolysis to give SA was something unimportant, regardless of the content of W—a fact that was attributed to the effect of using a nonpolar solvent such as n-hexane (Table 2), which, in principle, would keep water away from the catalyst surface during the reaction, thus preventing ester hydrolysis [57,58].



If this were so, cleavage of the C-O bond through direct ester hydrogenolysis to produce an aldehyde intermediate could be the main route towards 1-octadecanol C18OH, although we will return to this point later.



Regarding the transesterification reaction and in line with the need for acid catalysis to form SS [59], it was found that this secondary reaction was especially relevant with those catalysts with a high W content and low Ru content (i.e., entry 2, Table 2). Also, as might be expected, the selectivity towards SS increased in all cases with time at the expense of the formation of fatty alcohol.



Nonetheless, the most remarkable fact was that the formation of linear hydrocarbons C17 and C18 competed significantly with the formation of fatty alcohol C18OH, presumably through (a) a decarbonylation reaction to give C17 (b) and a hydrodeoxygenation HDO and/or a sequential dehydration/hydrogenation pathway to give C18.



By analyzing these results by parts, the initial reaction rate (r0) and TOF for forming C18OH were calculated for the series of catalysts with different Ru content (0.5–2%) and the same proportion of W (entries 2–4, Table 2), and the obtained values were plotted against the Ru content (%) (Figure 3A).



According to Figure 3A, a linear dependence between catalytic activity and Ru content could be obtained by showing the following order of activity:



	
Ru(2)/W(33)/Zr > Ru(1.3)/W(33)/Zr > Ru(0.5)/W(33)/Z






That is, the higher the Ru content (wt.%), the higher the proportion of fatty alcohol C18OH obtained. In parallel, the influence of W as a promoter was also studied. To achieve this, three different catalysts with the same Ru content (approx. 1 wt.%) and variable amounts of W (0–33 wt.%) were selected (entries 1, 3, and 5, Table 2) (Figure 3B). Then, the catalytic data (r0 and TOF for forming C18OH) were obtained for these three catalysts, and the results were plotted versus the W content (wt.%). Interestingly, the graph in Figure 3B clearly showed that the catalytic activity for forming C18OH increased exponentially with the W content, leading to a maximum with the catalyst Ru(1.3)/W(33)/Zr (entry 3, Table 2) and pointing to the existence of a plausible synergistic effect between Ru and W, which coincided with the formation of WO3 according to X-ray diffraction data.



In addition, the selectivity values were also obtained at two different conversion values (30 and 60%) for the three catalysts included in Table 2 (entries 2–4), and these selectivity values were plotted against the Ru and W content (Figure 4).



Regarding the Ru content, a Gaussian-type curve was obtained in which the catalyst Ru (1.3)/W(33)/Zr gave the best selectivity values towards C18OH at both low and high conversion values. Regarding the W content, it is interesting to note that the best selectivity values towards fatty alcohol were obtained with 33 wt.% W, coinciding again with the formation of WO3 species according to X-ray diffraction data in Figure 1.



Then, with this information in hand, we tried to expand these catalytic studies to a different reducible oxide, such as TiO2, given that the latter has a greatly recognized stability under similar reaction conditions.



Thus, a closely related Ru/W based catalyst was prepared on TiO2 (P25) (Section 3.2), which was named Ru(1)/W(30)/TiO2. The performance of this catalyst was compared with that of the previous catalyst Ru(1.3)/W(33)/Zr during the selective reduction of ES into the fatty alcohol C18OH under the same experimental conditions (Figure 5).



Interestingly, although in both cases, the selectivity towards C18OH was rather similar during the first stages of the reaction (Table 2), Ru(1.3)/W(33)/Zr was much more active than Ru(1)/W(30)/Ti, hence stressing the importance of the support (Figure 5).




2.4. Mechanistic Studies


A priori, the formation of 1-octadecanol C18OH via hydrogenation of the fatty ester, ES, can be the consequence of a double hydrogenation of the latter, first to the aldehyde octadecanal and then to the corresponding fatty alcohol C18OH.



However other non-desired products were also formed: (a) a minor product derived from acid hydrolysis of the fatty ester named SA, which could also participate in the production of fatty alcohol; (b) the transesterification product SS; (c) the decarbonylation product heptadecane C17 (A control reaction was carried out to confirm that heptadecane C17 came from the decarbonylation of 1-octadecanol [Reaction conditions: 175 °C, PH2 = 40 bar, C18OH (1 mmol), n-dodecane as internal standard (0.6 mmol), hexane (3 mL), Ru(1.3)W(33)/Zr catalyst (100mg)]. In this case C18OH was transformed into long chain hydrocarbons C17 and C18); and (d) octadecane C18—which could form surely through a sequential dehydration/hydrogenation reaction of C18OH as main reaction pathway [60].



This last hypothesis was supported by the fact that the decarbonylation product C17 predominated over C18 in the presence of Ru(1)/Zr as a catalyst (entry 1, Table 2). However, the surface acidity introduced by W could make the dehydration /hydrogenation pathway from C18OH become highly favored (through a plausible and undetected alkene intermediate) [60,61,62], making this pathway compete efficiently with decarbonylation, thus giving a more balanced ratio of both hydrocarbons (C17 and C18) (entries 2–6, Table 2).



Figure 6 displays the evolution of selectivity for different products with time in the presence of Ru(1.3)/W(33)/Zr as a catalyst.



When looking carefully at the evolution of reaction with time from Figure 6, it can be observed that the selectivity towards the fatty alcohol gradually increased over time, reaching a maximum selectivity of 70% after 3 h, then decreasing at the expense of the transesterification product SS and the long chain hydrocarbons C17 and C18.



Along with these observations and in order to aid in the elucidation of the reaction scheme, the following control reactions were run in parallel:




	(a)

	
The free carboxylic acid SA was put in contact with Ru(1.3)/W(33)/Zr under H2 (P = 40 bar) at 175 °C, being rapidly transformed into the long-chain hydrocarbons C18 and C17, through the intermediation of fatty alcohol C18OH. In no case was the formation of aldehyde detected. However, given that SA was always a minority and tended to decrease with time (Figure 6), we inferred that the main route towards C18OH could be very likely the ester hydrogenolysis followed by reduction of the resulting aldehyde and not the hydrogenation of SA (see Scheme 2 below).




	(b)

	
A long-chain aldehyde was taken as an aldehyde model (i.e., decanal), being contacted with Ru(1)/W(33)/Zr under the same experimental conditions. In this case, the aldehyde was rapidly transformed into the long-chain paraffins C10 and C9 in less than 10 min, giving a product distribution equivalent to that obtained starting from the fatty acid SA. Thus, this experimental fact confirmed that the aldehyde, although it is never detected, is more certainly the key intermediate in the transformation into fatty alcohol and paraffin.




	(c)

	
In addition, C18OH was also transformed exclusively into the same C17 and C18 hydrocarbons in the presence of Ru(1.3)/W(33)/Zr as a catalyst (A control reaction was carried out to confirm that heptadecane C17 came from the decarbonylation of 1-octadecanol [Reaction conditions: 175 °C, PH2 = 40 bar, C18OH (1 mmol), n-dodecane as internal standard (0.6 mmol), hexane (3 mL), Ru(1.3)W(33)/Zr catalyst (100mg)]. In this case C18OH was transformed into long chain hydrocarbons C17 and C18).









Thus, from these results and in order to explain the formation of C18OH and the set of secondary products detected during the hydrogenation of ES, the following reaction scheme could be established:



In accordance with this, the most efficient catalytic system (Ru(1.3)W(33)/Zr) achieved 100% selectivity for 1-octadecanol under mild conditions (175 °C and 4.0 MPa of H2) at low and moderate conversion levels (Table 2). Here, a metal-Lewis acid cooperation between Ru/W was primarily responsible for the high activity towards 1-octadecanol or stearyl alcohol C18OH, something that could be evidenced by a significant exponential increase in the initial reaction rate (r0) and the TOF for obtaining the fatty alcohol with the addition of W (Figure 3). To explain this experimental result, it is necessary to take into account that hydrogenation of carbonyl groups can take place through (a) the homolytic cleavage of H2, with supported transition metal catalysts [63,64], as well as (b) a heterolytic cleavage (dissociation of H2 into H− and H+), where the metal bonds to a Lewis base to form a metal–base pair (i.e., catalysts based on metals immobilized on oxidic supports, like those of this study) [65].



In this regard, we foresee that the acidity of the catalyst could facilitate the reaction through a heterolytic dissociation. That is, the interaction of the ester group with W can cause a weakening or activation of the C=O bond, hence making the attack on the carbonyl group by the metal hydride (H−) much easier. At the same time, the protonation (H+) of the leaving alkoxy group would also be facilitated under acidic conditions, giving rise to the formation of the corresponding alcohol (Scheme 2).



It is important to highlight that the introduction of acidity by the W was not enough for the ester hydrolysis reaction to be competitive, so the formation of fatty alcohol from the hydrogenation of SA remained as a minority route (route 1, Scheme 2). In this regard, we assumed that ester hydrogenolysis, followed by aldehyde hydrogenation, was the main route towards the fatty alcohol (route 2, Scheme 2). Finally, we obtained that the catalyst was stable under the reaction conditions since it could be used up to three times with no appreciable loss of activity and selectivity to 1-octadecanol.





3. Materials and Methods


3.1. Reagents and Chemicals


All reagents and solvents used in this study: NaOH, NaBH4, ZrOCl2·8H2O, NH4OH/NH4Cl buffer, (NH4)6H2W12O40, (NH4)8Mo7O24, N,O-Bis(trimethylsilyl) trifluoroacetamide, n-hexane, n-dodecane, n-decane, n-nonane, 1-decanal, 1-decanol, n-heptadecane, n-octadecane, ethyl stearate (ES), octadecan-1-ol (C18OH), stearic acid (SA), stearyl stearate (SS), and TiO2 were supplied by Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) and were used without any further purification.




3.2. Synthesis of Catalysts


3.2.1. Synthesis of ZrO2 and Mixed Oxides WZrOx (W/Zr) and WTiOx (W/Ti)


	
Synthesis of ZrO2






Zirconia was synthesized following the procedure described in the literature with slight modifications [66,67]. That is, 23.52 g of ZrOCl2 were added to 135 mL Milli-Q® EQ 7000 system (Merck KGaA, Darmstadt, Germany) H2O (solution A). In parallel, 150 mL of a commercial NH4OH/NH4Cl (2 M) buffer solution (pH = 10–11) was prepared (solution B). Solution A was added dropwise over solution B under constant stirring, and the mixture was stirred at room temperature for 30 min. The white solid thus obtained was filtered off and washed with water MilliQ until chloride ions were completely removed. The obtained solid was resuspended in 150 mL of a 2 M NH4OH/NH4Cl buffered solution at pH = 10.5 and heated under reflux for 12 h at 90 °C with constant stirring. The resulting solid was filtered and washed again with abundant water until the chloride ions present were completely removed. Finally, the solid was dried in an oven for 12 h at 100 °C.



	
Synthesis of W/ZrOx support (W/Zr)






A certain amount of zirconia (1 g) prepared according to the procedure previously described was impregnated with an aqueous solution (3 cm3/g ZrO2) containing the required amount of ammonium metatungstate (NH4)6H2W12O40 to obtain the desired amount of W on the solid surface. The resulting mixture was magnetically stirred for 12 h at 60 °C. Then, water was removed by heating to 60 °C under reduced pressure. The solid thus obtained was dried in an oven at 100 °C for 12 h, and then it was calcined under air (air flux: 10 mL/min) at 700 °C for 7 h (heating ramp of 10 °C/min and the time needed to reach 700 °C). The catalysts were synthesized with a nominal value of 12, 33, and 50 (wt.%) of tungsten. The amount of W is indicated in parentheses (i.e., W(33)/Zr).



	
Synthesis of WTiOx support (W/Ti)






The same experimental procedure followed to support W on ZrO2 was used to deposit W on TiO2 (TiO2 anatase phase). The catalysts were synthesized with 30 wt.% of tungsten. The amount of W is indicated in parentheses (i.e., W(30)/Ti).




3.2.2. Synthesis of Ru Supported on ZrO2 (Ru/Zr)


1 g of calcined support ZrO2 was suspended in 30 mL of distilled water with the aid of ultrasounds (EMAG Technologies, Ann Arbor, MI, USA) (30 min). Then, 1 mL of an aqueous solution containing the required amount of RuCl3 (i.e., 23.84 × 10−3 or 62 × 10−3 or 95.35 × 10−3 mg RuCl3) was added to obtain the desired ruthenium content (i.e., 0.5, 1.3, and 2 wt.% Ru) on the solid surface. The mixture was stirred while sodium hydroxide solution (0.1–1 M) was added dropwise until reaching pH = 13, being stirred further for 1 h under these conditions. The resulting solid was then separated by centrifugation and washed abundantly with distilled water to completely remove the chloride ions. The solid was dried in an oven at 60 °C for 12 h. Then, the solid was reduced at 400 °C for 3 h with H2 flow (20 mL/min). The heating ramp was 10 °C/min, the time necessary to reach 400 °C. Cooling was performed using a 100 mL/min N2 flow. The catalysts were synthesized with 1% (wt.%) of the metal. The amount of Ru is indicated in parentheses (i.e., Ru(1)/ZrO2).




3.2.3. Synthesis of Ru Supported on WZrOx and WTiOx (Ru/W/Zr and Ru/W/TiO2)


1 g of calcined W/Zr oxide (or W/TiO2) was suspended in 30 mL of distilled water with the aid of ultrasounds (for 30 min). Then, 1 mL of an aqueous solution with the required amount of RuCl3 was added to obtain the desired ruthenium content on the catalyst surface. The resulting slurry was stirred while sodium hydroxide solution (0.1–1 M) was added dropwise until reaching pH = 13, being stirred additionally for 1 h under these conditions. The resulting solid was separated by centrifugation, being washed abundantly with distilled water to completely remove chloride ions. The resulting solid was dried in an oven at 60 °C for 12 h, and then it was reduced at 400 °C for 3 h with H2 flow (20 mL/min). In this case, a heating ramp of 10 °C/min was used until reaching the required temperature. Cooling was performed using a 100 mL/min N2 flow.





3.3. Characterization of Catalysts


X-ray powder diffraction (XRPD) patterns were collected using a PANalytical CUBIX X-ray diffractometer (Malvern Panalytical, Sucursal B.V., Madrid, Spain) equipped with Cu Kα radiation (λ = 1.5419 nm) and fixed divergence slits in the 2θ range from 3.5 to 90°. The crystallite size of the zirconia phase was calculated from the X-ray powder diffraction patterns by means of the Scherrer equation, using the peak at 30.2° (2 theta). The values obtained were very similar, and around 100 Å, in all the samples: Ru1Zr (109 Å), Ru1W12Zr (80 Å), Ru1W33Zr (99 Å), Ru0.5W33Zr (98 Å), and Ru2W33Zr (99 Å).



According to a semi-quantitative Rietveld analysis of the patterns, the samples with the lowest W contents (Ru1Zr and Ru1W12Zr) consisted of tetragonal and monoclinic (Baddeleyite) zirconia (57/43 and 56/44 wt.%, respectively). The possible presence of a certain amount of cubic zirconia could not be completely excluded due to its large peak overlap with the tetragonal phase. The samples with the highest contents of W (Ru0.5W33Zr, Ru1W33Zr, and Ru2W33Zr) only presented the tetragonal zirconia phase, with no observable presence of the monoclinic one. In these three samples, the presence of monoclinic WO3 was detected (approximately 75 wt.% ZrO2 and 25 wt.% WO3).



The chemical compositions of the samples were measured by Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) analysis. These analyses were carried out in a Varian 715-ES ICP Optical Emission spectrometer (Palo Alto, CA, USA). Solids were dissolved in HNO3/HCl (1:3) + H2O2/H2SO4 aqueous solution or in a HNO3/HCl/HF aqueous solution.



Energy Dispersive X-ray Fluorescence or EDXRF was used to quantify the elements on those catalysts that did not dissolve with different mixtures of acids (i.e., aqua regia or HNO3/3HCl). These fluorescence measurements were performed with a PANalytical MiniPal4 spectrometer (Malvern Panalytical, Malvern, UK) on the solid powder samples without any pretreatment. For this, a calibration line was obtained from standards prepared in the laboratory, using mixtures of WO3, ZrO2, and ruthenium(III) oxide (99.9%) in different proportions.



The average size and size distributions of the metal nanoparticles were measured by high-resolution transmission electron microscopy (HR-TEM) using a JEOL JEM 2100F microscope (Tokyo, Japan) operating at 200 kV both in transmission (TEM) and scanning-transmission mode (STEM). The equipment includes an EDS X-Max 80 detector (Oxford Instruments, Abingdon, UK) with a 127 eV resolution for chemical characterization and a high-angle annular dark-field (HAADF) detector. Samples were prepared by dropping the suspension of the material using CH2Cl2 as the solvent directly onto carbon-coated copper grids for transmission electron measurements. The mean particle sizes were estimated from HR-TEM micrographs by single-particle measurements of a determined number of particles.



The mean metal particle diameter was considered on the basis of its homogeneity, dispersion, and number of particles. The average particle size was estimated considering the surface distribution calculations:


Dp = ∑ ni d2i / ∑ ni d3i



(1)




where di is the measured diameter of the ith particle and ni is the number of particles with this diameter.



Textural properties were determined from the adsorption–desorption isotherms of nitrogen, recorded at −196 °C with a Micromeritics ASAP 2420 (Micromeritics, Norcross, GA, USA). The specific area was calculated by applying the BET method to the relative pressure (P/P0) range of the isotherms between 0.03 and 0.3 and taking a value of 0.162 nm2 for the cross-section of an adsorbed nitrogen molecule at −196 °C. Pore size distributions were computed by applying the BJH model to the desorption branch of the nitrogen isotherms.



The samples were pressed at 5 tons of pressure, ground, and sieved until reaching a particle size between 0.4 and 0.6 mm. After this, the samples were subjected to degassing at 400 °C for several hours to ensure that no adsorbed molecules were found on the surface of the solid. A Micrometrics ASAP 2420 equipment was used.



TPR measurements were performed by using a Micromeritics AutoChem 2910 instrument (Micromeritics, Norcross, GA, USA) equipped with a thermal conductivity detector. For this, a known mass (approximately 200 mg) of the as-prepared reduced catalyst (Section 3.2.2) was pretreated under airflow (10 mL/min) at 723 K for 1 h. The sample was allowed to cool to room temperature, and then air was replaced by Ar for 15 min. Then, a reducing gas mixture (5% H2/Ar) was passed at room temperature with a constant flow of 20 mL/min. Once the system was stabilized, the temperature was increased linearly up to 1073 K using a heating ramp of 10 K/min.



The reduction signal was calibrated by using the complete reduction of a standard CuO powder (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany, 99.995%).




3.4. Catalytic Reactions: Hydrogenation of Ethyl Stearate (ES) to 1-Octadecanol (C18OH)


Catalytic tests were carried out in a 15 mL stainless-steel reactor (Mecanizados Umesal, Valencia, Spain) equipped with a manometer and a micro-sampling system, which allowed the extraction of samples at regular reaction times with magnetic stirring.



The catalytic activity was studied using the hydrogenation reaction of ethyl stearate (ES) to octadecan-1-ol (C18OH) or stearyl alcohol as a model reaction. In a typical reaction, hexane (5.6 mL), ES (1.2 mmol), catalyst (100 mg), and n-dodecane (0.60 mmol) as an internal standard were added to the reactor. The reactor was purged with H2 and then pressurized to 40 bar. Once the desired reaction temperature was reached (175 °C), the reaction mixture was stirred at 1000 rpm for 24 h maximum.



The reaction was periodically monitored through gas chromatography using an HP-5 capillary column (5% phenylmethylsiloxane, 30 m × 320 μm × 0.25 μm). Products were identified by GC–MS using an Agilent (Santa Clara, CA, USA) 6890N8000 equipped with a mass spectrometry detector (Agilent 5973N quadrupole detector).



Sampling was performed by taking 25 µL of the reaction mixture and adding it into a vial containing 1 mL of n-hexane. Then, 160 mg of N,O-Bis(trimethylsilyl)trifluoroacetamide and 30 µL of pyridine were added, and the vial was stoppered and heated (80 °C) for 10 min. Afterwards, it was allowed to cool to room temperature, and the sample was injected into the gas chromatograph (Agilent Technologies, Madrid, Spain). The equipment used was an “Agilent 7890” with an FID flame ionization detector. The column used was a 30 m long and 0.25 µm thick HP-5 capillary filled with phenylmethylsiloxane (5%).




3.5. Reusability and Stability of the Catalyst


In this case, the stability and recyclability of the metal-supported catalyst were attempted using a soft heat regeneration treatment. To achieve this, the solid was recovered by filtration, being exhaustively washed with n-hexane and then with isopropanol. The resulting solid was dried at 60 °C overnight and calcined under air at 300 °C for 4 h to remove the traces of organic matter adsorbed on the catalyst. The resulting catalyst was hydrogenated at 400 °C for 3 h under H2 flow (20 mL/min) using a 100 mL/min N2 flow.





4. Conclusions


A series of nanosized Ru (1–2 wt. %)-based catalysts supported over tungstated zirconia WOx/ZrO2 (W/Zr) have been prepared and their activity and selectivity as catalysts have been studied during the hydrogenation of the fatty ester ethyl stearate into stearyl alcohol (octadecan-1-ol) in a batch reactor under different temperature and H2 pressure conditions (175 °C and PH2 = 40 bar). The so-prepared catalysts have been characterized with a variety of analytical tools, confirming the higher dispersion of nanosized Ru over tungstated zirconia W/Zr and the higher reducibility of Ru species in comparison to pure zirconia according to an H2-TPR study. In addition, an adequate Ru/W ratio will enhance the hydrogenating activity and selectivity towards the fatty alcohol C18OH through a remarkable synergistic effect, which has been associated with the formation of WO3 nanoparticles. This metal-Lewis acid cooperation between Ru/W could be evidenced by a significant exponential increase in the initial reaction rate (r0) and the TOF for obtaining the fatty alcohol with the addition of W. We foresee that, in principle, the acidity of the catalyst could facilitate the reaction through a heterolytic hydrogen dissociation. In parallel, the interaction of the ester group with W may cause a weakening or activation of the C=O bond, hence making the attack on the carbonyl group by the metal hydride (H−) much easier. At the same time, the protonation (H+) of the leaving alkoxy group would also be facilitated under acidic conditions, giving rise to the formation of the corresponding alcohol. Interestingly, the introduction of acidity by the W was not enough for the ester hydrolysis reaction to be competitive, so the formation of fatty alcohol from the hydrogenation of SA remained as a minority route. In this regard, we assumed that the ester hydrogenolysis, followed by aldehyde hydrogenation, was the main route towards the fatty alcohol formation (versus a minority pathway via carboxylic acid reduction). Finally, the catalyst was stable under the reaction conditions and reusable up to three times with no appreciable loss of activity and selectivity to 1-octadecanol.



We expect that the obtained insights into the active phase of Ru-WOx/ZrO2 can be a starting point that will facilitate the development of highly efficient and selective catalysts for the production of fatty alcohols from FAEs under mild and sustainable conditions.
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Scheme 1. Large-scale hydrogenation of fatty acids to fatty alcohols. 
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Figure 1. (A) XRP diffractograms obtained for pure zirconia and W/Zr mixed oxides with increasing amounts of W, highlighting the ZrO2 and WOx phases: (a) ZrO2, (b) W(20)/Zr, (c) W(33)/Zr, (d) W(50)/Zr. Crystalline phases identified: m-ZrO2 ([image: Catalysts 13 01362 i001]) and t-ZrO2 ([image: Catalysts 13 01362 i002]) and WO3 ([image: Catalysts 13 01362 i003]); (B) X-ray diffraction patterns of Ru-doped ZrO2 (Ru/Zr) and Ru-doped ZrO2 with increasing amounts of WOx (Ru/W/Zr) in the 10 to 90° 2θ range: (a) Ru(1)/Zr, (b) Ru(1)/W(12)/Zr, and (c) Ru(1.3)/W(33)/Zr. 
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Figure 2. H2-TPR of catalysts: (a) Ru(1)/Zr, (b) Ru(0.5)/W(33)/Zr, (c) Ru(1.3)/W(33)/Zr and (d) Ru(2)/W(33)/Zr. 
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Figure 3. (A): Catalytic activity (r0 and TOF values) for Ru-based catalysts with different Ru content and W (33 wt.%): Ru(0.5)/W(33)/Zr, Ru(1.3)/W(33)/Zr and Ru(2)/W(33)/Zr); (B) Catalytic activity (r0 and TOF values) for catalysts with different W content and Ru (approx. 1 wt.%) [Ru(1)/Zr, Ru(1)/W(12)/Zr and Ru(1.3) /W(33)/Zr]. Reaction conditions: ES (1 mmol), n-dodecane (0.6 mmol), n-hexane (3 mL) and catalyst (100 mg), PH2 = 40 bar, T = 175 °C, 1000 rpm.; TOF: mmol C18OH/mmol Ru × h. 
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Figure 4. (A): Selectivity towards fatty alcohol C18OH in the presence of catalysts containing increasing amounts of Ru and the same W content (33 wt.%): Ru(0.5)/W(33)/Zr, Ru(1.3)/W(33)/Zr, and Ru(2)/W(33)/Zr); (B) Selectivity towards fatty alcohol C18OH in the presence of catalysts containing increasing amounts of W and the same Ru content (1 wt.%) [Ru(1)/Zr, Ru(1)/W(12)/Zr, and Ru(1.3)/W(33)/Zr]. Reaction conditions: ES (1 mmol), n-dodecane (0.6 mmol), n-hexane (3 mL) and catalyst (100 mg), PH2 = 40 bar, T = 175 °C, 1000 rpm. 
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Figure 5. Catalytic activity during the first stages of reaction (r0) and TOF values during the hydrogenation reaction of ES to give C18OH in the presence of Ru(1)/W(30)/Ti and Ru(1.3)/W(33)/Zr catalysts at 30% isoconversion. Reaction conditions: ES (1 mmol), n-dodecane (0.6 mmol), n-hexane (3 mL), catalyst (100 mg); PH2 = 40 bar, 175 °C at 1000 rpm; TOF: mmol C18OH/mmol Ru × h. 
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Figure 6. Transformation of ES into C18OH catalyzed by Ru(1.3)/W(33)/Zr: (a) Selectivity (%) to C18OH calculated by GC; (b) Selectivity (%) to SA calculated by GC; (c) Selectivity (%) to SS obtained by GC; (d) Selectivity (%) to n-heptadecane C17 calculated by GC; (e) Selectivity (%) to n-octadecane C18 calculated by GC. Reaction conditions: ES (1 mmol), n-dodecane (0.6 mmol), n-hexane (3 mL) and catalyst (100 mg), PH2 = 40 bar, T = 175 °C, 1000 rpm. 
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Scheme 2. Plausible reaction scheme during the hydrogenation reaction of ES with the Ru-based catalyst Ru(1.3)W(33)/Zr. 
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Table 1. Characterization results obtained by ICP-AES, X-Ray fluorescence spectroscopy, N2 adsorption isotherms, and TEM.






Table 1. Characterization results obtained by ICP-AES, X-Ray fluorescence spectroscopy, N2 adsorption isotherms, and TEM.














	Entry
	Catalyst a

M(x)/P(y)/S
	Ru

(wt.%)
	%W

(wt.%)
	SBET

(m2/g)
	Vpore

(cm3/g)
	D(nm) b





	1
	ZrO2
	-
	-
	195
	0.18
	



	1
	W(12)/Zr c
	-
	12
	112
	0.17
	-



	2
	W(33)/Zr d
	-
	33
	57
	0.15
	-



	3
	W(50)/Zr d
	-
	50
	25
	0.06
	-



	4
	Ru(1)/Zr
	1
	-
	81
	0.42
	1.6



	5
	Ru(1)/W(12)/Zr d
	1
	
	76
	0.34
	0.9



	6
	Ru(0.5)/W(33)/Zr d
	0.5
	
	48
	0.20
	0.5



	7
	Ru(1.3)/W(33)/Zr d
	1.3
	
	40
	0.20
	1.2



	8
	Ru(2)/W(33)/Zr d
	2
	
	34
	0.19
	1.5



	9
	Ru(1)/W(30)/Ti d
	1
	
	7
	0.05
	1.6







a M(x) = wt.% Ru; P(y) = wt.% W; S = Support; b Average metal particle size determined by transmission electron microscopy (TEM); c Analysis obtained by ICP-AES; d Analysis obtained by X-ray fluorescence spectroscopy.
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