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Abstract

:

Co-containing Beta zeolite catalysts prepared by a wet impregnation and two-step postsynthesis method were investigated. The activity of the catalysts was examined in Fischer-Tropsch synthesis (FTS), performed at 30 atm and 260 °C. The physicochemical properties of all systems were investigated by means of X-ray diffraction (XRD), in situ XRD, temperature programmed desorption of ammonia (NH3-TPD), X-ray Photoelectron Spectroscopy (XPS), temperature programmed reduction of hydrogen (TPR-H2), and transmission electron microscopy (TEM). Among the studied catalysts, the best results were obtained for the samples prepared by a two-step postsynthesis method, which achieved CO conversion of about 74%, and selectivity to liquid products of about 86%. The distribution of liquid products for Red-Me-Co20Beta was more diversified than for Red-Mi-Co20Beta. It was observed that significant influence of the zeolite dealumination of mesoporous zeolite on the catalytic performance in FTS. In contrast, for microporous catalysts, the dealumination did not play such a significant role and the relatively high activity is observed for both not dealuminated and dealuminated catalysts. The main liquid products of FTS on both mesoporous and microporous catalysts were C10-C14 isoalkanes and n-alkanes. The iso-/n-alkanes ratio for dealuminated zeolite catalysts was three times higher than that for not dealuminated ones, and was related to the presence of different kind of acidic sites in both zeolite catalysts.
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1. Introduction


The growing demand for high-quality energy puts new challenges for scientists in the field of alternative fuels production. For this reason, for many years a considerable interest has been focused on technology and catalysts for Fischer-Tropsch synthesis (FTS). This process leads to the production of sulfur and nitrogen free fuels and other valuable chemical compounds from the synthesis gas (the mixture of CO and H2). The most known catalysts of the Fischer-Tropsch reaction are metal oxides (Fe, Co, Ru, Ni), which are often supported on Al2O3, SiO2, mesoporous silica and zeolites [1,2,3,4,5,6,7,8,9,10]. Cobalt catalysts are more widely used in FTS, which is related to both their higher selectivity for paraffins and low activity in a water gas shift reaction. Compared to iron catalysts, Co based systems are less susceptible to sintering and deactivation by carbon deposit [11].



The use of a suitable carrier plays a crucial role in the activity and selectivity of catalysts. This is due to the fact that the increase of the hydrocarbon chains in FTS occurs on the metallic cobalt nanoparticles. The type of the carrier used influence both the dispersion of active phase and the susceptibility to reduction of cobalt oxides. Strong metal-support interaction (SMSI) observed, for example, in Co/Al2O3 can lead to the formation of the difficult to reduce cobalt species, and hence a reduction of the catalyst activity. In addition, the presence of the acidic site in the structure of the support results in the transformation of previously formed products into short-chain, saturated, and unsaturated hydrocarbons through cracking, aromatization, and isomerization processes [11]. According to Subramanian et al. [7], the application of the Co/SiO2 in this synthesis leads to obtaining only a small fraction of isoparaffins, related to the absence of the strong acid sites on the carrier surface. Moreover, the present of strong acid sites in Co/H-ZSM-5 influence mainly the selectivity to the C5-C12 hydrocarbons. The different phenomenon was observed in the case of long-chain hydrocarbons, where the greater role in hydrocracking and isomerization plays the steric effects [7]. The application of CoZSM-5 having in its structure weak acid sites exhibited greater selectivity to C5-C8 hydrocarbons [12].



It is also worth noting, that the increase in the amount of acid sites, present in close proximity to the Co active sites, enhances the selectivity towards isoparaffins [13]. Xing et al. [14] noticed that too high a ratio of strong Brönsted to Lewis acid sites may cause overcracking of previously obtained products, leading to lower selectivity towards isoparaffins. Furthermore, the diminishing of the Si/Al ratio caused the increase of the deactivation rate. This phenomenon is related to carbon deposition on the catalyst surface, which blocks the access to active sites [15,16].



The nature and the state of cobalt particles also might have an influence on the Fischer-Tropsch synthesis. It has been reported by Concepción et al. [17] that the improvement of selectivity to C5+ is connected with a higher concentration of coordinatively unsaturated Coo centers. Furthermore, the presence of unreduced cobalt oxide species leads to the increase of the activity of catalyst in water-gas shift reaction [18].



The aim of our work was to investigate the effect of dealumination of Beta zeolite and presence of mesopores in the zeolite matrix on the Fischer-Tropsch synthesis. For this purpose, the not dealuminated, partially and totally dealuminated Beta zeolite were prepared and used as supports for preparation of Co-containing Beta zeolite catalysts. As a support for these catalysts, two types of Beta zeolite were chosen with micro- and mesoporous structure. The used catalytic systems in FTS were the subject of extensive physicochemical characterization by XRD, in situ XRD, NH3-TPD, XPS, TPR-H2, TEM, and TG-DTA-MS.




2. Results and Discussion


2.1. Structural Properties


XRD patterns of the tested samples show two main reflections at 2θ close to 7.70 and 22.50° characteristic for the Beta zeolite (Figure 1). Their presence is most likely related to the co-existence of two isomorphic forms of Beta zeolite [19]. The removing of Al from the framework of Beta zeolite and introduction of 20% wt of Co do not affect crystallinity of zeolite, what is confirmed by similar XRD patterns. Based on our earlier studies, upon introduction of Co into the structure of Beta zeolite, the values of 2θ around 22.44° for Me-HAlBeta and Mi-HAlBeta, 22.54° for Me-HAlSiBeta, 22.66° for Me-SiBeta, 22.68° for Mi-HAlSiBeta and 22.78° for Mi-SiBeta (results not shown) decrease to 22.37° for Me-Co20AlBeta, to 22.43° for Me-Co20AlSiBeta and Mi-Co20AlBeta, to 22.47° for Me-Co20SiBeta and Mi-Co20AlSiBeta and to 22.57° for Mi-Co20SiBeta, respectively, indicating expansion of the zeolite framework [20,21]. The reflections at 2θ = 36.80, 59.30 and 65.20° correspond to the Co3O4 oxide phase [16,17,22].



Figure 2 and Figure 3 present XRD patterns of tested zeolite catalysts recorded in situ at 300 and 400 °C. It can be noticed that the two-step reduction of Co3O4 takes place at 300°C. In the first step, the formation of CoO is detected (reflexes at 2θ around 42.30° and 61.23°), followed by the partial reduction to Coo (2θ around 44.20°). For the sample reduced at 400 °C the reflection related to metallic cobalt (at 2θ around 44.15°) predominates, however a small reflection around 42.30° associated to CoO is still visible [23,24,25]. It shows that the oxide phase is not completely reduced at 400 °C.




2.2. Characterisation of Zeolite Catalysts by XPS


The X-ray photoelectron spectra of microporous and mesoporous Co-containing Beta zeolites have been analysed numerically in the BE regions of Si 2p, Al 2p, O 1s, C 1s and Co 2p.



All Si 2p spectra are well fitted by three doublets with the spin-orbit splitting of 0.61 eV (not shown here). Relative intensities of these components do not depend on the porosity of zeolite matrix. The most intense components (>94%) with Si 2p3/2 BE values of 103.8–104.3 eV can be identified as tetrahedral Si(IV) species [26,27,28,29,30,31]. It is worth mentioning here that these values are slightly larger than reported recently for MOR, BEA and MFI zeolites elsewhere [32]. There is a visible increase of area of low-BE component (Si 2p3/2 BE of 101.4–101.9 eV) in AlBeta samples. Such low-BE is characteristic for silicon in lower than 4+ oxidation state and can be associated to Si present in Si-O(H)-Al groups. Moreover, in AlSiBeta samples one can find that high-BE components are significantly larger than in other samples. Above mentioned facts point out that the dealumination process can influence the silicon environment.



The O 1s peaks can be well described by three components: (i) a main peak located at 533.3–533.7 eV related to oxygen in the zeolite framework [33,34]; (ii) a much smaller peak at 531.0–531.4 eV assigned to oxygen–metal bonds; (iii) a peak at BE higher than 534 eV due to OH groups, adsorbed water and/or oxygen of organic contaminants. There are some differences between intensities of individual components in AlBeta and AlSiBeta samples with micro- and mesoporous structures, in contrast to both SiBeta samples, which are almost the same.



The C 1s core lines consist of three peaks at 285.0 eV (organic contaminants), 286.0–286.2 eV (C–O groups) and >289 eV (C=O groups). In case of AlSiBeta high-BE components have slightly lower binding energies of 288.1–288.4 eV.



The binding energy of all Al 2p3/2 peaks is close to 75.3 eV indicating the presence in all Beta zeolite materials of Al3+ (Al2O3 BE = 74.9 eV).



Figure 4 and Figure 5 presents Co 2p XP spectra of microporous and mesoporous CoBeta zeolites, respectively. Co 2p core lines are splitted into well-separated spin-orbit doublet structures (Co 2p3/2 and 2p1/2) coming from the charge-transfer (CT) states 2p53d8L−1 (L - ligand). Respective satellite maxima, which overlap the main lines, reflect non-CT 2p53d7 states. The main parameters of the fitted components are presented in Table 1. The spin-orbit splitting of Co 2p doublets in the range of 15.4–16.8 eV and the occurence of strong satellites are characteristic of the high-spin cobalt(II). Except Mi-Co20SiBeta, all spectra have to be fitted with at least two doublets and associated satellites. For simplicity, and taking into account that both components are related to Co(II) species, only one satellite line is used but with a broadened FWHM.



For Co-containing Beta zeolites under study, all low-BE Co 2p3/2 components have values in the range of 779.5–780.2 eV. Bear in mind, that BE of Co 2p3/2 peak is revealed to be 780.0–780.9 eV for CoO, 779.4–780.1 eV for Co3O4 and 780.0–780.3 eV for Co(OH)O [35], one can identify this component as coming from an extra-framework oxide. The dominant component with BE values in the range of 781.8–782.5 eV comes from Co(II) species incorporated into the zeolite matrix. Such high BE values of Co species were observed for CoBeta (782.6 eV) [36], washcoated CoFerrierite and Co2+-exchanged NaY (782.7–782.9 eV) [37,38] and for highly dispersed Co species in Co-ZSM-5 [39] (783.2 eV) with cobalt coordinated to lattice oxygen and probably incorporated into vacant T-atom sites [40]. It is well known that many metal cations located in zeolites also show higher BE comparing with their BE in oxides [41,42,43], which can be related to the degree of cations dispersion as well as the type of their interactions with the zeolite matrix in which they are incorporated.



The relative intensities of low-BE components are significantly decreased after the dealumination process, which is especially well visible in case of microporous samples (Figure 4). There is no low-BE component in Mi-SiBeta at all, whereas in Mi-AlBeta it covers over 30% of total spectrum area. Moreover, there is a visibly shift of this component to higher BE suggesting that the Co3+/Co2+ molar ratio of oxide species (CoO and Co3O4) can change (see Figure 5), which is in line with XRD results.




2.3. Characterisation of Acidity by NH3-TPD


The acidity of the catalysts was determined by NH3-TPD method. One can observe peaks in the temperature ranges 124–210°C and 395–489°C, which are related to weak and strong acidic sites, respectively (Figure 6) [13,16,44]. The elimination of strong acidic sites during the dealumination procedure causes a shift of high-temperature peak to lower temperature, as stated by earlier work [16]. Contrary to the Mi-Co20AlSiBeta, Me-Co20AlSiBeta and Mi-Co20SiBeta, the reduction of Me-Co20SiBeta and not dealuminated samples caused an increase in the high-temperature peak intensity.



The highest acidity of the Co-containing dealuminated zeolites is associated to the formation of Co(II) Lewis acidic sites (Table 2). The Me-Co20AlSiBeta and Mi-Co20AlSiBeta present the smallest amount of adsorbed NH3. It is related to the blockage of the pores by cobalt oxides and removal of strong acidic sites [16].



Furthermore, the reduction of Mi-Co20AlBeta and Me-Co20AlBeta increased the number of acidic sites. This phenomenon is probably caused by reappearance of Lewis and/or Brönsted acidic sites. However, in case of Red-Co20AlSiBeta and Red-Co20SiBeta, the decrease of the amount of adsorbed NH3 is observed, which may be related to both form the reduction of Co (II) Lewis acidic sites as well as the creation of nanoparticles of Co.




2.4. Reducibility of CoSiBeta Catalysts


TPR profiles of microporous Mi-Co20Beta and mesoporous Me-Co20Beta zeolites are presented in Figure 7. Hydrogen consumption in the temperature range ca. 300–630°C indicates the presence of extra framework cobalt oxides [45]. The°Ccurrence of two maxima, the first one at 369–414°C and the second one at 401–485°C suggests two-step reduction of Co3O4 (Co3O4 → CoO → Coo) [10,16].



For totally dealuminated catalysts, Mi-Co20SiBEA and Me-Co20SiBEA, the additional peak with maximum at 840–869°C is observed. It may be associated with the reduction of pseudo-tetrahedral Co(II) present in the framework of Beta zeolite [45]. No significant differences between the reducibility of cobalt species in both types of microporous (Mi) and mesoporous (Me) Beta zeolite catalysts are observed.




2.5. Characterisation of Cobalt Nanoparticles by TEM


The distribution and average crystallite size of the cobalt nanoparticles formed in all microporous Red-Mi-Co20Beta and mesoporous Red-Me-Co20Beta zeolites are presented in Figure 8, Figure 9 and Figure 10 and Table 2. The average size of the cobalt nanoparticles in Red-Me-Co20AlBeta (80.0 nm), Red-Me-Co20AlSiBeta (68.3 nm), and Red-Me-Co20SiBeta (37.2 nm) is bigger than in Red-Mi-Co20AlBeta (51.9 nm), Red-Mi-Co20AlSiBeta (45.0 nm) and Red-Mi-Co20SiBeta (34.1 nm), respectively. The presence of mesopores in the zeolite structure leads to the formation of larger Co particles. The similar phenomenon was observed by Khodakov et al. [4] for MCM–41 and SBA–15. Furthermore, mesoporous samples exhibit less diversified metal nanoparticles distribution than the microporous ones. For Red-Me-Co20Beta zeolites the significant contribution (40–50%) of cobalt nanoparticles bigger than 50 nm is observed.




2.6. Catalytic Activity in Fischer-Tropsch Synthesis


The Red-Me-Co20Beta and Red-Mi-Co20Beta zeolite catalysts were tested in Fischer–Tropsch synthesis. The CO conversion and selectivity towards gaseous hydrocarbons, CO2 and liquid products are presented in Figure 11, Figure 12 and Figure 13 and Table 3. In the first several hours of the catalytic test, the CO conversion for all catalysts under study was low. After about 15 h of activation in the reaction conditions, the conversion has stabilized on the maximum level. In the following hours the more or less decrease in catalysts activity was observed. In Figure 11, Figure 12 and Figure 13, the data from 15 to 20 hrs of reaction course is shown. For comparison of the catalysts performance some data after 20 hrs is presented in Table 3.



In the case of mesoporous zeolite catalysts, the increase of CO conversion with increasing of the dealumination degree was observed (from 7% for Red-Co20AlBeta to 99.6% for Red-Co20SiBeta). Moreover, it seems that the increase of nanoparticles size leads to the improvement of catalytic activity of Red-Me-Co20Beta catalysts. It was noticed that in the case of not dealuminated sample–Red-Me-Co20AlBeta, the average size of nanoparticles is 37 nm, while for partially (Red-Me-Co20AlSiBeta) and completely dealuminated (Red-Me-Co20SiBeta) zeolite catalysts the average size of cobalt particles is 68 and 80 nm, respectively.



It is worth mentioning that catalytic behaviour of Red-Mi-Co20SiBeta catalyst is very similar to the mesoporous zeolite catalysts (Red-Me-Co20SiBeta) and the changes in CO conversion and selectivity towards liquid hydrocarbons are the same as for mesoporous catalyst. However, the catalytic behaviour of non-dealuminated catalysts is entirely different and depends on the sample porosity, despite the fact that cobalt nanoparticles size in these samples is almost the same. As in the case of mesoporous catalysts, we also found the cobalt nanoparticles size increasing with the increase of dealumination degree (from 34 nm for non-dealuminated catalyst to 52 nm for completely dealuminated one).



The highest activity and selectivity towards liquid products are observed for dealuminated Red-Me-Co20SiBeta and Red-Mi-Co20SiBeta zeolite catalysts obtained by two-step postsynthesis method. The CO conversion of 99–99.6% and selectivity towards liquid products of 81–82% for these catalysts are achieved. The catalytic activity of these zeolite catalysts is stable throughout the duration of the reaction.



The catalytic activity of microporous non-dealuminated catalyst (Red-Mi-Co20AlBeta) is also on the high level and exhibits the CO conversion of 71% and selectivity towards liquid products near 82% (Figs. 11 and 13, Table 3). However, for partially dealuminated catalyst–Red-Mi-Co20AlSiBeta the significant decrease of catalytic activity is observed. This sample shows the CO conversion of 41% and selectivity towards liquid hydrocarbons of 83%. It should be noted that for the microporous Red-Mi-Co20AlBeta catalyst any important changes in CO conversion and selectivity towards liquid hydrocarbons are detected and this catalyst is very stable for all the time of the reaction course as opposed to not dealuminated mesoporous catalyst Red-Me-Co20AlBeta.



For Red-Mi-Co20Beta and Red-Mi-Co20SiBeta, the selectivity of about 17–18.6% towards C1-C4 hydrocarbons is observed for 20 h of reaction. However, in case of Red- Co20AlBeta we noted the highest selectivity to C1-C4 hydrocarbons equals 31.7%. It is also worth noting that only in the case of Red-Me-Co20AlSiBeta after 20 h of reaction we observed a decrease in the selectivity towards C1-C4 from 12.4% to almost zero. Other authors observed a similar tendency during long-term synthesis as reported in [46,47]. Furthermore, after 19 h, the mesporous partially dealuminated catalyst exhibited the selectivity to CO2 of 9%. The carbon balance for gaseous products is presented in Table 4.



The liquid products were analysed using gas chromatography coupled with mass spectrometry (GC–MS). Some results are shown in the Figure 14, whereas the quantitative analysis is shown in Table 3. In FT reaction performed on mesoporous Red-Me-Co20AlBeta and Red-Me-Co20SiBeta catalysts the main liquid products are isoalkanes and saturated hydrocarbons (C10-C14). The ratio of isoalkanes to n-alkanes is 1.8 for Red-Me-Co20AlBeta and 1.5 for Red-Me-Co20SiBeta (Figure 14B,C). In the case of FT reaction performed on microporous CoBeta catalysts isoalkanes and n-alkanes (C10-C14) are also identified. For Red-Mi-Co20AlBeta the isoalkanes to n-alkanes ratio is 2.2 (Figure 14 A). The iso-/n-alkanes ratio reached on cobalt Beta zeolite catalysts is unexpectedly high. It distinguishes these zeolite catalysts from usually tested supported catalysts for which mainly the formation of linear hydrocarbons was observed. Satripi et al. [48] have noticed that cobalt supported catalysts—Co/SiO2 and Co/HZSM-5 give very different products spectra at similar conversion levels. They have observed that gasoline range hydrocarbons are produced, and formation of waxes is eliminated in the case of Co/HZSM-5 catalyst, what means more amount of isoalkanes formation for these type of catalysts. Similar to Satripi et al. [44,48] we have also observed very high selectivity to gasoline-range products. They connect this high selectivity towards gasoline range hydrocarbons with “vicinity of the FT active phase to the acid functionality” [48]. Such a statement indicates that hydrocarbons chain propagation occurs on cobalt nanoparticles–active centres in Fischer-Tropsch synthesis and the cracking and isomerization of formed hydrocarbons takes place on acidic sites localized in zeolite matrix. It needs to underline that acidity of studied catalysts in this work is different aa nd TPD profiles indicate a presence of various kind of acidic sites.



Moreover, the very small amount of alcohols is identified only in the case of dealuminated sample (Red-Me-Co20SiBeta - 0.21). The similar observation was stated by Martinez and Lopez [49], who found that conversion of oxygenates to hydrocarbons was less pronounced for dealuminated samples containing a low amount of Brönsted acidic sites. For all systems, the formation of unsaturated hydrocarbons is noticed, and the ratio of them to n-alkanes is 0.54, 0.45 and 0.46 for Red-Mi-Co20AlBeta, Red-Me-Co20AlBeta and Red-Me-Co20SiBeta, respectively. In order to determinate the value of chain growth probability (α) of obtained hydrocarbons Anderson–Schultz–Floury distribution is made. The α value of Red-Mi-Co20AlBeta, Red-Me-Co20AlBeta and Red-Me-Co20SiBeta are 0.76, 0.91 and 0.63, respectively.



The significant problem in Fischer–Tropsch synthesis is carbon deposition, which cuts off the active sites of the reaction. We have investigated the type of carbon deposit by TG–DTA–MS technique. The results are presented in Figure 15, Figure 16 and Figure 17. The oxidation of carbon takes place in several stages, what suggests the presence of different kinds of carbon species, relatively hard to oxidise. The oxidation proceeds up to 820 °C. The first (at c.a. 250 °C) and the second (at c.a. 400 °C) peaks are related to the removal of carbide species or waxes and polymeric carbon, which may be present on the support’s surface, respectively [16,50,51]. Additionally, one can see a high temperature peak at c.a. 840°C for Spent-Red-Me-Co20AlBeta and Spent-Red-Mi-Co20AlSiBeta and Spent-Red-Me-Co20AlSiBeta and at c.a. 700°C for Spent-Red-Mi-Co20SiBeta and Spent-Red-Me-Co20SiBeta), which can be associated with the removal of hard to oxidise graphitic carbon forms [51,52]. It is worth emphasizing that the temperature of carbon deposition removal decreases with the dealumination degree, what indicates that the dealumination process improves the resistance to carbon deposition.





3. Materials and Methods


Two kinds of TEABeta zeolites (Si/Al = 18) with various porosity–mesoporous (Me-TEABeta) and microporous (Mi-TEABeta) were used as parent zeolite for preparation of cobalt-containing zeolite catalysts. The each parent TEABeta zeolites were divided into three parts and modified in a different way. In the Scheme 1 the consecutive steps of catalysts preparation are presented.



The first part was calcined at 550 °C for 15 h in order to obtain organic free Me-HAlBeta (Si/Al=18 (Me) (Scheme 1A) and Mi-HAlBeta (Si/Al = 18 (Mi) supports (Scheme 1B). These two supports were impregnated with the aqueous solution of Co(NO3)2·6 H2O (Sigma-Aldrich, St. Louis, MO, USA) at pH = 2.7–2.97 under stirring in aerobic conditions at room temperature for 24 h.



The second and third part of zeolite catalysts were obtained by two-step post-synthesis method which consists, in the first step, of treating of each parent Mi-TEABeta or Me-TEABeta zeolite with nitric acid with different concentration of 6 and 13 M and stirring at 80 °C for 4 h to prepare partly dealuminated HAlSiBeta support (Si/Al = 349 (Me), Si/Al = 881 (Mi)) or almost totaly dealuminated support (SiBeta with (Si/Al = 490 (Me), Si/Al = 1516 (Mi)) and, in the second step, the impregnation of mesoporous and microporous HAlSiBeta or SiBeta supports with an aqueous solution of Co(NO3)2. 6 H2O at pH = 2.66–3.38 under stirring at room temperature for 24 h to obtain the solids with 20 wt% of cobalt with different Si/Al ratio.



Then, the separation of the solids from the fraction of suspension was done in evaporator under vacuum of a membrane pump for 2 h in air at 60 °C. After calcination at 500 °C for 3 h in air the obtained zeolite catalysts were labelled as Me-Co20AlBeta and Mi-Co20AlBeta for first part of zeolite catalysts and Me-Co20AlSiBeta, Me-Co20SiBeta (Scheme 1A) and Mi-Co20AlSiBeta and Mi-Co20SiBeta (Scheme 1B) for second and third part of zeolite catalysts.



Some part of each fraction of the obtained catalytic systems was activated in situ under atmospheric pressure in the flow of the mixture 95 vol % H2 and 5 vol % Ar at 400°C, which led to the formation of Red-Co20AlBeta, Red-Co20AlSiBeta and Red-Co20SiBeta.



The metal content and the Si/Al ratio of tested catalysts were obtained by chemical analysis performed on the X-ray Fluorescence (XRF) (SPECTRO X-LabPro, Kleve, Germany) at room temperature.



The XRD patterns of catalysts were obtained on PANalyticalX’Pert Pro (Malvern Panalytical Ltd., Malvern, UK) diffractometer using Cu Kα radiation (λ = 154.05 pm) in 2θ range of 5–90° in ambient atmosphere.



The phase transformation of catalysts during reduction process at 300 and 400 °C was also determined. These measurements were done in situ by using the same apparatus equipped with an Anton Paar XRK900 reactor chamber. Approximately 150 mg of sample was packed in the glass ceramic (Macor) XRD sample holder. The reagent gas used in the experiment was a mixture of 5 vol % H2 and 95 vol % Ar. The sample was heated at a nominal rate of 5°C min−1. The X-ray source was a copper long fine focus X-ray diffraction tube operating at 40 kV and 30 mA. The patterns were collected in the 2θ range of 5–80° (step 0.0167°, 50 s per step).



The X-ray Photoelectron Spectroscopy (XPS) measurements were performed with SES R4000 hemispherical analyzer (GammadataScienta, Uppsala, Sweden). The unmonochromatized Al Kα (1486.6 eV) X-ray source with the anode operating at 12 kV and 15 mA current emission was applied to produce core excitation. The energy resolution of the system, measured as a full width at half maximum (FWHM) for Ag 3d5/2 excitation line, was 0.9 eV (pass energy 100 eV). The spectrometer was calibrated according to ISO 15472:2001. During the experiments, base pressure in the analysis chamber was about 2 × 10−9 mbar. The powder samples were pressed into indium foil and installed on a dedicated holder. Detailed spectra were acquired at pass energy of 100 eV (with 25 meV step), whereas survey scans at pass energy of 200 eV (with 0.25 eV step). The sample analysis area was about 3 mm2.



Intensities were evaluated by integrating of each peak (CasaXPS 2.3.15), after subtraction of the Shirley-type background, and fitting the experimental data with a pseudo-Voight profile of variable proportions (70:30). The Co 2p core excitations were deconvoluted with a relative intensity ratio of 2p3/2 and 2p1/2 lines fixed to 2:1. All binding energy values were corrected for surface charging (C-H bonds in C 1s excitation set at 285.0 eV).



The temperature–programmed desorption of ammonia (NH3-TPD) studies were performed in a quartz reactor. Prior the measurement, the sample was pretreated at 500°C in the He flow for 30 min. Next, the reactor was cooled down to 100°C and in this temperature the adsorption of gaseous ammonia was carried out for 15 min. For removal of the physisorbed ammonia from the zeolite surface, the tested systems were flushed with helium flow at 100°C for 15 min. NH3-TPD studies were performed in the temperature range of 40–500°C. The thermal conductivity detector detected the amount of adsorbed ammonia. Additionally, in order to check the impact of metal reduction on the acidity of the sample, it was subjected to hydrogen flow at 400 °C for 1 h before performing the adsorption of gaseous ammonia.



The temperature–programmed reduction with hydrogen (TPR-H2) of cobalt-based catalysts (c.a. 0.08 g) was carried out in the U-shaped tubular quartz microreactor. The flow of reducing mixture of 5% H2 in Ar was 25 mL min−1 (Air Products Ltd., Poland). The measurement was performed in the temperature range of 30–900°C with the ramp rate of 10 °C min−1. The thermal conductivity detector (TCD) monitored the consumption of hydrogen (Altamira Instruments, Pittsburgh, PA, USA).



Transmission electron microscope (TEM) images were carried out using JEOL 1011 ELECTRON MICROSCOPE (JOEL, Tokyo, Japan). Before the TEM measurement, all reduced samples were ultrasonically dispersed in a pure ethanol and a drop of obtained suspension was deposited on a carbon films on copper grids.



Before the Fischer-Tropsch synthesis, all tested samples were pretreated at 400°C in the H2 flow for 1 h. The reaction was performed at 30 atm and 260°C. The flow of reactant gas mixture (H2/CO = 2) was 60 mL min−1. For each measurement, 0.5 g sample was loaded in the stainless steel fix-bed flow reactor with a length of 50 cm and internal diameter of 7 mm. The bulk height of catalyst bed, placed in the middle of reactor, was 5.8 cm. The reactor was situated in furnace which length is 35 cm. The catalyst was not diluted with inert material in catalytic test. The fraction of catalyst was very fine loose powder. The stabilization of reaction conditions was carried out for 15 h. Gas products were analyzed by GC gas chromatograph (Shimadzu GC-14; Shimadzu Corporation, Duisburg, Germany) equipped with thermal conductivity detector and two columns: measuring–Carbosphere 7A and comparative–molecular sieves 7B.



Parameters of operating chromatograph:




	
Column temperature–45 °C



	
Detector temperature–120 °C



	
Injector temperature–120 °C








The following formulas were used to calculate the conversion of CO (KCO) and selectivity to CO2 (SCO2), gaseous hydrocarbons C1-C4 (SCH4), and liquid products (SLP):


Kco = ((Scoin − SCOari)/SCOin) · 100%










SCH4 = ((XCH4 · 100%)/XCH4out)/F










XCH4out = (XCH4s · KCO)/100%










SCO2out = ((XCO2i · 100%)/XCO2out)/F










XCO2out = (XCO2s · KCO)/100%










F = SAr i/SAr s










SLP = 100 − (SCH4 + SCO2)








where: KCO–Conversion of CO, SCOin–the area of the CO peak before reaction, SCOari–the area of the CO peak after reaction, SCH4–CH4 selectivity, SCO2–CO2 selectivity, XCH4i–the area of the peak of obtained CH4, XCO2i–the area of the peak of obtained CO2, XCH4out–the area of the theoretical CH4 peak (when all CO is converted to CH4), XCO2out–the area of the theoretical CO2 peak (when all CO is converted to CO2), XCH4s–the area of the standard CH4 (when only CH4 is tested), XCO2s–the area of the standard CO2 (when only CO2 is tested), F–contraction coefficient, SAri–the the area of the Ar peak during reaction, SAr s–the area of the Ar peak before reaction, SLP–liquid products selectivity.



Liquid products were analyzed by GC MS (6890 N Network GC System with a Zebron Phase ZB-1MS capillary column–a length of 30 m, an internal diameter of 0.25 mm linked with a 5973 Network Mass Selective Detector mass spectrometer with a 7683 Series Injector autosampler (AGILENT, Midland, ON, Canada). The chromatographic analysis was performed in the temperature range 70–250 °C with temperature rise rate of 8 °C min−1. The initial and final temperatures were held for 3 and 30 min, respectively. The value of chain growth probability (α) was determinate by using Anderson–Schultz–Floury (ASF) distribution of obtained liquid products. Assuming that α is independent of the length of hydrocarbon chain, ASF equation can be represented as follows:


log(Wn/n) = nlogα + const.








where Wn–mass fraction of obtained liquid products with carbon number n. The α value was calculated from the plot slope of log(Wn/n) against n.



The carbon deposition was determined by TG-DTA-MS technique. The tests were carried out with the SETSYS 16/18 thermal analyzer from Setaram (Caluire, France) and mass spectrometer Balzers (Hiden Analytical, Düsseldorf, Germany). The measurement was carried out in the temperature range of 20–1000 °C using a linear temperature increase of 10 °C min−1 and sample weight of 10 mg in dynamic conditions gas stream - Air (Air Products), the gas flow rate was 40 mL min−1. Before each measurement, the samples were outgassed in order to be purified.




4. Conclusions


Two kinds of cobalt Beta zeolite catalysts (meso- and microporous) were investigated regarding their potential application in Fischer-Tropsch synthesis.




	
The presence of mesopores in the zeolite structure leads to the formation of catalysts with larger Co particles, the activity of which increases with the increase of cobalt nanoparticles average size.



	
In the case of mesoporous catalysts the influence of the zeolite dealumination on the catalytic performance is significant. The activity of mesoporous samples in Fischer-Tropsch synthesis increases in the following order:



Red-Me-Co20AlBeta < Red-Me-Co20AlSiBeta < Red-Me-Co20SiBeta.



	
For microporous catalysts the dealumination does not play such significant role and the relatively high activity is observed for both not dealuminated and dealuminated catalysts. The activity changes in the following order:



Red-Mi-Co20AlSiBeta <Red-Mi-Co20AlBeta < Red-Mi-Co20SiBeta.



	
The considerable difference in the activity between microporous not dealuminated (Red-Mi-Co20AlBeta) and mesoporous not dealuminated (Red-Me-Co20AlBeta) catalysts is found. The first of them shows much higher CO conversion (71%), selectivity towards liquid products (82%) and stability than the second one. This phenomenon may result from the less diversified metal nanoparticles distribution in mesopores samples.



	
For both mesoporous and microporous catalysts, the main liquid products are C10-C14 isoalkanes and n-alkanes. Very small amount of oxygenates (alcohols) was also identified.



	
The iso-/n-alkanes ratio for catalysts supported on microporous zeolite is higher than on mesoporous one.



	
The kind and amount of liquid products are related to the presence of different kind of acidic sites in dealuminated and not dealuminated zeolite catalysts.
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Figure 1. X-ray diffractograms measured at room temperature and ambient atmosphere of Me-Co20AlBeta, Me-Co20AlSiBeta, Me-Co20SiBeta, Mi-Co20AlBeta, Mi-Co20AlSiBeta and Mi-Co20SiBeta. 
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Figure 2. In situ XRD patterns recorded in situ at 300 and 400 °C measured in the atmosphere of the mixture of 5 vol % hydrogen in argon (A) Mi-Co20AlBeta and (B) Me-Co20AlBeta. 
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Figure 3. In situ XRD patterns recorded in situ at 300 and 400 °C measured in the atmosphere of the mixture of 5 vol % hydrogen in argon (A) Mi-Co20SiBeta and (B) Me-Co20SiBeta. 
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Figure 4. Co 2p photoelectron spectra of microporous Co20Beta zeolites. 
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Figure 5. Co 2p photoelectron spectra of mesoporous Co20Beta zeolites. 
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Figure 6. NH3-TPD profiles of (A) Me-Co20AlBeta, Me-Co20AlSiBeta, Me-Co20SiBeta, Mi-Co20AlBeta, Mi-Co20AlSiBeta and Mi-Co20SiBeta and (B) Red-Me-Co20AlBeta, Red-Me-Co20AlSiBeta, Red-Me-Co20SiBeta, Red-Mi-Co20AlBeta, Red-Mi-Co20AlSiBeta and Red-Mi-Co20SiBeta. 
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Figure 7. TPR-H2 profiles of microporous Mi-Co20Beta (A) and mesoporous Me-Co20Beta zeolites (B). 
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Figure 8. TEM images and metal nanoparticle size distribution on (A) Red-Mi-Co20AlBeta and (B) Red-Me-Co20AlBeta. 
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Figure 9. TEM images and metal nanoparticle size distribution on (A) Red-Mi-Co20AlSiBeta and (B) Red-Me-Co20AlSiBeta. 
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Figure 10. TEM images and metal nanoparticle size distribution on (A) Red-Mi-Co20SiBeta and (B) Red-Me-Co20SiBeta. 
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Figure 11. The conversion of CO ( [image: Catalysts 09 00497 i001]) and selectivity towards C1-C4 ( [image: Catalysts 09 00497 i002]) and liquid products ( [image: Catalysts 09 00497 i003]) up to 20 h of reaction at 260°C and 30 atm on (A) Red-Mi-Co20AlBeta and (B) Red-Me-Co20AlBeta. 
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Figure 12. The conversion of CO ( [image: Catalysts 09 00497 i001]) and selectivity towards C1-C4 ( [image: Catalysts 09 00497 i002]), CO2 ( [image: Catalysts 09 00497 i004]) and liquid products ( [image: Catalysts 09 00497 i003]) up to 20 h of reaction at 260 °C and 30 atm on (A) Red-Mi-Co20AlSiBeta and (B) Red-Me-Co20AlSiBeta. 
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Figure 13. The conversion of CO ( [image: Catalysts 09 00497 i001]) and selectivity towards C1-C4 ( [image: Catalysts 09 00497 i002]) and liquid products ( [image: Catalysts 09 00497 i003]) up to 20 h of reaction at 260°C and 30 atm on (A) Red-Mi-Co20SiBeta and (B) Red-Me-Co20SiBeta. 






Figure 13. The conversion of CO ( [image: Catalysts 09 00497 i001]) and selectivity towards C1-C4 ( [image: Catalysts 09 00497 i002]) and liquid products ( [image: Catalysts 09 00497 i003]) up to 20 h of reaction at 260°C and 30 atm on (A) Red-Mi-Co20SiBeta and (B) Red-Me-Co20SiBeta.



[image: Catalysts 09 00497 g013]







[image: Catalysts 09 00497 g014 550]





Figure 14. Distribution of compounds in liquid products obtained in FTS over (A) Red-Mi-Co20AlBeta, (B) Red-Me-Co20AlBeta and (C) Red-Me-Co20SiBeta. 
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Figure 15. Investigation of carbon deposition on the (A) Spent-Red-Mi-Co20AlBeta and (B) Spent-Red-Me-Co20AlBeta. 
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Figure 16. Investigation of carbon deposition on the (A) Spent-Red-Mi-Co20AlSiBeta and (B) Spent-Red-Me-Co20AlSiBeta. 
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Figure 17. Investigation of carbon deposition on the (A) Spent-Red-Mi-Co20SiBeta and (B) Spent-Red-Me-Co20SiBeta. 
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Scheme 1. Methods of preparation of (A) mesoporous and (B) microporous co-containing Beta zeolites. 
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Table 1. The BE values (eV) and relative areas of components (%) of Co 2p core excitations obtained for microporous Mi-Co20Beta and mesoporous Me-Co20Beta zeolites.
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	Zeolites
	A
	A′
	B
	B′
	Satellite
	Satellite





	Me-Co20AlBeta
	780.2

(29.5)
	795.6
	782.3

(70.5)
	798.0
	787.1
	804.0



	Mi-Co20AlBeta
	779.9

(34.2)
	795.6
	782.5

(65.8)
	798.7
	786.8
	804.4



	Me-Co20AlSiBeta
	780.0

(31.1)
	795.4
	781.8

(68.9)
	797.6
	786.4
	803.9



	Mi-Co20AlSiBeta
	779.5

(24.4)
	796.3
	782.3

(75.6)
	798.4
	786.3
	803.9



	Me-Co20SiBeta
	779.7

(16.1)
	796.2
	782.3

(83.9)
	798.3
	786.9
	804.1



	Mi-Co20SiBeta
	---
	---
	782.4

(100)
	798.5
	787.7
	804.5
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Table 2. The average crystallites size and amount of NH3 adsorbed on Co-containing Beta zeolites.
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	Sample
	NH3 [μmol/g]
	Average Crystallites Size [nm]





	Me-Co20SiBeta
	1202
	



	Red-Me-Co20SiBeta
	1178
	80.0



	Me-Co20AlSiBeta
	522
	



	Red-Me-Co20AlSiBeta
	301
	68.3



	Me-Co20AlBeta
	1316
	



	Red-Me-Co20AlBeta
	1741
	37.2



	Mi-Co20SiBeta
	915
	



	Red-Mi-Co20SiBeta
	647
	51.9



	Mi-Co20AlSiBeta
	253
	



	Red-Mi-Co20AlSiBeta
	220
	45.0



	Mi-Co20AlBeta
	1442
	



	Red-Mi-Co20AlBeta
	2279
	34.1
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Table 3. The catalytic performance of tested samples after 20 h of reaction.
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	Catalysts
	CO Conversion [Mole%]
	Selectivity Towards C1-C4 and CO2 [Mole%]
	Selectivity towards Liquid Products [Mole%]
	iso/n-Alkane Ratio
	Alcohols/n-Alkane Ratio
	Unsaturated/n-Alkane Ratio
	α C5+





	Red-Mi-Co20AlBeta
	70.81
	18.30
	81.70
	2.21
	-
	0.54
	0.76



	Red-Mi-Co20AlSiBeta
	40.85
	17.08
	82.92
	
	
	
	



	Red-Mi-Co20SiBeta
	98.97
	18.61
	81.39
	
	
	
	



	Red-Me-Co20AlBeta
	7.12
	31.74
	68.26
	1.79
	-
	0.45
	0.91



	Red-Me-Co20AlSiBeta
	48.52
	9.44
	87.56
	
	
	
	



	Red-Me-Co20SiBeta
	99.56
	18.27
	81.74
	1.48
	0.21
	0.46
	0.63
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Table 4. Carbon balance for gaseous products (Carbon outlet = 0000821 mol min−1).
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Sample

	
Reaction Time (h)

	
C1

(nC=1nC1)

	
C2

(nC=2nC2)

	
C3

(nC=3nC3)

	
C4

(nC=4nC4)

	
CO2

	
CO outlet

	
Total outlet






	
Red-Mi- Co20AlBeta

	
15

	
0.00012

	
0.000034

	
0.000012

	
0.0000093

	
0

	
0.00018

	
0.00035




	
20

	
0.000034

	
0.000202

	
0.000039

	
0.000009

	
0

	
0.000240

	
0.00052




	
Red-Me- Co20AlBeta

	
15

	
0.000090

	
0.00016

	
0.000014

	
0.0000068

	
0

	
0.00047

	
0.00074




	
20

	
0.000093

	
0.000324

	
0.000007

	
0.000014

	
0

	
0.000793

	
0.00120




	
Red-Me- Co20SiBeta

	
15

	
0.000080

	
0.00015

	
0.0000039

	
0.0000035

	
0

	
0,0000025

	
0.00024




	
20

	
0.000070

	
0.000157

	
0.000002

	
0.000004

	
0

	
0.000004

	
0.00024
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