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Abstract:



Various porous binary oxides with elevated textural properties were obtained in this work. The as-synthesized solids were calcined or modified by reflux and extraction processes. Characterizations through SEM, nitrogen physisorption and TEM techniques demonstrated the formation of porous metal oxide networks over all solids. XRD, thermal analyses and FTIR measurements showed the existence of nanosized rutile TiO2, tetragonal ZrO2, SiO2 and γ-Al2O3 phases on the solids. The structure and texture of the as-synthesized SiAl sol-gel derived solid resulted in the formation of well-dispersed nanoparticles on the support. The removal of the organic compounds by ethanol extraction or reflux from SiAl resulted in the presence of structures with defined hierarchy of pores. Among the solids studied, the catalytic results in the esterification of glycerol with acetic acid indicated that best performances were obtained over SiAl sample when submitted to extraction and reflux treatments. This was due to the creation of accessible pores, which facilitated the reaction occurrence at glycerol to acetic acid molar ratio = 1:3 and T = 80 °C for 20 h using 75 mg of catalyst. The solids can be reused three times without complete loss of their catalytic performance.
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1. Introduction


Glycerol and its derivatives are important biomass building block molecules due to their use as intermediates to obtain final products, ranging from cosmetics to fuel additives. The surplus of raw glycerol from biodiesel production is sometimes discharged from many industries or plants as a by-product [1,2]. Therefore, the raw glycerol has to be either treated before being discharged into the environment or transformed into valuable chemicals. Of particular current interest is processing glycerol from biodiesel production. Thus, the recent advancements in this field, while focusing mostly on the catalytic transformation enables the use of the trialcohol in chemical reactions such as dehydration, reforming, carbonates formation, hydrogenolysis, acetalization, sorption, etherification, oxidation and esterification, among other reactions [1,2,3,4,5,6,7,8,9,10,11,12,13,14].



In particular, the esterification (e.g., acetylation) of glycerol into acetins reaction is an alternative approach to convert glycerol into value-added products [1,10,15]. The reaction involves the trialcohol with carbonyl or carboxyl compounds to produce esters of glycerols such as the monoacetin (MAG, monoacetyl glycerol), diacetin (DAG, diacetyl glycerol,) and triacetin (TAG, triacetyl glycerol), as shown in Figure 1.


Figure 1. Schematic reaction pathways for acetins production via esterification of glycerol with acetic acid over porous solids.
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Both monoacetin and diacetin have been applied in cryogenics, food industry, solvent, plasticizer, softening agent and as biodegradable polymers, whereas triacetin is mainly used as a humectant and additive in various fuels [1,2].



The reaction is carried out over a range of solid acid catalysts such as zeolites, oxides, biochars, heteropolyacids, metal organic frameworks, sulfoned resins, graphene oxide and modified carbons [10,14,15,16]. Good performances are observed for solids with low acidity showing the effects of the acid strength on the activity and selectivity, being the selectivity directly related with the most basic promoter [2,17].



The findings state that despite requiring acid catalysts, the porosity of the solids plays an important role in determining the selectivity to the products [15,17]. Hence, the porous solid catalysts could exert some shape-selective effect on the course of the esterification of glycerol with acetic acid reaction. In this particular case, zeolites such as Y, X, beta, mesoporous silicates such as basic MCM-41, acid ion-exchange resins, mesoporous sulfonated clays and porous carbons have been used as catalysts for the reaction [15,17].



Thus, the shape-selectivity effects dictate the activity and selectivity in esterification of glycerol over porous materials. For instance, the shape-selectivity can demonstrate the diffusion of acetic acid, glycerol and acetins into the pore’s spaces of the catalytic solid and establish the main products sterically favored. As the pore size increases, the diffusion limitations may decrease and the products of acetylation can be easily observed. Interestingly, the triacetin is found to be the major product in the steady state conditions, being mono and di esters of glycerol together with a complex mixture of acetals not found, instead [9,17]. Regrettably, the opposite trends in selectivity concerning the unexpected monoacetyl glycerol and diacetyl glycerol formation faced to triacetyl glycerol over porous materials remain incompletely understood. Some of these trends could gain a better comprehension if using porous materials with low acidity.



Therefore, this work deals with the synthesis, characterization and catalytic properties of porous binary oxides to be applied in acetylation of glycerol. Some of these catalysts have a hierarchical meso-macroporous structure and would show promise in the reaction.



Materials possessing a hierarchical ordered structure of pores have meso-macro, micro-meso pores with a certain distribution. They can be obtained by templated sol-gel, microwave, hydrothermal and spin coating, among other synthesis routes [18,19,20].



In case of glycerol acetylation, it seems that the pore size of the catalyst will influence the selectivity of the reaction, especially when glycerol conversion is modest. Understanding the fundamental reaction pathways by using the meso-macroporous catalysts to overcome any diffusion-related problems may be crucial to controlling product formation and promptly improve the overall performance of the solids.




2. Results and Discussion


2.1. Meso-Macrostructure and Morphology


The nomenclature of the solids obtained is illustrated in Table 1.



Table 1. Nomenclature and textural properties of the solids.







	
Sample

	
Surface Area (m²·g−1)

	
Pore Volume (cm³·g−1)

	
Average Pore Diameter (Å)




	
BET

	
t-Plot






	
As-synthesized

	
SiAlA

	
259

	
63

	
0.90

	
104




	
TiSiA

	
234

	
56

	
0.48

	
68




	
TiAlA

	
118

	
68

	
0.19

	
75




	
ZrSiA

	
98

	
49

	
0.22

	
69




	
ZrAlA

	
250

	
117

	
0.10

	
39




	
Modified

	
SiAlE

	
398

	
120

	
1.12

	
64




	
SiAlR

	
292

	
124

	
0.95

	
84




	
Calcined

	
SiAlC

	
198

	
137

	
0.64

	
104




	
TiSiC

	
304

	
128

	
0.35

	
75




	
TiAlC

	
186

	
122

	
0.44

	
69




	
ZrAlC

	
250

	
137

	
0.22

	
69




	
ZrSiC

	
155

	
108

	
0.16

	
35










Figure 2a displays the SEM image of ZrSiA as-synthesized sample.


Figure 2. (a) SEM image of ZrSiA as-synthesized sample with its included TEM image; (b) SEM image of ZrAlA as-synthesized sample with its included high magnification image; (c) TEM images of the calcined SiAlC sample; (d) TEM image of SiAlA after modification of the solid with extraction procedure (SiAlE); (e) TEM image of SiAlA after modification of the solid with reflux procedure (SiAlR).
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The SEM micrograph of the as-synthesized ZrSiA sample suggests a porous material with an uneven surface and well-defined macropores of sizes superior to 0.93 μm. This solid has a worm-like pore structure and its morphology displays macropore walls possessing a regular array with interconnected mesopores of ca. 5 nm. Moreover, some of the pores can be occluded with the surfactant. The solid has nanostructured features, as illustrated by the included TEM image. Also, the structural framework of the solid is indeed amorphous, which is latter shown by XRD. These features are not surprising when the well-suited methodologies to prepare porous binary metal oxides with defined pore hierarchy are taken into consideration [18,19,20,21]. The SiAlA, TiAlA and TiSiA samples have aspects morphologically similar to ZrSiA. In contrast, the ZrAlA sample has a more compact morphology than the other solids (Figure 2b), revealing the formation of a plate with globular morphology in some areas at high magnifications (Figure 2b, included). This can be considered an exception from as-synthesized series and a result of the accented microporosity of this solid that is latter confirmed by physisorption measurements.



After further calcination, the procedure gives a reproducible material and no changes in the pores features. For instance, TEM micrograph of SiAlC reveals the presence of nanocrystalline crystals (Figure 2c) with weak lattice fringes and exhibiting uniform macropores of 300–1000 nm in diameter (Figure 2c, included). The particles have tens of nanometers and reveal a non-defined shape.



TEM images of the SiAlE and SiAlR illustrate a rather poorly defined morphology and less discrete crystals than for the as-synthesized solids (Figure 2d,e). The TEM image of SiAlE (Figure 2d) depicts the interstitial voids between the nanoparticles. For SiAlR (Figure 2e), the voids arrays are not filled with the CTAB surfactant, being larger than that of SiAlE. These solvent extraction and reflux processes result in the rearrangement of the crystals and the appearance of voids in the structure, as a result of the surfactant removal. This change in morphology can be more fully understood by examination of the structural features and nitrogen adsorption-desorption measurements.




2.2. Structural Features by XRD


Figure 3 exhibits the XRD patterns of the series of solids studied. A broad peak is displayed in the 2θ range of 17°–36° for the as-synthesized materials possessing silicon in their composition (Figure 3a), which is probably associated with the frameworks having amorphous walls in line with TEM results. This also suggests the occurrence of nanocrystallites possessing a long-range ordering of macro-mesopores, similarly to the results reported elsewhere [19,21,22].


Figure 3. X-ray powder diffraction (XRD) patterns of the solids studied: (a) as-prepared (b) calcined and (c) modified samples.
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The XRD patterns of SiAlA, ZrSiA and TiSiA are indeed hard to distinguish from each other due to their similar morphology and amorphous features. In contrast, the as-synthesized TiAlA and ZrAlA solids have diffraction peaks relating to γ-AlOOH, namely boehmite aluminum monohydroxide. This is consistent with the 2θ values of 27.2° (120), 38.1° (031), 48.5° (051), 49.7° (200) and 65.6° (002) reflections (JCPDS 21-1307) indexed to be from the Cmcm space group for orthorhombic unit cell. According to Cheng et al., boehmite is obtained by hydrolyzing aluminum alkoxides at temperatures below 90 °C [23], as for the case of TiAlA and ZrAlA samples. If there is an excess of water in the solid, the boehmite diffractogram broadness and has similar features to that of pseudo-boehmite. Accordingly, the presence of layers as molecular water in colloidal boehmite is observed in the pseudo-boehmite alumina phase [24].



It is worth noting that some peaks from brookite (B)TiO2 phase (JCPDS 35-0088) with the (110) and (002) planes, respectively at about 2θ = 25° and 27° could be detected in TiAlA. Additionally, the peaks identified at around 25.4°, 36.4°, 48.1°, 54° and 62.8° are respectively consistent with the (101), (004), (200), (211) and (213) planes of tetragonal anatase TiO2 (JCPDS 71-1169). Besides, the TiAlA sample exhibiting peaks at about 27.4° and 41.3° gives a proof of the (110) and (111) planes of the rutile TiO2 phase (JCPDS 75-1757), corresponding to additional titanium phase. This evidences the coexistence of the aforementioned titanium entities with the γ-AlOOH one.



A similar phenomenon is observed for ZrAlA, as the tetragonal t-ZrO2 phase exhibits broad peak appearing at 2θ = 30.9° (100), 37.2° (110) and 50.3° (200) (JCPDS) in addition to that of boehmite. Although some reflections of monoclinic ZrO2 phase overlaps with that of t-ZrO2 due to the indexed peaks (111) and (211) situated respectively at 2θ = 27.3° and 32.0°, there is no indication of low temperature monoclinic phase.



Crystallinities of the SiAlC, TiSiC and ZrSiC solids (Figure 3b) are not observed after calcinations at 600 °C, in view of the fact that a broadness of the peaks is observed in the 2θ = 23°–35° range. This is an indication of the thermal stability of these silicon-containing samples, assuming that the silica is an amorphous nanocomposite. Importantly, this also indicates that the segregation did not occur and a homogeneous mixing of the silicon and other components exists in these materials. In case of the ZrAlC, poorly resolved peaks appearing at 2θ = 30° (110), 32° (110) and 51° (200) and 62° (211) are associated with t-ZrO2 are discernible at 2θ = 32.6° (220) 37.0° (311), 39.3° (222) and 45.7° (400), which is in the same region of γ-Al2O3 at 2θ = 67.0° (440) (JCPDS 10-425). This implies that the ZiO2 polymorph easily nucleated during heating in the presence of aluminum species and remains intact upon calcination. Due to the broadening of the diffraction peaks, the average crystallite sizes of the samples are not determined.



The diffractogram of TiAlC shows relatively high crystallinity, comparing to the other solids and the structure seems to be similar to that of TiO2 anatase and TiO2 rutile. Moreover, evidence of the tetragonal symmetry as the dominant phase over the rutile structure is confirmed from the non-symmetric line shape around 2θ = 25° peak of the XRD pattern. Besides, the broadening of the peaks, even with overlapping in some position are very close to TiO2 anatase and rutile structures, are able to hint that the phase transformation sequence of the boehmite to γ-Al2O3 during the calcination has occurred. The sharpness of the peaks proves that a long-range order exists in the TiO2 with crystal size of 10 nm from the 2θ = 25.4° (101) reflection.



For the SiAlA sample submitted to reflux and extraction treatments to tentatively remove the surfactant, featureless peaks are observed in the diffractograms (Figure 3c). This is a clue of the predominance of the framework amorphous walls with high stability.



In summary, the sol-gel method used to prepare these materials results in small-sized oxide species. The as-synthesized solids form semi-crystalline boehmite, TiO2 and ZrO2 phases whereas the amorphous features for silicon-containing phases is observed After calcinating these materials, a portion of the Ti, Zr and Al species are transformed into more crystalline phases with characteristic peaks for γ-Al2O3 and TiO2 anatase and rutile phase for TiAlC, respectively whereas ZrAlC produces t-ZrO2 and γ-Al2O3. Neither calcinations nor extraction and reflux treatments change the structural features of the silicon-containing samples.




2.3. Structural Features of the Solids by FTIR


FTIR measurements of the solids are illustrated in Figure 4. The FTIR spectra of the as-synthesized samples (Figure 4a) have a very broad absorption band centered at around 3458 cm−1. This band is assigned to be from the antisymmetrical and symmetrical stretching vibrations of the O–H bonds. Another band from O–H groups appears at around 1634 cm−1. The presence of these two bands indicates that the as-synthesized samples contain water of hydration [25]. These bands may also have arisen from the hydrated compounds possessing the boehmite phase, as for as-synthesized aluminum and silicon containing samples [26]. The peaks at around 2940, 1457 and 1379 cm−1 are related to the C–H symmetric stretching and scissoring (bending) vibrations. This confirms the presence of residual organic precursors, e.g., trisec butoxy, surfactant, isopropoxide, tetraetoxy and acetate molecules presence which are bounded with the inorganic metals. For SiAlA, ZrSiA and TiSiA, the broad band in the 3200–3600 cm−1 may be assigned to the stretching vibration of Si–OH, as for aluminosilicates [27].


Figure 4. FTIR spectra of selected samples: (a) as-prepared and modified samples; (b) calcined samples.
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Also, the sharp absorption band at about 1633 cm−1 together with a quite low absorption mode at around 1389 cm−1 represent the symmetric and asymmetric stretching vibration peaks of C–O groups from the aforementioned organic ions, respectively [27]. No peaks denoting the signals typically between 2400 and 2150 cm−1 of the structuring agent are observed for all samples; this is probably due to the low amount of surfactant in the solids.



At low frequencies, the presence of main peaks at 936 and 802 cm−1 can be ascribed to the Si–O–Si bending vibration and terminal silanol groups (Si–OH), respectively. The peaks at 1102 and 472 cm−1 are visible, being related to the asymmetric Si–O–Si stretching vibration and Si–O–Si bending vibration, respectively [28]. These results are also consistent with the XRD.



No obvious changes of spectral band intensities, shifts, shapes and/or positions are observed in the samples, indicating the presence of the C–H, C–O and O–H functional groups in the uncalcined solids. FTIR of the modified samples by extraction and reflux clearly shows that the C–H groups attributed to be from the surfactant do not appear in the SiAlE and SiAlR curves.



The broad absorption band at 3000–3600 cm−1 that represents the presence water molecules greatly decreased and begins to broaden after calcination of the samples (Figure 4b). This may be attributed to the removal of water and crystallization of the samples. All bands related to the organic precursors are vanished from the spectra. Further, these results are consistent with the TG analysis. As the contribution of hydroxyl absorption due to physisorbed water is expected to be small, the aforementioned band may be assigned to the hydrogen bonded hydroxyl groups of Si–OH, Al–OH, Zr–OH or Ti–OH [27,28]. This is a good indication of the elimination of the organic precursors to form the nanostructured phases of the oxides mentioned by XRD.




2.4. Porosity Studies


The textural properties of the solids are shown through the nitrogen adsorption-desorption isotherms and their corresponding pore size distributions, as illustrated in Figure 5.


Figure 5. (a) Nitrogen adsorption-desorption isotherms of the samples (b) and their corresponding pore size distribution plots.
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The N2 adsorption–desorption isotherms of the as-synthesized solids (Figure 5a) are type IV, except for ZrAlA sample displaying exclusively a type I isotherm. The former isotherms are typical from mesoporous materials possessing H1 hysteresis loop as for SiAlA, TiAlA and TiSiA whereas the ZrSiA has a type H3 hysteresis loop, as vastly documented for surfactant-assisted synthesized samples [20]. These kind of isotherms are characterized by a strong uptake of nitrogen owing to capillary condensation phenomenon occurring in relative pressure (P/P0) of 0.58. Also, this suggests the occurrence of pores with large diameter and volumes. Subsequently, the adsorbed volume amount rises significantly at P/P0 = 0.9, evidencing an appreciable amount of secondary porosity, as a result of the interparticular porosity [29]. In addition, the type H1 hysteresis curve also indicates the existence of the capillary condensation in the range of P/P0 = 0.4–0.5 assigned be from to framework mesoporosity while those of type H3 hysteresis appears near to complete saturation and could be assigned to interparticle mesoporosity, as for zeolites [30]. Previously, this is shown by SEM and TEM measurements.



Meanwhile, the use of voluminous reactants such as aluminum tri sec butoxide and zirconium isopropoxide could lead to a shift of the step of the SiAlA, ZrSiA and TiAlA isotherms to higher P/P0 values, suggesting the existence of larger pores, which is confirmed further by pore size analysis. The pore-size distributions confirm the aforementioned tendencies, as shown in Figure 5b. Bordering of the BJH pore size distribution curves of SiAlA and TiSiA gives evidence of the existence of openings with a pore diameter distribution, one in the microporous range and the other in the meso-macrostructures range. It is important to say that TiAlA and ZrSiA have a less wide pore size distribution.



It should be noted that ZrAlA exhibits a narrower hysteresis loop reaching a plateau at P/P0 of 0.80, remaining constant, because of the saturation, which suggests that the material has not an appreciable amount of secondary porosity. This is regarded essentially all accounting for the low mesopore volume/external surface area or high microporosity and may be one reason for its lesser pore size distribution.



The adsorption–desorption isotherms for the calcined and modified samples are similar in shape to that of as-synthesized sample (Figure 5a) and this suggests that the structure of the solid is held without any deformation, after elimination of the surfactant and organic compounds by heating. As expected, the curve of ZrAlC changed to type IV, resulting in the presence of type H2 hysteresis loop. Accordingly, the pore size distribution curves of the calcined solids are centered in the range of much larger pores, and some small pores disappeared owing to the structure consolidation and producing accessible pores. According the pore diameter distribution, the removal of water, alkoxy groups, CTAB and alcohols increase the porosity of the solids.



The elimination of the surfactant by ethanol extraction and reflux from SiAlA sample preserves the features of the isotherms and generate curves characteristic of highly porous material. The findings states that the materials with conical hollow parallel macropores and possessing mesoporous walls are obtained after ethanol extraction of as-synthesized Zr and Ti based compounds [18,21]. Of course, the possibility of emulsion templating with ethanol during extraction and reflux processes causing shrinkage of the pores and thus, producing micropores cannot be fully excluded. In line with these results, both reflux and extraction process result in pore size distribution change pointing to the formation of mesoporous-macroporous materials possessing micropores. The macropores are too large to be measured by nitrogen adsorption-desorption measurements; however, they are observed by TEM images.



The textural properties parameters calculated from the N2 adsorption–desorption isotherms are given in Table 1. The SiAlE and SiAlR samples have elevated surface areas, followed by the calcined solids whereas the as-synthesized samples have the lowest values of the aforementioned textural parameter. The effects of extraction and reflux procedures on the surface of the SiAlR and SiAlE solids are mainly the elimination of the debris free from the solid surface and produce accessible porosity. In the case of calcined solids, the elevated textural properties such as large pore volumes are due to the removal of the organics to produce a thermal stable compound. It is worthy saying that in moving from SiAlA to ZrAlA as-synthesized solid, there is a large drop in total pore volume (from 0.90 to 0.10 cm3·g−1), which is caused by the aforementioned interaction of the Al and Zr (Ti) organic precursors occluded on the pores of ZrAlA and TiAlA (pore volume of ca. 0.19 cm3·g−1). This will be confirmed further by TG-DSC analyses. Additionally, a significant increase in pore volume can be seen when comparing the as-synthesized samples with the modified solids, especially for SiAlE and SiAlR, as a result of the improvement of the accessibility of the pores. Obviously, the calcined samples have slightly lower surface area and mesoporous volumes than for the as-synthesized samples and this may be attributed to some collapse of the meso-macroporosity with simultaneous increase microporosity, arising from the release of the gases from the solids by heating.



Calculations of the t-plot method for micropore surface areas and pore volumes of these materials are reliable because the calculation is based on monolayer adsorption of the adsorbate on the adsorbent surface and micropores.



Notably, the pore diameters of the as-synthesized solids did not changed drastically after calcinating the solids, except for ZrAlC, which became a mesoporous solid having a maximum pore size centered at 69 Å, in contrast to ZrSiC that has a gain in microporosity. The ZrAlC has an isotherm with three steps: (i) the first one is due to the monolayer adsorption of nitrogen molecules in the micropores, which are embedded in mesopores at P/P0 < 0.2; (ii) the second step is an increment in adsorption capacity, which indicates the multilayer adsorption in the mesopores at P/P0 of 0.5–0.8; (iii) the third step corresponds to intraparticle or surface adsorption and condensation as well, in a higher relative pressure region. Furthermore, the calcined TiAlC and SiAlC reveals a relatively narrow porous system centered at around 29 Å and a second broader one, up to 75 Å.



The mercury porosimetry results suggest that the pore sizes of the SiAlR and SiAlE sample have a broad distribution around 0.5 µm.



Also, the removal of the surfactant species as for SiAlE and SiAlR then gives pore sizes of 64 and 84 Å, respectively. These values are less than that of the starting SiAlA, probably due to some collapse of the pore architecture during extraction and reflux procedures, as shown earlier by SEM and TEM analyses.



Based upon these results, it can be summarized that the sol-gel assisted surfactant compounds possesses high textural properties and maintains these features after calcinations. The removal of the surfactant by mechanical processes of extraction and reflux can reliably provide an accessible porosity to the solids.




2.5. Thermal Analyses Behaviour of the As-Synthesized Solids


The thermal analyses (Figure 6) are carried out to gain insights into the nature of the interactions between the species and the surfactant and show the stability of the phases, as suggested by XRD.


Figure 6. (a) Thermogravimetric analyses (TG) and (b) DSC plots of as-prepared solids; (c) The FIIR curves taken at 231 and 348 °C for ZrSiA sample.
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The as-synthesized hierarchically assembled materials decompose in a multistage process (Figure 6a). In the first stage, the TG thermogram of ZrAlA show a weight loss less than 15 wt % at temperatures below 200 °C, owing to the departure of physisorbed water molecules and probably to remaining traces of the alkoxides, solvents and surfactant as well [31]. Accordingly, the DSC curve of ZrAlA depicts an endothermic peak at around 71 °C, which is associated with the beginning of the aforementioned process, as is illustrated in Figure 4b and in agreement with the findings [19]. This event is also accompanied by the elimination of chemically bonded water in the temperature range 150–450 °C [32]. These features are also found in all as-synthesized samples.



The second stage is a steep slope, at around a 355–400 °C, being far more than 38 wt % of the weight loss in all samples. Likewise, the previously mentioned temperature range is exothermic and can be attributed to the incipient combustion of organic groups, mainly from the surfactant molecules [33]. The TG curves became a plateau at temperatures above to 450 °C, suggesting the thermal stability of the samples. A similar trend is observed in the weight loss curves of the sol-gel derived samples indicating the dehydroxylation and crystallization of the solids [34].



In the case of the aluminum-containing samples, the last event corresponds to the conversion of dehydroxylated boehmite to γ-Al2O3 as well as the crystallization of TiO2 and ZrO2 phases. Of particular importance, these events have no clear delimitation with the processes of water release and the continuous loss of hydrated and constitutional water. Hence, this can suggest a delay (or even a blocking) of water elimination and thus, the crystallization of the solid, as for silica-mesostructured compounds [35].



The FTIR spectrum of ZrSiA taken at 231 °C (Figure 6c) depicts the appearance of absorption bands in the 1250–1720 cm−1 range, which is typical of carboxyl (C–O) functionalities, especially from the reactants. A strong adsorption band around 3430 cm−1 is assigned to the hydroxyl group (–OH), which indicates that a large amount of the hydroxyl group is formed on the solid surface [36]. Besides, the –NH groups at 3448 cm−1 and –CH2 groups at 2943 cm−1 are also identified. The FTIR spectrum at 348 °C (Figure 6c) exhibits some differences from that at low temperature, mainly concerning the dramatically reduction of the intensities of the carbonyl bands at around 1200–1700 cm−1 and the bending vibrations of CH3 and CH2 groups as well as that of the N–H groups in the solids. This implies that the removal of the surfactant of the solid is confirmed at this temperature in line with the TG and DSC results. Also, important remaining bands for OH are located at 1400 and 1490 cm−1 and a strong absorption splitting into two new bands at around 2330 cm−1 and 2440 cm−1 are due to C–O stretching vibration. This underlines the CO2 evolution and adsorbed water (bands at around 3000 cm−1) due to the combustion of the organic reactants in concomitance with the dehydroxylation is likely.



A very significant change in the FTIR curve around at around 622 °C clearly reveals that the organics are vanished by oxidation to form nanocrystals of the phases, as discussed in the XRD results.



The FTIR spectra of the SiAlA, TiAlA, TiSiA and ZrAlA are similar to that of ZrSiA sample, but the main broad band located below 800 °C is likely due to the stabilization of the solids at lower temperatures. This contribution is attributed to some ZrO2 or TiO2 entities strongly interacting with silicon, and thus, having a very good dispersion of the nanocrystals as for ZrSiA and TiSiA samples.




2.6. Catalytic Reaction


2.6.1. Catalytic Behaviors of the Various Solids


Table 2 summarizes the reaction results of acetylation of glycerol with acetic acid. On the as-synthesized solids, the conversion of glycerol is inferior to 7.3%, as for SiAlA while the other solids have a poor performance in the reaction.



Table 2. Catalytic results in the esterification of glycerol with acetic acid reaction. Reaction conditions were as follows: 75 mg of catalyst, glycerol to acetic acid ratio of 1:3, reaction time of 20 h. Total acidity measurements by ammonia (NH3-TPD) (temperature programmed desorption of ammonia).







	
Sample

	
Glycerol Conversion (%)

	
NH3 Total Acidity (μmol·g−1)

	
NH3 Total Acidity (μmol·m−2·g−1)






	
As synthesized

	
SiAlA

	
7.3

	
7.9

	
0.03




	
TiSiA

	
6.1

	
6.3

	
0.02




	
TiAlA

	
1.8

	
8.4

	
0.07




	
ZrSiA

	
1.9

	
5.7

	
0.05




	
ZrAlA

	
0.5

	
9.6

	
0.04




	
Modified

	
SiAlE

	
25.6

	
85.0

	
0.21




	
SiAlR

	
35.5

	
89.2

	
0.31




	
Calcined

	
SiAlC

	
23.2

	
119.5

	
0.12




	
TiSiC

	
7.1

	
94.0

	
0.31




	
TiAlC

	
1.2

	
138.6

	
0.74




	
ZrAlC

	
4.5

	
148.5

	
0.59




	
ZrSiC

	
0.8

	
106.9

	
0.69










The as-synthesized sample has nanosized crystals with the additional advantage of possessing large areas (Table 1) and thus, raising the number of active sites to be exposed to the reaction environment. In contrast, it seems that the pores volumes with values inferior to 0.10 cm3·g−1 impede the acetylated products to be desorbed form ZrSiA, ZrAlA, TiSiA and TiAlA samples, which gives evidence of the reaction occurrence on the pores. Additionally, it has been established by studies on glycerol esterification that the acidity dictates the catalytic performance, namely, the weak and strong acid sites with an important role in managing the selectivity [37]. Although it is trivial to quantify the catalytic performance by the surface area and density of the acid sites of each type of catalysts, this is not valid since the as-synthesized catalysts have quite similar acidity (Table 2). Moreover, the catalytic activity of the as-synthesized catalyst is very low, probably due to the fact that the low amount of surfactant in these solids could prevent the successful esterification reaction.



Furthermore, the samples modified by extraction and reflux treatments (e.g., SiAlE and SiAlR) exhibit slight high acidity in comparison with as-synthesized samples. This is due to the removal of the surfactant of the pores of the solids. Importantly, the creation of accessible pores in SiAlE and SiAlR was due to extraction and reflux treatments. Also, an additional effect was the gain in the pore volumes without no drastic changes in the structural features of the aforementioned samples (XRD, FTIR results). As consequence, the catalytic performance of these samples is enhanced and the conversion of glycerol reaches 35%, as for SiAlR. Hence, silicon, if not with Zr, Al or Ti exhibits an outstanding behavior in the reaction under the influence of pore structure.



In spite of having the highest values of the total acidity (Table 2), conversions of the calcined solids achieved values as low as those of the as-synthesized, except for SiAlC. For instance, solids possessing relatively high acid amounts and larger mesopores such as TiAlC and ZrAlC (Table 2) gave low glycerol conversions, similarly to their uncalcined analogues. This implies that the conversion of glycerol on the calcined samples could not be simply associated with the number of acid sites and porosity as well. This implies that the conversion of glycerol on the calcined SiAlC sample is assumed to be due to the highly dispersed active phase, which is formed and the accessibility of the reactants on pores is easier on the SiAlC calcined solid (TGA and DSC results). Thus, it is expected that the calcined solids have high performance compared to that of the two other series of solids. However, only SiAlC possessing 119 μmol·g−1 of acid strength and having Brønsted and Lewis acid centers due to the SiO2 and γ-Al2O3 has a significant performance. Such a result has been documented for γ-Al2O3 based catalysts in alcohols dehydration generally having lower conversion values, suggesting that the acidity of the metals and/or oxide support improves the catalytic reaction [38]. In contrast, TiAlC and ZrSiC possessing high acidity of the ZrO2, TiO2 and γ-Al2O3 phases likely demonstrate good, but modest performances, among the calcined samples.



As expected, the total acidity normalized by the BET surface areas confirm the elevated acidity of the calcined solids compared with the as-synthesized ones. Hence, the SiAlC catalyst described herein has a performance three times greater than the as-synthesized, but lower conversions than the modified samples. Thereby, the observed differences in the performances of the materials could be related not only with the acidity, but considerations on the pore volumes and sizes of the solids should be taken into account. From these results it can be observed that small pore volume and pore sizes provide solids with lesser catalytic perormace.



To explore further the performance of the most active solids, additional work is underway to better understand how the large accessibility of SiAlC, SiAlR and SiAlE catalysts influences on the catalytic performance of the aforementioned solids.




2.6.2. Influence of Reaction Conditions: Effect of the Reaction Time, Catalyst Mass and Glycerol to Acetic Acid Molar Ratio


The dependence of activities as function of reaction time is plotted in Figure 7a for SiAlC, SiAlE and SiAlR catalysts.


Figure 7. (a) The conversion of glycerol as function of the reaction time for SiAlA, SiAlR and SiAlR. The reaction conditions are: glycerol to acetic acid molar ratio of 1:3 and catalyst mass of 75 mg at 80 °C; (b) Proposed reaction mechanism for glycerol esterification over SiAlR sample.
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Although the catalysts provide conversions in a short time of less than 12 h, the conversion of glycerol is negligible, being less than 20%. Afterwards, the conversions significantly increase with the reaction time, reaching higher values for all solids. In addition, the triacetin product is not detected at the beginning of the reaction while monoacetin is the major product (selectivity of ca. 70%) and diacetin has the observed selectivity of 21% for SiAlE and SiAlR. After 10 h of reaction, the triacetin is the major product observed. Nevertheless, the evolution of the selectivity vs. reaction time illustrates that the behavior of the SiAlC solid displays a maximum selectivity toward triacetin with a lower production of monoacetin and diacetin, as a result of the consecutive reactions involving the latter isomers.



The fundamental reaction pathway of esterification of glycerol with acetic acid involves the Fischer esterification mechanism [1,2]. Kale et al. and Sandesh and co-workers reported that over ion exchange resins possesing high acidity, the addition of proton to the carbonyl oxygen takes place (Figure 7b), which generates positive charge on the carbonyl carbon and facilites the nucleophilic attack of hydroxyl group from glycerol [8,39]. They also reported that monoacetin is produced and subsequently diacetin and triacetin are observed in the consecutive steps, producing water as a by-product. This finding matches the results of the catalytic performane concerning the formation of the products with the obtained performance of silicon-aluminum-based solid [2]. In case of SiAlR and SiAlE solids, either the size or the structure of the pore’s mouths may cause the inversion in the selectiviy behavior along of the reaction time.



The effect of the catalyst mass over SiAlC, SiAlR and SiAlR at 80 °C using glycerol to acetic acid molar ratio of 1:3 is studied (Figure 8a). The inertness of the reaction without catalyst is verified as it displays less than 5% of glycerol conversion under all applied conditions with a homogeneously catalyzed reaction. The steady-state conditions refer at the reaction time where both the conversion and selectivity achieve the highest values, which are typically achieved after 20 h of reaction or longer.


Figure 8. (a) Effect of the catalyst mass on the conversion of glycerol and selectivities. Reaction conditions: glycerol to acetic acid molar ratio = 1:3 and T = 80 °C for 20 h; (b) Effect of the glycerol to acetic acid molar ratios on the conversion and selectivity to triacetin. Reaction conditions are: catalyst mass of 75 mg at 80 °C for 20 h. The values in parenthesis are the selectivities to triacetin of the samples.
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It must be emphasized that the conversions increase with increasing catalyst mass. The increment in the mass over SiAlC and SiAlR greatly increase the glycerol conversion but further increasing the catalyst amount up to 175 mg do not have any effect on the conversion. Nevertheless, conversion of glycerol over SiAlE remains near to 27% with the catalyst amount increase from 75 to 175 mg. Moreover, the selectivity is unchanged with the increase in the catalyst loading, with triacetin being the primary product producing a lesser amount of monoacetin and diacetin over all solids.



As the catalyst has a very low acidity, the observed glycerol conversion and selectivity to triacetin is recognized to be from the kinetic and thermodynamic effects. Accordingly, large pores volumes up to 0.95 cm3·g−1 significantly increases the formation of bulky triacetin product of glycerol acetylation with elevated conversions due to the enough space to allow the formation of the ester.



The conversion of glycerol using different molar ratios of glycerol to acetic acid is shown in Figure 8b. The conversion of glycerol is unaffected with the different molar ratio of glycerol to acetic acid over all samples. In contrast, the selectivity of the products changes a bit with increasing the content of acetic acid, depending on the sample used. That is to say, triacetin is produced over all solids in 20 h of reaction time, but only SiAlR produced 100% of the ester. Fortunately, this is completely understood based on the mechanisms for mesoporous materials as an inversion of selectivity to a higher chance for acid to react with glycerol mainly in the pores of mesoporous catalyst producing the triacetin and allowing its diffusion through the pores [2,15].



On the basis of above results and discussion, it can be determined that among the porous catalysts synthesized, the SiAlA submitted to extraction or reflux process possessing elevated textural properties have accessible pores and facilitate the esterification of glycerol with acetic acid. The best conditions achieved for the title reaction are glycerol to acetic acid molar ratio = 1:3 and T = 80 °C for 20 h using 75 mg of catalyst.




2.6.3. Recyclability Studies


The SiAlR, SiAlC and SiAlE catalysts are tested at 80 °C, glycerol to acetic acid molar ratio of 1:3 during 20 h using 75 mg of the solids. Then, the catalysts were separated by filtration, thoroughly washed and reused for three times for 6 h in the reaction (Table 3).



Table 3. Recyclability studies of the solids. Reaction conditions were as follows: 75 mg of catalyst, glycerol to acetic acid molar ratio of 1:3, 80 °C, reaction time of 20 h. After being used in the previously mentioned conditions, the solids were reused for 6 h for each cycle.







	
Uses

	
Sample

	
Glycerol Conversion (%)






	
1

	
SiAlE

	
25.6




	
SiAlR

	
35.5




	
SiAlC

	
23.2




	
2

	
SiAlE

	
14.3




	
SiAlR

	
20.9




	
SiAlC

	
9.1




	
3

	
SiAlE

	
7.2




	
SiAlR

	
15.3




	
SiAlC

	
2.8










SiAlC reused twice gave about 9.1% of conversion. After three uses, glycerol conversion reaches 2.8% subsequently for 6 h of reaction time, with triacetin being the major product. Leaching of the acid sites from SiAlC could have occurred during the reaction after three uses.



Similar to observations for the SiAlC, the conversion of SiAlE sample is lowered after several reaction cycles. As opposed to observations for SiAlC and SiAlE, the best performance is shown by SiAlR displaying a stable glycerol conversion of ca. 15.3% along three uses. Moreover, the liquid filtrate from SiAlR reaction is used instead of the solid catalyst for further reaction and its repeated use shows catalytic activity of 0.5%, after three uses. This is a clear indication that SiAlR may preserve its structure intact avoiding leaching of its acid sites and the catalytic activity is stable after the reuses. Triacetin is the main product obtained over all solids. In addition to these results, it can be summarized that the SiAlR catalyst displays good stability in the reaction due to the combination of its accessible pores, structure stability and acidity, as well. The advantages of hierarchically mesoporous-macroporous SiAlR binary oxide compared with other porous materials includes high performances to convert glycerol, relatively good stability and selectivity to triacetin.






3. Experimental


3.1. Synthesis of the Solids


The solids were synthesized via sol-gel method, as described in ref. [19] with some modifications to prepare the porous materials. The synthesis procedure consisted of preparing three solutions. Solution A consisted of a 20% aqueous solution of cetyltrimethylammonium bromide (CTAB). Solution B contained an alkoxide solution, as follows: 0.01 mol of aluminum tri-sec-butoxide (Al(OC4H9sec)3) was dissolved in 5 mL of isopropanol at 60 °C under vigorous stirring for 30 min, which resulted in a sol of pH 5.0 at room temperature. Solution C was prepared by adding 0.01 mol of tetraethylortosilicate (Si(OC2H5)4 ) to 10 mL of distilled water at pH 6.4. Then, the solution A was placed in a beaker and solution B and C were then rapidly added through a peristaltic pump to solution A to form a gel. The resulting mixture was subsequently aged for 30 min at toom temperature by continuous stirring until final solution of pH 5.0. Afterwards, the gel was transferred to a Teflon-lined autoclave and heated at 80 °C for 48 h, under static condition. Finally, the white precipitate formed was recovered by filtration from its mother liquor, whased until pH = 7 and dried overnight at 50 °C to obtain SiAlA powder.



The same synthetic procedure was used to obtain the other as-synthesized binary oxides compositions by using (zirconium acetate hydroxide (C2H4O3Zr), titanium isopropoxide (Ti{OCH(CH3)2}4), aluminum trisecbutoxide and tetraethyl orthosilicate) to obtain ZrAlA, TiAlA, ZrSiA and TiSiA. This series of solid was designated as A, where A represents the as-synthesized materials.



The as-synthesized solids were calcined in a tubular oven by increasing the temperature from room temperature to 600 °C at a heating rate of 5 °C·min−1 for 2 h. Thus, another series of solids was designated as C, where C represents the calcined materials, according to the following notation: ZrAlC, TiAlC, ZrSiC, TiSiC and SiAlC.



The CTAB surfactant was removed from the SiAlA sample by Soxhlet extraction with ethanol over 2 h, based on the methodology described elsewhere [20]. After a further washing, the solid was recovered and dried under vacuum at 100 °C. The obtained sample was described with the notation E, where E is the extraction process used, having the SiAlE sample. The aforementioned procedure was adopted for SiAlA by using reflux, and the sample was described as SiAlR.



All reagents and solvents were purchased from Aldrich, with 99% of purity. Distillated water was used throughout the experiments.




3.2. Sample Characterizations


Surface morphological features of the solids were examined by a FEG Quanta 450 scanning electronic microscope coupled to the energy-dispersive X-ray EDS/EBSD FEG (SEM-EDS) equipment (FEI Quanta, Hillsboro, OR, USA) Prior to imaging, the solids were sputter-coated with a 20 nm-thick gold layer to impart electrical conductivity to the specimen surfaces.



The morphologies of the samples were also recorded by transmission electron microscopy (TEM) at 200 kV with a FEI Tecnai 20 instrument (FEI, Hillsboro, OR, USA). A drop of suspension of solids in ethanol was placed on a carbon-coated copper grid (SPI Holey Carbon) and dried in air to perform the measurements.



The structure of samples was determined by wide-angle X-ray powder diffraction (XRD) patterns on a Bruker D8 Advanced diffractometer (Bruker, Karlsruhe, Germany) using Cu Kα (40 kV, 40 mA) radiation. The diffractograms were collected in 2θ = 5°–70° range with a step of 0.02° and a counting time of 1 s per step. Diffraction peaks recorded at 40 kV and 40 mA. The diffractograms were compared to that of the Joint Committee on Powder Diffraction Standards (JCPDS).



To investigate the textural properties of the solids, the nitrogen adsorption-desorption isotherm at −196 °C was taken in a constant-volume adsorption apparatus. The BET surface area, pore volume and diameter measurements were using a Micromeritics ASAP 2000 equipment (Micrometrics, Norcross, GA, USA). Before measuring the isotherm, the samples were outgassed for 24 h at 80 °C under 10−4 Torr. The surfaces areas were calculated using the Brunauer-Emmett-Teller (BET) method and the pore size distributions were assessed from nitrogen desorption data using the Barrett-Joyner-Halenda (BJH) method, in which BJH Desorption average pore diameter was calculated. The pore volume was taken on the basis of the adsorbed amount at a relative pressure (P/P0) of 0.99.



Porosimetry of mercury intrusion was carried out at Micromeritics on a Micromeritics Mercury Porosimeter, AutoPore IV (Micrometrics, Norcross, GA, USA). Fourier-transform infrared spectroscopy ((FT-IR VERTEX 70 from Bruker (Bruker, Karlsruhe, Germany)) measurements were carried out after mixing 1 mg of each sample powder with 300 mg of KBr powder, followed by compacting that into a thin pellet in a stainless steel die of 1 cm inner diameter. The FTIR data were recorded over the range of 40 to 4000 cm−1 with 128 scans.



The temperature programmed desorption of ammonia (NH3-TPD) measurements were carried out in a home-made adsorption vessel (U-shaped) containing about 0.1 g of the samples. Previous treatments of the samples were carried out at 120 °C in helium flow for 2 h. The samples were subsequently cooled to 100 °C and then a 5% NH3 in helium was introduced in the U-shaped vessel containing the sample followed by cooling to 50 °C. Afterwards, the TPD experiment was carried out from 50 to 350 °C under helium flow to obtain the amount of ammonia desorbed on the solids.



Thermogravimetric analyses (TG) of the samples were performed on the as-synthesized samples using a STA 449F3 Perseus, Netzsch equipment (Netzsch, Germany). The analyses were carried out by using 50 mg of the samples from 25 to 1000 °C, under air flow (80% v/v of N2 and 20% v/v of O2) at a heating rate of 10 °C·min−1. The TG device was coupled to a 192 Bruker Tensor 27 IR instrument (Bruker, Karlsruhe, Germany)and the IR spectra were collected in the end of the analyses at 650–4400 cm−1 spectral range.




3.3. Catalyst Testing


The catalytic esterification performance assessment of the different materials obtained was carried out in a batch glass reactor, using glycerol (Vetec, 99.5%) and acetic acid (Dinamica, 99.7%) as feedstock. The reactor was equipped with a reflux condenser and a gas inlet. About 50 mg of the solid was placed within the reactor in the presence of reaction mixture, which has the molar composition of acetic acid to glycerol of 1:1. The reaction was carried out from 1 to 20 h and temperature of 80 °C under stirring speed of 370 rpm. The temperature was maintained within ±0.3 °C using a bath connected to a thermostat of the reactor.



The mass of the catalyst and the acetic acid to glycerol molar ratio were also varied. Samples were taken periodically after filtration and then were cooled to room temperature. To be analyzed, the samples were diluted with 1 mL ethanol and analyzed in a capillary column using a GCrom 8000 gas chromatograph (GC) apparatus (GCrom, São Paulo, Brazil), which was connected to a flame ionization detector (FID). The products obtained were also identified by GC coupled with a mass spectrometer (MS) QP 5050 Plus model from Shimadzu (Shimadzu, Kyoto, Japan). The o-xylene was used as the internal standard.



Furthermore, blank tests showed that under the experimental conditions used in this work, the acetylation of glycerol with acetic acid could be neglected.





4. Conclusions


A series of porous binary oxides catalysts were synthesized. The as-synthesized SiAl, ZrAl, ZrSi, TiSi and TiAl samples depicted structures with interconnected porosity, uneven surface and relatively textural properties. After extraction or reflux treatments, the surfactant was removed from the pores of the as-synthesized SiAl, giving better accessibility to pores of the semi-crystalline solid. Calcination treatments also resulted in a great porosity for some solids and produced nanosized rutile TiO2, tetragonal ZrO2, SiO2 and γ-Al2O3 phases. Catalytic performance in the esterification of glycerol with acetic acid showed that the extraction and reflux treatments on SiAl sample resulted in elevated glycerol conversion and triacetin selectivity at glycerol to acetic acid molar ratio = 1:3 and T = 80 °C for 20 h using 75 mg of catalyst. It is assumed that the combination of SiAlR sample accessible pores, structure stability and acidity is reflected in its great recyclability.







Acknowledgments


This work was financially supported by CNPq (process n° 470793/2013-9) and Capes-Funcap 23038.008860/2013-92 and 23038.007964/2012-07 projects. NAF is grateful to the Pibic scholarship. The authors gratefully acknowledged to Central Analitica da UFC for MEV-EDS experiments. Amauri J. Paula is acknowledged for its assistance and critical comments. CETENE is thanked for providing the TEM images.




Author Contributions


N.F.A., BSB and A B.S.N. performed the experiments; A.C.O. and J.M.F. analyzed the data and wrote the manuscript; A.F.C., A.C.O. and designed the experiments.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Testa, M.L.; Parola, V.L.; Liotta, L.F.; Venezia, A.M. Screening of different solid acid catalysts for glycerol acetylation. J. Mol. Catal. A Chem. 2013, 367, 69–76. [Google Scholar] [CrossRef]

	2. 
Wang, X.; Shang, C.; Wu, G.; Liu, X.; Liu, H. Base-Free Selective Oxidation of Glycerol over LDH Hosted Transition Metal Complexes Using 3% H2O2 as Oxidant. Catalysts 2016, 6, 101. [Google Scholar] [CrossRef]

	3. 
Carvalho, D.C.; Souza, H.S.A.; Filho, J.M.; Assaf, E.M.; Thyssen, V.V.; Campos, A.; Hernandez, E.P.; Raudel, R.; Oliveira, A.C. Nanosized Pt-containing Al2O3 as an efficient catalyst to avoid coking and sintering in steam reforming of glycerol. RSC Adv. 2014, 4, 61771–61780. [Google Scholar] [CrossRef]

	4. 
Thanh, L.T.; Okitsu, K.; Boi, L.V.; Maeda, Y. Catalytic Technologies for Biodiesel Fuel Production and Utilization of Glycerol: A Review. Catalysts 2012, 2, 191–222. [Google Scholar] [CrossRef]

	5. 
Sousa, F.F.; Oliveira, A.C.; Filho, J.M.; Pinheiro, G.S.; Giotto, M.; Barros, N.A.; Souza, H.S.A.; Oliveira, A.C. Metal oxides nanoparticles from complexes on SBA-15 for glycerol conversion. Chem. Eng. J. 2013, 228, 442–448. [Google Scholar] [CrossRef]

	6. 
Feng, J.; Zhang, Y.; Xiong, W.; Ding, H.; He, B. Hydrogenolysis of Glycerol to 1,2-Propanediol and Ethylene Glycol over Ru-Co/ZrO2. Catalysts 2016, 6, 51. [Google Scholar] [CrossRef]

	7. 
Molinero, L.; Ladero, M.; Tamayo, J.J.; García-Ochoa, F. Homogeneous catalytic esterification of glycerol with cinnamic and methoxycinnamic acids to cinnamate glycerides in solventless medium: Kinetic modelling. Chem. Eng. J. 2014, 247, 174–182. [Google Scholar] [CrossRef]

	8. 
Kale, S.; Umbarkar, S.B.; Dongare, M.K.; Eckelt, R.; Armbruster, U.; Martin, A. Selective formation of triacetin by glycerol acetylation using acidic ion-exchange resins as catalyst and toluene as an entrainer. Appl. Catal. A Gen. 2015, 490, 10–16. [Google Scholar] [CrossRef]

	9. 
Yang, G.-Y.; Ke, Y.-H.; Ren, H.-F.; Liu, C.-L.; Yang, R.-Z.; Dong, W.-S. The conversion of glycerol to lactic acid catalyzed by ZrO2-supported CuO catalysts. Chem. Eng. J. 2016, 283, 759–767. [Google Scholar] [CrossRef]

	10. 
Gao, X.; Zhu, S.; Li, Y. Graphene oxide as a facile solid acid catalyst for the production of bioadditives from glycerol esterification. Catal. Commun. 2015, 62, 48–51. [Google Scholar] [CrossRef]

	11. 
Chan-Thaw, C.E.; Campisi, S.; Wang, D.; Prati, L.; Villa, A. Selective Oxidation of Raw Glycerol Using Supported AuPd Nanoparticles. Catalysts 2015, 5, 131–144. [Google Scholar] [CrossRef]

	12. 
Narkhede, N.; Patel, A. Sustainable valorisation of glycerol via acetalization as well as carboxylation reactions over silicotungstates anchored to zeolite Hβ. Appl. Catal. A Gen. 2016, 515, 154–163. [Google Scholar] [CrossRef]

	13. 
Pamphile-Adrián, A.J.; Florez-Rodriguez, P.P.M.; Pires, M.H.; Perez, G.; Passos, F.B. Selective hydrogenolysis of glycerol over Ir-Ni bimetallic catalysts. Catal. Today 2016, in press. [Google Scholar]

	14. 
Liao, X.; Zhu, Y.; Wang, S.-G.; Li, Y. Producing triacetylglycerol with glycerol by two steps: Esterification and acetylation. Fuel Process. Technol. 2009, 90, 988–993. [Google Scholar] [CrossRef]

	15. 
Zhou, J.C.; Beltramini, J.N.; Fana, Y.; Lu, G.Q. Chemoselective catalytic conversion of glycerol as a biorenewable source to valuable commodity chemicals. Chem. Soc. Rev. 2008, 37, 527–549. [Google Scholar] [CrossRef] [PubMed]

	16. 
Patel, A.; Singh, S. A green and sustainable approach for esterification of glycerol using 12-tungstophosphoric acid anchored to different supports: Kinetics and effect of support. Fuel 2014, 118, 358–364. [Google Scholar] [CrossRef]

	17. 
Clacens, J.-M.; Pouilloux, Y.; Barrault, J. Selective etherification of glycerol to polyglycerols over impregnated basic MCM-41 type mesoporous catalysts. Appl. Catal. A. Gen. 2002, 227, 181–190. [Google Scholar] [CrossRef]

	18. 
Su, B.-L.; Sanchez, C.; Yang, X.-Y. Hierarchically Structured Porous Materials: From Nanoscience to Catalysis; Wiley-VCH: Weinheim, Germany, 2012; pp. 1–720. [Google Scholar]

	19. 
Blin, J.L.; Gigot, L.; Leonard, A.; Su, B.L. Synthesis and characterization of nanostructured mesoporous zirconia catalyst supports using non-ionic surfactants as templating agents. Stud. Surf. Sci. Catal. 2000, 143, 1035–1043. [Google Scholar]

	20. 
Chen, L.-H.; Li, X.-Y.; Tian, G.; Li, Y.; Rooke, J.C.; Zhu, G.; Qiu, S.-L.; Yang, X.-Y.; Su, B.-L. Highly Stable and Reusable Multimodal Zeolite TS-1 Based Catalysts with Hierarchically Interconnected Three-Level Micro–Meso–Macroporous Structure. Angew. Chem. Int. Ed. 2003, 115, 2978–2981. [Google Scholar] [CrossRef]

	21. 
Yuan, Z.Y.; Ren, T.Z.; Vantomme, A.; Su, B.L. Facile and generalized preparation of hierarchically mesoporous-macroporous binary metal oxide material. Chem. Mater. 2004, 16, 5096–5106. [Google Scholar] [CrossRef]

	22. 
Soo, M.T.; Kawamura, G.; Muto, H.; Matsuda, A.; Lockman, Z.; Cheong, K.Y. Design of hierarchically meso–macroporous tetragonal ZrO2 thin films with tunable thickness by spin-coating via sol-gel template route. Microporous Mesoporous Mater. 2013, 167, 198–206. [Google Scholar] [CrossRef]

	23. 
Cheng, L.-T.; Tsai, M.-Y.; Tseng, W.J.; Hsiang, H.-I.; Yen, F.-S. Boehmite coating on θ-Al2O3 particles via a sol-gel route. Ceram. Int. 2008, 34, 337–343. [Google Scholar] [CrossRef]

	24. 
Serna, C.J.; White, J.L.; Hem, S.L. Hydrolysis of aluminum-tri-(sec-butoxide) in ionic and nonionic media. Clays Clay Miner. 1977, 25, 384–391. [Google Scholar] [CrossRef]

	25. 
Kuechl, D.E.; Benin, A.I.; Knight, L.M.; Abreva, H.; Wilson, S.T.; Sinkler, W.; Mezza, T.M.; Willis, R.R. Multiple paths to nanocrystalline high silica beta zeolite. Microporous Mesoporous Mater. 2010, 127, 104–118. [Google Scholar] [CrossRef]

	26. 
Shek, C.H.; Lai, J.K.L.; Gu, T.S.; Lin, G.M. Transformation evolution and infrared absorption spectra of amorphous and crystalline nano Al2O3 powders. Nanostruct. Mater. 1997, 8, 605–610. [Google Scholar] [CrossRef]

	27. 
Zebib, B.; Zeng, S.; Krafft, J.-M.; Lambert, J.-F.; Blanchard, J.; Nie, H.; Li, D.; Breysse, M. High surface area supports with strong Brønsted acidity in an open porosity. Stud. Surf. Sci. Catal. 2005, 158, 517–524. [Google Scholar]

	28. 
Mayerhober, T.G.; Shen, Z.; Leonova, E.; Eden, M.; Kriltz, A.; Popp, J. Consolidated silica glass from nanoparticles. Solid State Chem. 2008, 181, 2442–2447. [Google Scholar] [CrossRef]

	29. 
Lemaire, A.; Su, B.-L. Highly spongy hierarchical structured meso-macroporous aluminosilicates with high tetrahedral aluminium content and 3D interconnectivity from a single-source molecular precursor (sec-BuO)2–Al–O–Si(OEt)3: Effect of silicon co-reactant. Microporous Mesoporous Mater. 2011, 142, 70–81. [Google Scholar] [CrossRef]

	30. 
Dimitrova, R.; Gunduz, G.; Dimitrov, L.; Tsonchev, T.; Yialmaz, S.; Urquieta Gonzalez, E.A. Acidic sites in beta zeolites in dependence of the preparation methods. J. Mol. Catal. A Chem. 2004, 214, 265–268. [Google Scholar] [CrossRef]

	31. 
Kumar, S.; Bhunia, S.; Ojha, A.K. Effect of calcination temperature on phase transformation, structural and optical properties of sol-gel derived ZrO2 nanostructures. Physica E 2015, 66, 74–80. [Google Scholar] [CrossRef]

	32. 
Santos, V.; Zeni, M.; Bergmann, C.P.; Hohem-Berger, J.M. Correlation between thermal treatment and tetragonal/monoclinic nanostructured zirconia powder obtained by sol-gel method. Rev. Adv. Mater. Sci. 2008, 17, 62–70. [Google Scholar]

	33. 
Borse, M.S.; Devi, S. Dependence of aggregation behavior and physicochemical properties of bis-cationic surfactants on the polarity of surfactant head group. Colloids Surf. A Physicochem. Eng. Asp. 2004, 245, 1–8. [Google Scholar] [CrossRef]

	34. 
Guzman-Castillo, M.L.; Bokhimi, X.; Toledo-Antonio, A.; Salmones-Blasquez, J.; Hernandez-Beltran, F. Effect of Boehmite Crystallite Size and Steaming on Alumina Properties. J. Phys. Chem. B 2001, 105, 2099–2106. [Google Scholar] [CrossRef]

	35. 
Popa, A.; Sasca, V.; Kiss, E.E.; Marinkovic-Neducin, R.; Holclajtner-Antunovic, I. Mesoporous silica directly modified by incorporation or impregnation of some heteropolyacids: Synthesis and structural characterization. Mater. Res. Bull. 2011, 46, 19–25. [Google Scholar] [CrossRef]

	36. 
Shi, D.; Feng, Y.; Zhong, S. Photocatalytic conversion of CH4 and CO2 to oxygenated compounds over Cu/CdS–TiO2/SiO2 catalyst. Catal. Today 2004, 98, 505–509. [Google Scholar] [CrossRef]

	37. 
Jagadeeswaraiah, K.; Balaraju, M.; Sai Prasad, P.S.; Lingaiah, N. Selective esterification of glycerol to bioadditives over heteropoly tungstate supported on Cs-containing zirconia catalysts. Appl. Catal. A Gen. 2010, 386, 166–170. [Google Scholar] [CrossRef]

	38. 
Massa, M.; Andersson, A.; Finocchio, E.; Busca, G. Gas-phase dehydration of glycerol to acrolein over Al2O3-, SiO2-, and TiO2-supported Nb- and W-oxide catalysts. J. Catal. 2013, 307, 170–184. [Google Scholar] [CrossRef]

	39. 
Sandesh, S.; Manjunathan, P.; Halgeri, A.B.; Shanbhag, G.V. Glycerol acetins: fuel additive synthesis by acetylation and esterification of glycerol using cesium phosphotungstate catalyst. RSC Adv. 2015, 5, 104354–104362. [Google Scholar] [CrossRef]





























© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file8.jpg
Intensity (a.u.)

Intensity (a.u.).

IR I
20 (degree)
)

20 dogroe)
®






media/file21.jpg
CH.G00—H + O,
Acsicacd

—
(e samcomms ) (e samcam )
i u,
Wy Hy OH

e L

.
|

o 9
o)l\w; cncoom, \/L)E% L
Ho. on o0, on
Y Y

o
Moraacetin Diacetin

(b)

Tracetin





media/file13.png
Transmittance Transmittance

Transmittance

0.3

0.1 -

0.0 -

ZrAIA ' R
0.0

0.4

Transmittance

SIAIA

12]
© ,
O 1.04
c |
;‘_S 0.8-
E 4
w -
c _
© 0.4
- ]

o TIAIA

0.8
0.4

0.04

T T T T T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

T T T T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000 4500

T T T T T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm™") - Wavenumber (cm™) ‘Wavenumber (cm™)
. o - 1.0+
ZrSiA Q\o, ; Q
(]
CCJ 0.8 E 0.8
m | - —
=] -
EE 0.6 gg 0.6 .
5 5 SIAIE
© ) - 0.4
= %4 SIAIR
| 0.2
0.2+

0.8+

0.0+

T T T T T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm-)

062
0.4::
" TiSIA

Transmittance Transmittance

Transmittance

T T T T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm-)

0.8+
0.6+
0.4+

0.2

—
<%
~

Transmittance

0.8+
0.6+
0.4+

0.2

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

ZrAIC

LN
O
o
o

Transmittance

0.0
500

121
1.0
0.8-
0.6-
0.4-
0.2-
0.0-

T

1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm™)

TiSIC

500

T

1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm™)

(b)

T T T T T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm-1)

102
08;
06;
04;
02;
QO;

T T T T T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm-)

SIAIC

0.8+
0.6+
0.4+

0.2+

500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm’)

TIAIC

500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm ™)





media/file26.png





media/file12.jpg





media/file3.jpg





media/file18.jpg
Weight Loss (%)

[——
?

F IR T W w0 w0
Tompocars (C) Temporature (€)
(a) (b)

005 e





media/file22.png
Conversion (%)

Selectivity (%)

SIAIR

40 - 100
35-
—— SIAIE 804
0l |k SAR
] SIAIC S 60+ —~~ MAG
o5 | 1-2; —5— DAG
_ g L0 -S> TAG
20- o
. ©
) 20-
15
104 0 -
5 ' 10 15 ' 20 5 10 ' 15 20
100+ Time (h) Time (h)
100 S
80+ SIAIC
80 4
604 X ~O-TAG
> 60 /- MAG
= —O-DAG
40 4 8 40
[
%)
20- -
0- 0. ;
5 ' 10 15 ' 20 5 10 ' 15 20
Time (h) Time (h)





media/file14.jpg
BEER g § CRRER A EE 8 8 °
(,.6'cwo) pagiospe awnjop

3 1

Relative Pressure (P/Po)

%0

3

Relative Prossure (PPo)

Relatve Pressure (PPo)

[

SrE aevie
(,.6'¢wo) paquospe awnjop

@





media/file20.jpg
5

*1 [ s o
o] xsaR
g o sac
5= .
o,
8., .
T 3 =
. Time (h)
w SIAE

Time (h)





media/file23.png
~
[Bronsted and Lewis siteﬂ

from SIAIR catalyst

~
[Bronsted and Lewis siteﬂ

~

ﬂ

OH \ from SIAIR catalyst §
S + HO \)\/OH N o)
CH,COO0—H — > CH,CO0—H —= L.C_ | OH
Acetic acid Glycerol K
H—O H=0"
HO\)\/OH HO\/K/OH
~
[Bronsted and Lewis sites] I\
_ [Bronsted and Lewis sites} [Bronsted and Lewis site
from SIAIR catalyst
\\\\ | from SIAR catalyst | from SIAR catalyst
HsC ‘(D S o
Y HsC\k on* HsC OH
-H,0 \H ~
O - \\> - H—O+

CH3; cH,coo-H
—_—

O

O

2 S

CHs  ch,cooH
OH

Monoacetin Diacetin

(b)

H?,Cﬁ(o\)\/o\(cm3

O

X

0~ CH;,

O O

Triacetin





media/file10.png
Intensity (a.u.)

Intensity (a.u.)

| | | ' [@ +-AIOOH +t-Zr0, |
- o (B)T|02 QO m-ZrO 7
 anatase TiO, 2
Orutile TiO . A
o 2 ZrSiA
TiSIA
. SIAIA
&,
_ Do o ZrAI?
g O ¥ @ ¢
&,
m 5 . »
- s & @ . TIAIA
WWWMM - o -
' | ' | ' | ' | ' | ' | ' | ' | ' | ' | ' | '

20 (degree)

T|S|C

ey

ki
T T PR

7 ® ALO, \

W anatase TiO, /
O rutile TiO, | || O -
¢ t210, I ',|

26 (degree)
(b)






media/file5.png
30 pm






media/file19.png
Weight Loss (%)

ZrSiA

200

Heat flow (a.u.)
=
>
>

400 600 800 1000 ' 2(')0 ' 4(')0 ' 660
Temperature ("C) Temperature (°C)
(a) (b)
005
- | 348 °C
i
o .
0 |
L4 ]
2 | |
o
5 [ |
< A a
3 [ e W — — ——
L
1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm-)
) 231 °C
0.01 |
® [
E | A | 'l l'ﬁ |
£ YN Pl
[ 'T"rvj 1 WTTF'_"‘J r P N P
IR e
R

1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm-?)

(c)





media/file6.png





media/file15.jpg
dVidiogD

o Zic,

- S|

—e

gt o

g alf \““*w<*o_.,
o =

o) e

afA ]

Pore diameter (A) Pore diameter (A)
(g
Il
4 M*/\’\m

oo
o
B
3
S
© 009]
oo
o

e
™ w0 w20 20 w0
Pore diameter &)

®)






media/file2.jpg





nav.xhtml


  catalysts-06-00151


  
    		
      catalysts-06-00151
    


  




  





media/file11.png
Intensity (a.u.)

10

15

20

25

30

35 40 45

26 (degree)
(c)

50





media/file24.jpg
Glycerol conversion (%)

Glycerol conversion (%)

125

Catalyst mass(mg)
@

SIAIR (100)

0
—rr
—
eyt iacetn

®

SIAIC (73)






media/file1.png
Glycerol I + Acetic Acid

A
M

Monoacetins Diacetins Triacetin

My
il





media/file16.png
Volume adsorbed (cm®g™')

Volume adsorbed (

120 m ; | -
0 M
80 [ ]
60 MM- _
40 b | | ;
600 Al
4un:- /‘/‘ j
200 - . !,ﬁ—ﬁiﬂ:‘:"t;&*‘ |
o past | | . |
300

150 [t ZISIA <
100 | ¥ -
- ""—F# 1
50 f:j—F;:F#::!‘__*—: -
i **F*ﬁu—_‘}ﬂ"_ J
0 t-p_—ut*m | A
0.0 0.5
Relative Pressure (P/Po)
= e [[sial | dooHﬂ
D 400 [ S g
Do o4 ]
£ ool —o—o—®C ]
5 200¢ —r
(1] | | | 7
0.0 0.5 1.0
800 F ' ' ' ' .

400
200 - o 0-=0TI=="

0.0 0.s

Relative Pressure (P/Po)

(a)

Volume adsorbed (cm®.g™")

100 [L_ZrAIC— ' el
60 BB :
i g .

[ ppbobP™”
20 p* , . ]

400 | siald {I?

o
B -~ T
00 PUDPE =
i g —t=3=<1=4
g e 7

3[lll TIF'\|C| 0~

200 B ,.::J*'D_j__:*

100 573760 T

-_'.5‘—9_[2' g=5-0
300 ﬁjm| @f ' ' |
fﬁ.ﬁ—ﬁ—%r

200 - -

. . TR -2 ——ﬁrﬂ-’wﬂﬂl—-

100 S — T 1

e

150 | | : '

- /a_j"‘-"ﬂ )

1oor W

ity g™ _———"h‘d_.
50 - P e I
m.
0 1 | ]
0.0 0.5 1.0

Relative Pressure (P/Po)





media/file7.png
S X
8 _’\v-\,

kA

} W,






media/file9.jpg
Intensity (a.u.)

SIAIE

30

35 40 45
20 (degree)
(c)





media/file17.png
dV/dlogD

0.8

0.6

0.1

0.4

0.2

0.3

0.2

0.1

0.3
0.2

0.1

L DL L R BN DL L B 'i—D—SiA|A
D/D\D—D\ | .
B />/ > ] 0.14 | ' ! ' ZrAIC
i o D\ 012 [ -
- o P~ 0.10 | .
A TP U NP U B B SR BRI BEPE T < B 0.08 L N
| —<l—ZrS|A 006 | | ]
— — —
'“4. e R TTTq— 0.8 | | —>— SIAIC
L4 g -
< - D—DD/D/D\D—D\ <
N B B R R R SRR SR RUN SR TR B 04 _§§>ﬂ>’l>/ D\D\D\_
N | o TiSIA ol | | , |
-9, - ol | —o—TIAIC
> Y% 0O
B o) 04} O,cro\o -
B *~0-0-9—0—09—9—3—0—0——0 - = F S \O
2 o2} o -
PN [N (N N SN SN NN TN T N | ..| 1 > : f \O\O\O—O\o
Pl [ v_ TIAIA S . ———o
Y \\v _ o r | —>—TiSiC
- YV 027 |7
\V‘V\v/v . _ll>> -
— Ty—vV v— - %
P S R RPN SN SR SR BRI S EEPE B 0'18__ T ,>,>_>-—|>—>—D-D"D\I>/D;
f 1 1
| ZrAlA 0.18 [ _<_Z1SiC
—aq—
N - 0.09 -«*4«/4/4 S \4—4\4\\4‘_
TP R e S S NP ROV AP A PR PR PR | |
50 100 150 200 250 300 350 400 450 500 550 600 200 400
Pore diameter (A) Pore diameter (A)
0.08 ' ;
» | —o—SIAIR]
0.06 - m‘a T
N 0.04 -@ m‘O@/O\@ /@\@ -
2 o0 —
O i T TTO————3
o= L .
S o12f | —o— SIAIE]
O 009f /7 ]
L 0)‘
006 B OO -
i Oq Ou
g AL O~
0.03 | e .
- | I : I T—Q—0 =3
50 100 150 200 250 300

Pore diameter @)
(b)

600





media/file4.jpg





media/file25.png
Glycerol conversion (%)

Glycerol conversion (%)

| | I T
40
SIAIC
X SIAIR
[T SIAIE
35 -
30 -
25
7I5 125 175
Catalyst mass(mg)
(a)
. , : I , . |
100 - SiAIR (100) |mmm SiARR
I SIAIE
I SAIC
I Selectivity to triacetin
7 SIAIC (73)
SiAlE (70)
60
40
20

(b)






media/file0.jpg
Glycerol ! + Acetic Acid

My
e

Monoacetins Diacetins Triacetin





