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Abstract

:

Given the high accessibility of reactants to the active metal sites of fibrous catalysts, in this research, an electrospun silica fiber was applied as a support of nickel catalysts (Ni/SF) for the partial hydrogenation of palm oil fatty acid methyl ester (FAME) in a fixed-bed reactor. The textural properties, reducibility, Ni dispersion and morphology of Ni/SF catalysts were characterized and compared to those of a Ni/porous silica ball (Ni/SB). Under 1 bar H2 pressure at 140 °C, the 30 wt% Ni/SF catalyst exhibited a high turnover frequency (TOF) of 1396 h−1 to convert methyl linoleate (C18:2) to more saturated structures. On the other hand, the system using Ni/SB catalysts showed a TOF of only 141 h−1. This result was due to the effect of the higher acidity of the silica fiber, which promoted the higher adsorption of polyunsaturated portions in FAME. The non-porous characteristics and open morphology of the Ni/SF catalysts also allowed FAME and H2 molecules to easily access the Ni active sites deposited on the surface of the silica fiber and suppressed the selectivity to cis–trans isomerization. Stability testing of the Ni/SF catalyst showed that the C18:2 conversion decreased from 71% to 60% after long-term operation for 16 h possibly due to the weak metal–support interaction that facilitated Ni particle loss from the catalyst surface.
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1. Introduction


Recently, various regulations related to environmental concerns have been enforced for all countries to follow. As of 1 January 2020, the International Maritime Organization (IMO) set a limit of 0.5% (w/w) for the sulfur content in fuel oil used onboard ships operating outside the designed emission control areas [1]. Thus, low-sulfur fuels like fatty acid methyl ester (FAME) or biodiesel produced from vegetable oils or animal fats are expected to replace the conventional bunker oil derived from the high-sulfur residue obtained from crude oil distillation [2]. However, the existence of polyunsaturated fractions in the fatty acid composition of FAME results in poor oxidation stability and difficulty of storage [3]. To solve this problem, partial hydrogenation is applied to FAME to enhance its saturation degree and increase its quality. However, hydrogenated FAME (H-FAME) with over-saturation has inferior cold flow properties, resulting in the potential blockage of the fuel system of vehicles [3,4]. Thus, the optimum conditions for the partial hydrogenation of FAME have been investigated for each catalytic system to maximize the amount of monounsaturated structures (methyl oleate (C18:1) and methyl palmitoleate (C16:1)) to balance the oxidation stability with the cold flow properties of H-FAME [3,4,5].



Among the catalysts applied in the partial hydrogenation of FAME are the noble transition metals, such as platinum (Pt) and palladium (Pd), which are limited for use in mass-scale production due to their high cost and limited availability. Moreover, the Pd catalyst has a greater selectivity for cis–trans isomerization to promote the formation of a trans-C18:1 structure, which can induce a higher crystallization point and thus affect the cold flow properties [3]. From a commercial perspective, nickel (Ni) is a practical catalyst for hydrogenation due to its good catalytic activity and availability at a relatively low cost [6]. Among the porous materials, silica (SiO2) is commonly selected as the catalyst support for partial hydrogenation due to its high specific surface area, thermal-mechanical stability, and low metal–support interaction [6,7].



For reactions performed in a fixed-bed reactor, porous supports normally suffer from poor mass transfer and high pressure drop due to the long diffusion distance, which results in pore blockage with high opportunity for coke formation, especially in steam reforming [8]. In addition, large molecules, such as FAME, cannot diffuse easily into the small pores of the catalysts. Numwong et al. [9] reported that the pore size of the SiO2 support significantly affected the activity of the Pd/SiO2 catalyst for the partial hydrogenation of FAME derived from rapeseed oil. The small pore size could promote cis–trans isomerization during partial hydrogenation to obtain trans-isomers. This phenomenon was also observed for the partial hydrogenation of Jatropha oil biodiesel over CNi/bentonite catalysts prepared from a [Ni(NH3)6](NO3)2 precursor. The pore size of this catalyst was 8.1 nm and provided the fraction of trans-C18:1 at 24.06 wt% in the obtained H-FAME [10]. To overcome the disadvantages of the porous catalysts, silica fiber prepared via the electrospinning technique has been successfully applied as a catalyst support in gas-phase reactions such as Fischer–Tropsch synthesis [11]. However, the application of silica fiber is rarely observed in liquid-phase systems. An example for using silica fiber as the support of Ni catalysts is the hydrogenation of the small molecule such as citral [12].



Thus, the aim of this research was to apply silica fiber as a support of Ni catalysts (Ni/SF) in the partial hydrogenation of large molecules such as palm oil-derived FAME in a continuous fixed-bed reactor. The catalytic activity of Ni/SF catalysts was also compared to that of the Ni supported on the commercial porous silica ball (Ni/SB). The large length-to-diameter ratio of silica fiber and the open morphology of Ni particles deposited on the silica fiber surface was expected to provide a higher mass/heat transfer and availability to access the Ni active sites, in contrast to conventional porous silica supports. The effects of the support morphology, Ni loading level, hydrogen (H2) pressure and reaction temperature on the activity of the catalysts in terms of turnover frequency (TOF) and the distribution of C18 compositions in the H-FAME were evaluated. Moreover, the catalyst stability for long operation times of both Ni/SB and Ni/SF catalysts was comparatively investigated. The fuel properties (oxidation stability, pour point, flash point and heating value) of FAME before and after partial hydrogenation were also examined.




2. Results and Discussion


2.1. Catalyst Characterization


The commercial porous silica support of Ni catalysts for comparing the catalytic efficiency with silica fiber was CARiACT Q10 in the bead form (particle size = 1.18–2.36 mm; bulk density of 0.41 g cm−3), obtained from Fuji Silysia Chemical Co., Ltd. (Kasugai Aichi, Japan). CARiACT Q10 in the powder form was used as the support of palladium (Pd) for the partial hydrogenation of biodiesel derived from rapeseed oil reported by Numwong et al. [9]. They found that the Pd/Q10 catalyst had the appropriate pore size for the pore diffusion of C18:2 and facilitates hydrogenation to get the monounsaturated C18:1 easily. This was suitable for palm oil-derived FAME containing a high fraction of C18:2 with a very small amount of C18:3 composition.



In the case of Ni/SF catalysts, the silica fiber was synthesized via a sol–gel electrospinning technique using tetraethylorthosilicate (TEOS) as a silica precursor. The obtained silica fiber had a bulk density of ca. 0.08 g cm−3 with a diameter of 320 ± 80 nm. The textural properties, in terms of the surface area, pore volume and pore diameter, of both the porous silica ball and silica fiber supports were measured by the N2 adsorption–desorption technique, as shown in Figure 1a and summarized in Table 1. It was found that the BET surface area of the silica ball was 38.1 m2 g−1, with a 0.14 cm3 g−1 pore volume and 14.6 nm average pore diameter. Since the commercial silica used in this research was in the bead form, the pore size distribution shown in Figure 1b indicated the large pore size in the range of 20–40 nm due to the effect of interparticle voids between the silica beads. The obtained average pore size at 14.6 nm of the commercial silica ball was sufficient for the diffusion of FAME into the pores (the size of the FAME molecules was estimated from the size of methyl oleate as having ~2.5 nm for C–C segments and ~0.5 nm for the cross-section [13]). Regarding the silica fiber (Figure 1c), the BET surface area of the silica fiber was only 7.10 m2 g−1. Moreover, the hysteresis loop of the N2 adsorption–desorption isotherm of the silica fiber was not observed (Figure 1a), which reflects the characteristics of non-porous materials [8]. To evaluate the phase of silica, Figure 1d shows the broad XRD peak at 2θ of 22° corresponded to the (101) plane of the amorphous silica for both the silica ball and silica fiber supports [8,14]. However, the peak intensity of the silica fiber was significantly lower than that of the silica ball, implying that the silica fiber had lower crystallinity. This was possibly due to the low calcination temperature (500 °C) for preparing the silica fiber. This phenomenon was also observed by Mitra et al. [14], and they explained that the calcination temperature affected the preferential growth of the silica crystallites. For the acidity of the silica supports, Table 1 shows that the silica fiber had higher acidity (0.587 mmol NH3/g) than the silica ball (0.162 mmol NH3/g). This was also a function of the preparation conditions [9].



For the Ni-based catalysts, the amount of Ni loading was controlled at 10–50 wt%, and the actual Ni content for each catalyst, as confirmed using ICP-OES analysis, was in good agreement (Table 2). It was observed that the surface area of the Ni/SB catalyst significantly decreased when the Ni loading was increased due to the partial blockage of the mesopores in the silica ball. To confirm the results from the N2 adsorption–desorption, the XRD analyses and SEM images of the calcined Ni-based catalysts are shown in Figure 2 and Figure 3, respectively. Regarding the XRD patterns, the cubic structures of the NiO phase in both calcined Ni/SB and Ni/SF catalysts are observed at 2θ of 37.3°, 43.3°, 62.9°, 75.4° and 79.4°, attributed to the (111), (200), (220), (311) and (222) planes, respectively [8]. Although the XRD pattern of the NiO phase was not affected by the shape of the silica support, the NiO crystallite size was dependent on the form of the silica. Table 2 indicated that the increase in the amount of Ni loading from 10–50 wt% for Ni/SB catalysts significantly enlarged the NiO crystallite size from 21.8 to 36.6 nm. It is possible that the porous characteristics of the silica ball could retard the diffusion of the Ni precursor solution, resulting in the agglomeration and formation of larger NiO particles on the outer surface of the silica ball, as seen in the SEM images (Figure 3(a-1–a-3)). This phenomenon, in general, has been previously observed for porous Ni/SiO2 catalysts prepared via impregnation using a high concentration of Ni aqueous solutions [15].



To consider the Ni/SF catalysts, the NiO particles deposited on the surface of the silica fiber induced the higher BET surface area from 7.10 to 10–12 m2 g−1. Although the pore volume and average pore diameter of Ni/SF catalysts could be calculated from the Barrett–Joyner–Halenda (BJH) desorption data, the fluctuate pore diameters with very small pore volume in the range of 0.01–0.03 cm3 g−1 were observed. These values were generated from the overlap of the fibers (Figure 3(b-1,b-2)) [8]. To detect the NiO crystallite size, this value slightly increased with increasing Ni loading levels, staying in the range of 21–24 nm. The clusters of agglomerated NiO particles were rarely observed, as shown in Figure 3(b-1–b-3). These results suggested that the silica fiber prevented the agglomeration of Ni and could thus be applied as a support in the preparation of catalysts requiring a high loading level of the active metals.



The reduction temperature of the calcined Ni catalysts was investigated using the H2-TPR technique as depicted in Figure 4. The reducibility of the Ni(II)O phase in all catalysts was also calculated by comparison of the total H2 consumption detected by the H2-TPR analysis and the theoretic value obtained from Ni(II)O + H2 → Ni(0) + H2O, as summarized in Table 2. From Figure 4, the H2-TPR profiles indicated that the maximum peak of H2 consumption for the reduction in NiO in the Ni/SB catalysts increased from 435 to 466 °C as the amount of NiO loading increased from 10 wt% to 40 wt% (Figure 4a–d). The reduction temperature lower than 578 °C indicated the weak interaction between NiO particles and the support [16]. The traditional impregnation on the porous support could also easily induce the uncontrolled size and dispersion of the metal on the surface of the supports [17]. The larger size of NiO particles might block the pores of catalysts resulting in the difficulty of H2 diffusion into the pores of catalyst. The higher reduction temperature was thus required to activate the NiO phase as the Ni active form. Although the H2 consumption of Ni/SB catalysts increased from 1.10 to 2.07 mmol gcat−1 with increasing the NiO content, it was not proportional to the level of Ni loading, resulting in the lower degree of reducibility from 63.3% to 30.9%. In the case of the 50 wt% Ni/SB catalyst, the results in Table 2 showed that the NiO crystallite size of the 50 wt% Ni/SB catalyst was 36.6 nm reflecting the weak interaction between the bulk NiO particles and silica ball [15]. It is possible that the precursor solution with a high Ni concentration hardly diffused into the pores of the support, resulting in the agglomeration of some portion of the NiO particles on the outer surface of the silica ball, which made their reduction easier at a lower temperature of 446 °C (Figure 4e). This phenomenon also provided the lowest H2 consumption (1.66 mmol gcat−1) and reducibility (22.6%). This explanation was also confirmed by the CO pulse chemisorption analysis. The results in Table 2 indicated that the Ni dispersion of Ni/SB catalysts was in the range of 1.3–3.4%, which depended on the amount of Ni loading and was slightly lower than that of Ni/SF catalysts (Ni dispersion = 1.9–3.4%). This implied that some of the Ni particles were agglomerated and mostly deposited on the outer surface of the silica ball at high Ni content.



Providing a comparison of the Ni/SF catalysts at similar Ni loading levels, Figure 4f–j shows that the maximum peak in the H2-TPR profiles for the calcined Ni/SF catalyst appeared in the range of 373–438 °C for 10–50 wt% Ni content, with a higher level of H2 consumption indicating a higher reduction in NiO particles [18]. It was also observed that the degree of reducibility was in the range of 66.7–76.5% (Table 1). The lower reduction temperature of the NiO phase in the Ni/SF catalysts compared to that of the porous catalysts was attributed from the open morphology of the NiO particles deposited on the surface of the silica fiber, which could provide a higher opportunity for a direct reaction with the reducing H2. Moreover, the weaker interaction between NiO particles and the silica fiber surface would facilitate the reduction of NiO to a Ni active phase [19].




2.2. Comparative Performance of the Ni/SF and Ni/SB Catalysts for the Partial Hydrogenation of FAME


To compare the catalytic performance of the Ni/SB and Ni/SF catalysts, the partial hydrogenation of palm oil-derived FAME was performed in a fixed-bed reactor after the in situ reduction of catalysts in the presence of H2 at 450 °C for 2 h. The central condition for the partial hydrogenation of FAME was conducted under 1 bar H2 pressure at 140 °C with the feed flow rate of H2 and FAME streams at 100 mL min−1 and 0.44 g min−1, respectively. The volume of the catalyst bed was controlled at ca. 5 cm3. According to the different bulk densities of the silica supports, the amount of applied Ni-based catalysts was kept constant at 1.97 and 0.40 g for the Ni/SB and Ni/SF catalysts, respectively.



The obtained liquid product was collected for 4 h and then sampled to analyze the C18 compositions, i.e., methyl stearate (C18:0), cis-methyl oleate (cis-C18:1), trans-methyl oleate (trans-C18:1), methyl linoleate (C18:2) and methyl linolenate (C18:3), using gas chromatography equipped with a flame ionization detector (GC-FID). Figure 5a shows a representative GC chromatogram of the FAME, which indicated that it contained a high fraction of methyl palmitate (C16:0; 43.9 mol%) and cis-C18:1 (40.8 mol%) with smaller amounts of C18:0 (4.4 mol%), C18:2 (9 mol%) and C18:3 (0.4 mol%). Moreover, it was observed that the peak of C20:0 was eluted before some peaks of C18:3 due to the effect of the high polarity of the HP-88 column. This result was consistent with the previous literature that used CP-Sil 88 or SILAR columns [20,21]. Chen et al. [17] reported that the peaks of C18:3 appeared before the peak of C20:0 was in the form of a trans-structure, while C18:3 eluted after C20:0 contained both trans- and cis-configurations. Although the amounts of C18:2 and C18:3 were not large in this palm oil-derived FAME, they had to be minimized due to their fast oxidation rate [22]. The oxidation rate of linolenic acid containing three C=C bonds was reported to be 2500- and 25-fold greater than those for stearic and oleic acids, respectively [23,24]. After partial hydrogenation, the intensity of the cis-C18:2 and C18:3 peaks decreased with the formation of a small amount of the trans-C18:1 configuration, especially for the Ni/SF catalyst system (Figure 5b,c).



Based on the difference in the shape and bulk density of the catalysts affecting the total amount of the Ni active phase, the effects of the studied parameters on the activity of the Ni/SB and Ni/SF catalysts in converting the C18:2 structure in the partial hydrogenation of FAME was evaluated in terms of turnover frequency (TOF) calculated with Equation (1), which was adapted from the previous literature [3]:


  TOF (  h  − 1   ) =          C 18 : 2   conversion    ( % )    100   × FAME   feed   rate    (    g   h   − 1    )  ×  1    MW   C 18 : 2           actual   Ni   content    (  wt %  )    100   ×   Ni   dispersion    ( % )    100   ×  W  catalyst      ( g )  ×  1    MW   Ni         



(1)




where MWC18:2 and MWNi are 294 and 58.69 g/mol, respectively. The actual Ni content in each catalyst and its dispersion degree were obtained from ICP-OES and CO pulse chemisorption techniques, respectively (see Table 2). The effect of reaction parameters such as Ni loading, H2 pressure and reaction temperature on TOF and C18 compositions are shown in Figure 6, Figure 7 and Figure 8.



Regarding the effect of the Ni loading, the Ni/SB catalysts (Figure 6a) exhibited a maximum TOF of 141 h−1 at 30 wt% Ni content. In addition, the degree of C18:0 content increased from 6.2 to 9.4%, while the amount of the cis-C18:1 configuration was reduced from 40.6 to 37.8% when the Ni content increased from 10 to 30 wt%. This indicated that some portion of the cis-C18:1 was converted to a C18:0 configuration. Although a high saturation level is beneficial for oxidation stability, over-saturation can increase the cloud point and pour point of the obtained H-FAME, resulting in the limitation for use in cold weather areas [3,5]. Thus, a monounsaturated FAME is preferred since it can balance the properties between oxidation stability and cold flow properties. When the amount of Ni in the Ni/SB catalyst increased to 40–50 wt%, the TOF value decreased to 72–79 h−1. This indicated that the high Ni loading level induced an oversize of the Ni crystallite structure and blocked the catalyst pores, resulting in the lower catalytic efficiency for hydrogenation or cis–trans isomerization.



In the comparison of the Ni/SF catalysts at similar Ni loadings, the results indicated in Figure 6b were in contrast to those for the Ni/SB catalysts (Figure 6a). The TOF values of the system using Ni/SF catalysts containing 10–30 wt% Ni loading increased from 488 to 1396 h−1, which was 6–9 times greater than those of Ni/SB catalysts at the same Ni content. Numwong et al. [9] explained that silica with higher acidity could promote the adsorption of unsaturated bonds in the FAME molecules at the Brønsted acid sites of the silica support. Therefore, not only the open morphology of Ni/SF catalysts could provide a higher direct interaction between FAME molecules and Ni active sites to decrease the reduction temperature, but the higher acidity of the silica fiber could also promote the strong adsorption of C18:2 in FAME, resulting in the higher activity for hydrogenation to achieve the greater TOF values. Moreover, the amount of the C18:0 structure also increased from 5.5 to 8.0–9.0 wt% with a constant level of the cis-C18:1 configuration (41–43 wt%). This implied that the Ni/SF catalyst having a low bulk density resulting in the small amount of catalyst weight at a given volume of the catalyst bed provided a shorter contact time and consequently inhibited the over-saturation of the monounsaturated FAME. Although the increased Ni loading enhanced the hydrogenation activity, since the bulk Ni particles could decrease the activation energy of H2 dissociation [25], the use of the Ni/SF catalyst with an overdose of Ni loading could not increase the reduction in the C18:2 fraction, resulting in the decrease in the TOF to 1248 and 1092 h−1 for 40 wt% Ni/SF and 50 wt% Ni/SF catalysts, respectively.



To consider the formation of the trans-C18:1 structure, the amount of the trans-configuration should be minimized during hydrogenation due to its higher melting point than the cis-structure at the same carbon number. This structure can remain in a solid form at room temperature and plug the fuel line in vehicles [26]. The results in Figure 6b indicated that Ni/SF catalysts containing 10–30 wt% Ni loading produced the lowest amount of the trans-C18:1 structure (1.3–2.9 mol%) in the obtained H-FAME. This was due to the effect of the non-porous support, which could suppress the trans-selectivity, as suggested in the previous work [9]. However, the increase in the Ni loading to 40–50 wt% only slightly increased the amount of trans-C18:1 to 4.6 mol%. This was possible because the larger metal crystallite size could induce the higher adsorption of unsaturated FAME on the metal surface and facilitate cis–trans isomerization during partial hydrogenation [3]. Thus, it can be concluded that the Ni/SF catalyst had high activity for partial hydrogenation to obtain H-FAME with high levels of monounsaturated structures, while also exhibiting low selectivity for cis–trans isomerization.



The effect of the H2 pressure on the hydrogenation of FAME at 140 °C was evaluated from 1–4 bar. Figure 7a shows that the increasing H2 pressure from 1 to 2 or 4 bar significantly enhanced the TOF value for the system using the 30 wt% Ni/SB catalyst from 141 to 405 or 440 h−1, respectively. This implied that a higher H2 pressure was required for the porous catalyst to overcome the mass transfer resistance. In addition, the higher H2 pressure provided a larger amount of H2 molecules, which accelerated hydrogenation [27]. In the case of the 30 wt% Ni/SF catalyst, the degree of TOF for this system increased from 1396 to 1485 or 1659 h−1 (only ca. 6–19%) when the H2 pressure increased from 1 to 2 or 4 bar (Figure 7b), respectively. This result also confirmed that the fibrous catalysts provided a greater accessibility to the Ni active sites for the reaction between H2 and FAME molecules to occur and achieve the high TOF values at atmospheric pressure. Although the increased H2 pressure enhanced the TOF for both catalytic systems, the obtained H-FAME contained a large amount of C18:0 (up to 18–20 wt%) with a significant reduction in the cis-C18:1 content, which would induce poor cold flow properties.



In the case of reaction temperature, the partial hydrogenation of FAME was generally operated in the range of 80–200 °C depending on the type of catalyst [3,5,10]. In this work, the reaction was performed using 30 wt% Ni/SB or 30 wt% Ni/SF under 1 bar H2 pressure. In the case of the Ni/SB catalyst system, Figure 8a showed that the increase in the reaction temperature from 100 to 200 °C slightly increased the TOF from 98 to 152 h−1. Although the increase in the reaction temperature could improve the mass transfer coefficient for H2 molecules from FAME to the catalyst surface [28], the conventional Ni-based porous catalysts still had low activity for partial hydrogenation under mild conditions [3]. This disadvantage of the porous Ni catalysts would be solved by using fibrous supports. Figure 8b indicates that the use of Ni/SF catalyst provided the enhancement of the TOF value from 478 to 1454 h−1 at the same reaction temperature range. This was due to the effect of the open geometry of the Ni active phase deposited on the SF surface, which could provide a higher accessibility of FAME and H2 molecules to be adsorbed and reacted on the surface of the catalyst. However, the use of higher reaction temperatures promoted the cis–trans isomerization to achieve the higher amount of the trans-C18:1 structure from 1.9 to 4.0 mol% [29].




2.3. Catalyst Stability of Ni/SF and Ni/SB Catalysts


The stability of the 30 wt% Ni/SB and 30 wt% Ni/SF catalysts was comparatively evaluated using a FAME feed rate of 0.44 g min−1 under 1 bar H2 at 140 °C. The samples of the H-FAME obtained from each catalyst system were collected every 1–2 h during the time on stream for 16 h, and the C18:2 conversion level was then analyzed. The FAME hydrogenation using the 30 wt% Ni/SB catalyst maintained a C18:2 conversion level of 26–28% throughout the course of the reaction (Figure 9). The 30 wt% Ni/SF catalyst exhibited a high C18:2 conversion level (70–71%) at the beginning of the reaction, but then the C18:2 conversion level declined, with longer reaction times down to ca. 61% after 16 h. To consider the cumulative C18:2 conversion, Figure 9 shows that the partial hydrogenation using the 30 wt% Ni/SB catalyst still maintained the cumulative C18:2 conversion at ca. 27% for the long period of operation. On the other hand, the cumulative C18:2 conversion of the system using the 30 wt% Ni/SF catalyst would be decreased to 27% when the reaction was allowed for 5.79 days. Above this point, the cumulative C18:2 conversion of the 30 wt% Ni/SF catalyst trended to be lower than that of the system using the 30 wt% Ni/SB catalyst.



The results from the analysis of the energy-dispersive X-ray fluorescence spectrometer (EDX) as shown in Table 3 indicated that FAME, used as the raw material of this research, had only Zn species (36 ppm), possibly due to the contaminant or nutrient in the palm oil feedstock used for FAME production [30,31]. After the partial hydrogenation, H-FAME obtained from the 30 wt% Ni/SF catalyst contained Ni particles of 93.9 ppm, whereas H-FAME obtained from the 30 wt% Ni/SB catalysts had no Ni species. Presumably, the open geometry with weaker metal–support interaction, as seen in the H2-TPR analysis (Figure 4) of Ni/SF catalysts, led the quick deactivation via agglomeration [19]. This could facilitate the loss of Ni particles from the surface of the support compared to that in the porous catalysts. Although the amount of silica could not be detected in all H-FAMEs, Chen et al. [5] reported that the amorphous nature of silica or alumina was slightly leached out under the mild hydrogenation condition. Thus, it was possible that the silica fiber having the lower degree of crystallinity than the commercial porous silica ball might have lower stability. According to the results obtained from the EDX analysis and the previous literature [5], the degree of crystallinity and the interaction between active metals and the surface of the silica fiber should be improved in order to increase the lifetime of the catalyst for applying in the commercialized scale of H-FAME production.




2.4. Properties of FAME before and after Partial Hydrogenation


Table 4 shows the properties of FAME and H-FAME at various C18:2 conversion levels, in terms of the heating value, thermal properties and oxidation stability. The partial hydrogenation did not affect the heating value of FAME due to the mild conditions applied in the partial hydrogenation, which did not promote the cracking reaction. The flash point of H-FAME was in the range of 180–184 °C, which was within the standard specification for biodiesel in global, reginal and national levels as declared in the Annex XXVIII subtask report [32]. Moreover, the oxidation stability of FAME was improved from 16 h to higher than 48 h when the C18:2 hydrogenation level was 85%. Thus, the H-FAME had high safety and could be stored longer. Although the palm oil FAME showed the higher oxidation stability, this behavior might be generated from the excess amounts of artificial antioxidants added into the oil feedstock during biodiesel production [5]. These antioxidants are harmful on the environment and biochemical systems. The use of partial hydrogenation is thus the effective technique to improve the oxidation stability of FAME with decreasing the volume of antioxidants. For the cold flow property, the high C18:2 conversion level caused the H-FAME to have a higher pour point, increasing from 16 to 24 °C, and thus it would not be suitable for use in cold weather areas. To solve this problem, the palm oil-derived H-FAME having high oxidation stability with poor cold flow properties may be combined with FAME obtained from different plant oils having good cold flow properties, but poor oxidation stability such as rapeseed and soybean oils in order to improve both the oxidation stability and cold flow properties of the obtained biofuels following the standard in each country [33].





3. Materials and Methods


3.1. Preparation of the Silica Fiber


The silica fiber was synthesized via sol–gel electrospinning using a warm mixture consisting of tetraethylorthosilicate TEOS (Sigma-Aldrich, Saint Louis, MO, USA), deionized water, ethanol (AR grade, DUKSAN Co., Ansan-si Gyeonggi-do, Korea) and hydrochloric acid (37 wt%, QReC) at a 1:2:2:0.01 mole ratio, as previously described [11]. The obtained silica sol solution was transferred into a 5-mL syringe consisting of a stainless-steel capillary metal hub needle size 27G in the electrospinning equipment. The injection flow rate of 4 mL h−1 was controlled using a syringe pump (KDS 100, KD Scientific Inc., Holliston, MA, USA). The voltage power supplier operated at a constant 15 kV and 50 mA and was attached to the syringe. The distance between the needle tip to the collector covered by aluminum foil was 15 cm. After collection, the silica fiber was dried in an oven at 100 °C overnight and then calcined at 500 °C for 2 h with a heating rate of 10 °C min−1 (bulk density = 0.08 g cm−3; diameter of silica fiber = 320 ± 80 nm).




3.2. Preparation of the Ni-Based Catalysts


The Ni/SB and Ni/SF catalysts were prepared via incipient wetness impregnation and wet impregnation, respectively, using a nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O, AR grade, Ajax Finechem Pty Ltd., Taren Point, Australia) solution at various concentrations (0.36–4.54 M) depending on the desired Ni loading level of the catalyst. For the Ni/SB catalysts, 5 mL Ni(NO3)2·6H2O solution of the desired Ni content was dropped onto the 5 g dry commercial silica ball (CARiACT Q10 (Fuji Silysia Chemical Co., Ltd., Kasugai Aichi, Japan); ∅ = 1.18–2.36 mm, bulk density = 0.41 g cm−3) and then dried using a rotary evaporator at 60 °C for 2 h. For the Ni/SF catalyst, 1 g silica fiber was immersed in 3 mL of the Ni(NO3)2·6H2O solution at the desired Ni concentration for 24 h on a glass plate. The obtained Ni/SB and Ni/SF catalysts were then calcined in air at 500 °C for 2 h before use.




3.3. Catalyst Characterization


The Brunauer–Emmett–Teller specific surface area of each sample was determined from nitrogen (N2) adsorption–desorption measured by Micromerritics® (ASAP 2020 V4.00, Norcross, GA, USA) at −196 °C. The average pore diameter and the total pore volume of all samples were calculated from Barrett–Joyner–Halenda (BJH) desorption data. The samples in the bead or fiber form (0.1 g) were dried with N2 purging in a vacuum applying elevated temperatures at 350 °C and 10 μmHg for 2 h before analysis.



The acidity of the silica supports was measured by the ammonia temperature-programmed desorption (NH3-TPD) technique performed by the Belcat-Basic Chemisorption analyzer (Belcat II, BEL Microtrac Co., Ltd., Tokyo, Japan). The samples (0.05 g) were treated under He gas at a flow rate of 50 mL min−1 at 500 °C for 30 min. Then, the temperature was decreased to 100 °C before the injection of a 5/95 (v/v) NH3/He gas mixture (Bangkok Industrial Gas Co., Ltd., Bangkok, Thailand) at the same flow rate into the testing chamber, this temperature was maintained for 30 min. The temperature to desorb the adsorbed ammonia on the catalyst surface was raised to 700 °C at a heating rate of 10 °C min−1 and held for 20 min. The amount of ammonia eluted from the catalyst surface was determined by using a thermal conductivity detector (TCD).



The structure and crystallinity of the supports and Ni-based catalysts were detected using X-ray diffractometry (XRD). The XRD patterns were collected on a Bruker D8 advance system (Fällanden, Switzerland) using Cu-Kα radiation (λ = 0.154 nm), operated at 40 kV and 40 mA, respectively. The scanning speed was 10° min−1 in a 2θ range of 10–80°.



The morphology of the silica fiber and prepared catalysts was analyzed using SEM (JEOL Model JSM6480LV, Tokyo, Japan) operated at 15 kV. The samples were coated with a thin layer of gold before the measurement. The catalyst samples (0.03 g) were crushed to a fine powder before analysis, and then they were suspended in methanol (2 mL) under ultrasonic vibration.



The actual content of Ni particles of catalysts was determined using inductively coupled plasma-optical emission spectrometry (ICP-OES; SPECTRO Model CIROS VISION, Kleve, Germany). Before analysis, the catalyst sample (20 mg) was digested in 1 L of 2% nitric acid solution. Then, the amount of digested Ni in the acid solution was obtained from the calibration curve prepared from the plasma-grade single-element standards.



The reduction temperature of the Ni-based catalysts was evaluated using temperature-programmed reduction (TPR) performed by Belcat-Basic Chemisorption analyzer (Belcat II, BEL Microtrac Co., Ltd., Tokyo, Japan) equipped with a thermal conductivity detector. The catalyst (0.1 g) was placed into the quartz tube reactor and pretreated under an argon (Ar) atmosphere (30 mL min−1), heated at 10 °C min−1 to 200 °C and held for 1 h to remove the impurities on the catalyst surface. The pretreated sample was then reduced in the presence of a 5/95 (v/v) H2/Ar mixture at a flow rate of 30 mL min−1 and was heated from room temperature to 600 °C at 10 °C min−1.



The Ni dispersion on the prepared supports was also investigated using pulse CO chemisorption (Belcat II, BEL Microtrac Co., Ltd., Tokyo, Japan). Prior to measurement, the catalyst sample (50 mg) was placed in the quartz tube reactor and sequentially pretreated by helium (He; 20 min) and H2 (120 min) at a flow rate of 30 mL min−1 and a temperature of 450 °C. The sample was then cooled to 50 °C in a He atmosphere. Pulses of 10/90 (v/v) CO/He were injected at this temperature into the quartz reactor until no more CO was adsorbed. The Ni dispersion and Ni crystallite size were calculated from the CO uptake by assuming a chemisorption stoichiometry of CO/Ni as 1/1 (one CO molecule was chemisorbed on the surface of one Ni atom [34]).




3.4. Partial Hydrogenation of FAME


The reaction was performed in a stainless steel fixed-bed reactor (L = 300 mm and inner diameter = 12.7 mm) in the presence of 1–4 bar H2 pressure (99.99% purity purchased from Bangkok Industrial Gas Co., Ltd., Bangkok, Thailand) at 75–200 °C. Before hydrogenation, the Ni/SB or Ni/SF catalysts were packed in the reactor. The amounts of the Ni/SB and Ni/SF catalysts were kept constant at 1.97 and 0.40 g, respectively (the volume of the catalyst bed was controlled at ca. 5 cm3). They were then in situ reduced at 450 °C for 2 h under H2 at a flow rate of 100 mL min−1. When the reactor was cooled to the desired reaction temperature, FAME (Grade CP16 obtained from Bangchak Corporation Public Co., Ltd., Bangkok, Thailand) was fed into the reactor using a HPLC pump (Interchim, Series I, Los Angeles, USA) at 0.50 mL min−1 (0.44 g min−1). The obtained H-FAME was accumulated in the container during the course of the reaction. After 4 h of reaction time, the H-FAME in the container was sampled to determine its composition and properties.




3.5. Analysis of Compositions and Properties of FAME and H-FAME


The conversion of diunsaturated FAME (C18:2) and the amounts of the cis- and trans-configurations of monounsaturated (C18:1) in the H-FAME were identified using GC-FID (Agilent Technologies Inc., Santa Clara, CA, USA) equipped with a 100 m × 0.25 mm HP-88 fused-silica capillary column. The carrier gas was He (99.99% purity) at a flow rate of 2.4 mL min−1. The sample was quantified by injecting 1 µL. The oven temperature was increased from 130 to 230 °C at a heating rate 2 °C min−1 and held at this temperature for 10 min. The injector and detector were kept at 200 and 230 °C, respectively, with a split ratio of 100:1. The composition of FAME and H-FAME was identified and calculated from the peak area fraction by reference to the retention time.



The oxidative stability of FAME and H-FAME was tested using a Metrohm 743 Rancimat (Herisau, Switzerland) according to the EN 14,112 procedure. The sample was put in the tube and heated at 110 °C under a constant air flow rate of 10 L h−1. During the oxidation, the generated volatile acid compounds were adsorbed in the deionized water in the conductimetric measuring vessel of the Rancimat device and the increased conductivity of the solution was recorded. The pour point of FAME before and after partial hydrogenation was also investigated using a pour/cloud point tester (NORMLAB, Ankara, Turkey) according to ASTM D6749. The HV of FAME and H-FAME was evaluated using a bomb calorimeter (Parr Model 6200, Parr Instrument Company, Moline, IL, USA). The traces of metals in FAME before and after partial hydrogenation were also detected by using an energy-dispersive X-ray fluorescence spectrometer (EDX-720, Shimadzu, Kyoto, Japan).





4. Conclusions


Ni supported on an electrospun silica fiber was determined as one of the effective catalysts for the partial hydrogenation of FAME in a continuous fixed-bed reactor. It was observed that the TOF values of the system using Ni/SF catalysts containing 10–50 wt% Ni loading were in the range of 488–1396 h−1, which was higher than that using Ni/SB catalysts (78–114 h−1) when the reaction was performed under 1 bar H2 pressure at 140 °C with a FAME feed rate of 0.44 g min−1. This was due to the effect of the open morphology of the Ni/SF catalyst, which could provide a lower reduction temperature with weaker metal–support interaction and greater accessibility of FAME and H2 molecules to the Ni active metals. Moreover, the higher acidity of the silica fiber possibly enhanced the strong adsorption of the unsaturated portion in the FAME molecules, resulting in a higher catalytic efficiency for partial hydrogenation. Compared with the Ni/SB catalyst, the Ni/SF catalyst also generated higher levels of the cis-C18:1 isomer with a lower level of the undesired trans-C18:1 configuration (<5 mol%) in the obtained H-FAME. The long-term reaction operation of 16 h showed a slight decline in C18:2 conversion from 71 to 60% for the partial hydrogenation of FAME over the 30 wt% Ni/SF catalyst, which was due to the ease of Ni particle loss from the surface of the silica fiber. Nonetheless, the obtained C18:2 conversion was still higher than that of the system catalyzed by the 30 wt% Ni/SB catalyst. When analyzing the H-FAME properties, partial hydrogenation significantly improved the oxidative stability without affecting the heating value of FAME. However, the H-FAME with over-saturation had a higher pour point, which limits its use in colder regions. Thus, the development of an H-FAME structure with favorable cold flow properties needs be studied in the future for application in all areas.
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Figure 1. Characterization of the silica supports: (a) N2 adsorption–desorption isotherms of silica ball and silica fiber; (b) pore size distribution of silica ball evaluated by the BJH method; (c) SEM image of silica fiber (10,000× magnification) and (d) XRD patterns of silica ball and silica fiber. 






Figure 1. Characterization of the silica supports: (a) N2 adsorption–desorption isotherms of silica ball and silica fiber; (b) pore size distribution of silica ball evaluated by the BJH method; (c) SEM image of silica fiber (10,000× magnification) and (d) XRD patterns of silica ball and silica fiber.



[image: Catalysts 10 00993 g001]







[image: Catalysts 10 00993 g002 550] 





Figure 2. XRD patterns of (a) Ni/SB and (b) Ni/SF catalysts containing various contents of Ni loading. 
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Figure 3. SEM images (20,000× magnification) for (a) Ni/SB and (b) Ni/SF catalysts containing: (1) 10 wt%, (2) 30 wt% and (3) 50 wt% Ni loading. 
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Figure 4. H2-TPR profiles of the Ni/SB and Ni/SF catalysts at various Ni contents: (a) 10 wt% Ni/SB, (b) 20 wt% Ni/SB, (c) 30 wt% Ni/SB, (d) 40 wt% Ni/SB, (e) 50 wt% Ni/SB, (f) 10 wt% Ni/SF, (g) 20 wt% Ni/SF, (h) 30 wt% Ni/SF, (i) 40 wt% Ni/SF and (j) 50 wt% Ni/SF. 
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Figure 5. GC-chromatograms of (a) FAME and H-FAME obtained from (b) 30 wt% Ni/SB (C18:2 conversion = 26.9%) and (c) 30 wt% Ni/SF (C18:2 conversion = 71.3%) (Region 1: peaks of C18:2 and Region 2: peaks of C18:3 and C20:0). 
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Figure 6. Effect of Ni loading on the degree of turnover frequency (TOF) and C18 compositions in the H-FAME obtained from the partial hydrogenation of palm oil-derived FAME using the (a) Ni/SB and (b) Ni/SF catalysts under 1 bar H2 pressure at 140 °C. 
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Figure 7. Effect of H2 pressure on the degree of TOF and C18 compositions in the H-FAME obtained from the partial hydrogenation of palm oil-derived FAME over (a) 30 wt% Ni/SB and (b) 30 wt% Ni/SF catalysts at 140 °C. 
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Figure 8. Effect of the reaction temperature on the degree of TOF and C18 compositions in the H-FAME obtained from the partial hydrogenation of palm oil-derived FAME over (a) 30 wt% Ni/SB and (b) 30 wt% Ni/SF catalysts under 1 bar H2 pressure. 
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Figure 9. Comparison of catalyst stability in terms of C18:2 conversion at each time on stream and cumulative C18:2 conversion for the 30 wt% Ni/SF and 30 wt% Ni/SB catalysts in the partial hydrogenation of FAME under 1 bar H2 pressure at 140 °C. 
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Table 1. Textural properties and acidity of the silica ball and silica fiber.
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	Samples
	SA a

(m2 g−1)
	PV b

(cm3 g−1)
	PD c

(nm)
	Acidity e

(mmol NH3/g)





	Silica ball (CARiACT Q10)
	38
	0.14
	14.6
	0.162



	Silica fiber
	7
	n.d. d
	n.d. d
	0.587







a BET surface area, b pore volume obtained from the BJH desorption cumulative volume of pores between 1.7 and 300 nm diameter, c pore diameter obtained from the BJH desorption average pore diameter, d cannot be detected and calculated by the BJH method, e measured by the NH3-TPD technique.
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Table 2. Textural properties, NiO crystallite size, Ni dispersion, H2 consumption and reducibility of Ni/SB and Ni/SF catalysts.
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	Catalysts
	Actual Ni Loading a (wt%)
	SA b

(m2 g−1)
	PV c

(cm3 g−1)
	PD d

(nm)
	DNiO e

(nm)
	Ni Dispersion f (%)
	H2 Consumption g

   ( mmol     g    cat    − 1   )   
	Reducibility h (%)





	10 wt% Ni/SB
	10.2
	36
	0.10
	12.7
	21.8
	3.4
	1.10
	63.3



	20 wt% Ni/SB
	21.0
	36
	0.11
	12.9
	23.5
	2.8
	1.39
	38.8



	30 wt% Ni/SB
	30.3
	33
	0.15
	19.2
	25.9
	1.7
	1.93
	37.3



	40 wt% Ni/SB
	39.3
	31
	0.13
	17.2
	30.6
	1.5
	2.07
	30.9



	50 wt% Ni/SB
	41.1
	31
	0.13
	17.3
	36.6
	1.3
	1.66
	22.6



	10 wt% Ni/SF
	9.9
	13
	0.01
	4.89
	20.8
	3.4
	1.29
	76.5



	20 wt% Ni/SF
	18.8
	11
	0.02
	37.9
	21.1
	3.2
	2.34
	73.1



	30 wt% Ni/SF
	29.6
	10
	0.02
	14.1
	20.9
	2.3
	3.75
	74.3



	40 wt% Ni/SF
	41.4
	11
	0.02
	38.4
	23.6
	1.9
	5.00
	70.9



	50 wt% Ni/SF
	47.4
	12
	0.03
	14.8
	24.1
	1.9
	5.39
	66.7







a Determined by ICP-OES technique after calcination. b BET surface area. c Pore volume obtained from the BJH desorption cumulative volume of pores between 1.7 and 300 nm diameter. d Pore diameter obtained from BJH desorption average pore diameter. e NiO crystallite size was detected by XRD and calculated following Scherer equation by using the (200) plane [15]. f Ni dispersion was evaluated by CO pulse chemisorption. g The H2 consumption was obtained from TPR analysis. h The reducibility of Ni-based catalyst was calculated by comparing the total H2 consumption obtained from the H2-TPR technique and the theoretical value calculated from NiO + H2 → Ni + H2O.
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Table 3. Elemental analysis of FAME and H-FMAME obtained the 30 wt% Ni/SB and 30 wt% Ni/SF catalysts.
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	Metals
	FAME
	30Ni/SB
	30%Ni/SF





	Zn
	36.0 ppm
	33.1 ppm
	27.4 ppm



	Ni
	n.d.
	n.d.
	93.9 ppm



	Si
	n.d.
	n.d.
	n.d.
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Table 4. Properties of FAME before and after partial hydrogenation.
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	Sample
	Catalyst
	C18:2

Conversion [%]
	Heating Value

[MJ kg−1]
	Flash Point

[°C]
	Pour Point

[°C]
	Oxidation

Stability [h]





	FAME
	-
	-
	39.9
	184
	16
	16



	H-FAME
	30 wt % Ni/SB a
	26.2
	39.8
	182
	18
	19



	
	30 wt% Ni/SF a
	71.3
	39.7
	184
	20
	23



	
	30 wt% Ni/SF b
	85.0
	39.6
	180
	24
	>48







a Condition: H2 pressure = 1 bar; FAME feed rate = 0.44 g min−1; T = 140 °C and reaction time = 4 h. b Condition: H2 pressure = 4 bar; FAME feed rate = 0.44 g min−1; T = 140 °C and reaction time = 4 h.
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