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Abstract

:

Cobalt (Co) catalyst is supported by carbon nanotubes (CNT) using a strong electrostatic adsorption (SEA) method. To promote activity and selectivity as well as find the optimum loading percentage and its effect on catalyst performance, manganese (Mn) has been added to the Co/CNT catalyst. Samples were characterized by a scanning electron microscope (SEM-EDX), transmission electron microscope (TEM), hydrogen temperature programmed reduction (H2-TPR), Zeta potential, Brunauer–Emmett–Teller (BET) analysis, X-ray diffraction (XRD), and X-ray spectroscopy (XPS). TEM images illustrated an intake of metal particles which were highly dispersed, having a narrow particle size distribution of 6–8 nm to the external and internal CNT support. H2-TPR showed a lower temperature reduction with Mn at 420 °C for Fischer–Tropsch synthesis (FTS) reaction. The Co–Mn/CNT catalyst performance test for FTS was performed at a temperature of 240 °C in a fixed-bed micro-reactor at a pressure of 2.0 MPa. The addition of manganese resulted in a lower methane selectivity and a higher C5+ product with an optimum percentage of 5% of manganese. CO conversion was 86.6% and had a C5+ selectivity of 81.5%, which was higher than the catalysts obtained using only Co on pretreated CNT.
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1. Introduction


The demand for energy is increasing every year in Europe and the United States, and the increase is dramatically faster in developing countries such as China, Brazil, and India (Internatinal Energy Agency, World Energy Outlook 2008). Sustainable energy production is a current world challenge that must remain environmentally friendly. Energy production technology with low CO2 emission is promoted by various countries, especially in the European Union (EU). One of the promising technologies is the synthesis of fuels using Fischer–Tropsch (FT) technology [1]. Research and development work is in progress to elevate the catalyst activity, selectivity, and stability of catalysts for FT reaction. The cobalt-based catalyst, in comparison to the iron-based catalyst, presents higher activity, selectivity, and stability with a lower water–gas shift reaction. The cobalt-based catalyst has a disadvantage on conventional support, such as silica and alumina, where it causes a high-temperature reduction, leading to sintering and decline of catalyst activation [2,3,4]. Using noble metals, such as ruthenium or platinum, as a promoter will decrease the cobalt catalyst temperature reduction [4,5,6]. Instead of conventional support, such as alumina and silica, employment of carbon nanotubes (CNT) provides support to help avoid using an expensive promoter to decrease the temperature reduction [7,8]. Promoters enhance the catalyst activity and are significantly important in order to have less methane selectivity and higher selectivity to C5+ hydrocarbons. Manganese as a promoter played this role and was examined in previous works. Keyser et al. and Colley et al. [9,10] reported MnO to coprecipitate on the cobalt catalyst as a promoter and resulted in higher olefin and lower methane selectivity. The same result was reported by Morales et al. [10,11] for MnO promoted Co on Titania, which resulted in higher activity and lower methane selectivity with the addition of manganese at 1 bar and temperature of 220 °C. A test was recorded for the impact of manganese promoter on non-oxidic and inert support [12,13]. Different carbon nanofibers (CNF)-supported manganese loading, adjusted by manganese nitrate re-infiltration tested on Co, were studied. In another study, Mn was examined by the same research group promoting cobalt on SiO2 support and adding platinum as a promoter of reduction. Hence, the study examined the effect of adding Mn promoter to the Co/CNT catalyst performance.




2. Experimental


2.1. Purification and Functionalization of CNT Support


Prior to loading the metal catalyst to the CNT, functionalization and activation steps had to be conducted [14,15]. The aim of these steps was to enhance the interplay between the CNT support and the active catalyst sites. The functionalization and activation steps increased the purification of the CNT, resulting in the opening of the terminal caps of the tubular CNT and introducing the OH surface functionality over the CNT. From a reaction with concentrated nitric acid, the OH functional groups were found present on the surface of the CNT, which provide active sites for the attachment of the cobalt particles. Wet chemical oxidation is the most common method for functionalizing and activating the CNT [16,17]. Accordingly, 2 g of as-received CNT were charged into a single-necked, round-bottom flask with 35 vol% nitric acid. The solution was refluxed for 10 h at 110 °C. The mixture was cooled to ambient temperature at the end of the reflux, then diluted, filtered, and washed several times until the pH reached 7. For 12 h, the sample was dried at 120 °C. Subsequent to this acid treatment, the sample (CNT.A.) was subjected to a thermal treatment at 900 °C under argon flowing at 20 mL/min [18,19]. The synthesized acid and thermal-treated carbon nanotube support (CNT.A.T.) was subsequently used in the next step of this work.




2.2. The Point of Zero Charge, Co Impregnation on a Support, and Catalyst Preparation


The pH equilibrium at high oxide loading technique was implemented [20,21] to determine the CNT support point of zero loads (PZC). A series of solutions with a pH value ranging from 2 to 14 was created by adding nitric acid and ammonium hydroxide to distilled water. Accordingly, each 50 mL of the solution containing a specific pH reading (ranging from 2 to 14) was poured into a conical flask containing the pre-weighted CNT. All the mixtures in the series of various pH solutions were shaken for 1 h on a rotary shaker. A weighted amount of CNT was then added to a cobalt precursor solution with a pH of 14, where cobalt particles were adsorbed from an excess solution into the CNT support to prevent pH-value changes. Finally, the resulting CNT-supported catalyst was filtered and air dried for 24 h, followed by 400 °C calcination in a tubular furnace under an argon flow [22]. The strong electrostatic adsorption (SEA) method was used for catalyst synthesis, resulting in a well-dispersed Co nanoparticle on a low-co-charge CNT support [23,24].




2.3. Characterization


The physicochemical properties of the catalyst can significantly affect the catalyst’s Fischer–Tropsch (FT) performance. A catalyst analysis of physical adsorption, temperature programmed hydrogen desorption (H2-TPD), and temperature programmed oxidation (TPO) was carried out using a Thermo Finnigan instrument (TPDRO 1100 MS, Waltham, MA, USA). A Zeiss LIBRA 200 FE TEM was used to conduct the transmission electron microscopy (TEM). A Bruker (A&S D8 Advanced Diffractometer, Singapore) instrument was used to analyze X-ray diffraction (XRD). In addition, the analysis of Fourier-transform infrared spectroscopy (FTIR), atomic absorption spectrometer (AAS), thermogravimetric analysis (TGA), Brunauer–Emmett–Teller (BET) total surface area analysis and total pore volume analysis were also carried out to further characterize the catalysis designed. Equations (1)–(4) were used to calculate reduction percentage based on the result derived from the temperature programmed reduction (TPR) figure peak area, dispersion percentage [25,26,27].


   %   Reduction  =    O 2     Uptake  ×  2 3  ×  Atomic   Weight     Percent   Metal     



(1)







In Equation (1), O2 Uptake is the amount of O2 in μmol/g.cat calculated from TPO spectra of the catalyst, Atomic Weight is the molecular weight (MW) of the metal, and Percent Metal is the weight percentage of the metal in the catalyst.


   %   Dispersion       total   Co    =    H 2    Uptake ×  Atomic   Weight  × Stoichiometry    %   Metal     =    Number   of   Co   Atoms   on   Surface     Total   Number   of   Co   Atoms   in   Sample    × 100  



(2)







In Equation (2), H2 Uptake is the amount of H2 consumed in mmol/g.cat calculated from the peak area of the H2-TPD spectra, Atomic Weight is the MW of the metal, % Metal is the weight percentage of the metal in the catalyst, and Stoichiometry is 2.



The number of active sites was calculated using Equation (3) [25].


  No .    of   active   sites  =    Wt   of   Co   in   the   Sample  ×  Reduction  ×  Dispersion  ×  N A    MW    



(3)




where NA is Avogadro’s number and MW is the atomic weight of the metal.


   H 2     uptake        moles   gcat     =    Analytical   Area   from   TPD  ×  Calibration   Value       Sample   Weight  × 24.5   .  



(4)








2.4. Microreactor Setup, Sampling, and Composition Analysis


Fischer–Tropsch synthesis was performed in a continuous flow fixed-bed reactor (PID Eng. & Tech, Micromeritics, GA 30093-2901, U.S.A.) equipped with mass flow controllers (Hi-Tec Bronkhorst, Ruurlo, The Netherlands). CO and H2 (purity of 99.999%) were used as feed gases. The catalyst (0.02 g) was placed in a stainless-steel tube reactor (9 mm i.d. × 305 mm length) and sandwiched between quartz wool without further dilution. Prior to the reaction, the catalyst was reduced in situ under H2 flow at 0.1 MPa and 420 °C for 10 h. The reaction was carried out in H2 flowing at 50 mL min−1 and 25 ml min−1 of CO at 240 °C, 2.0 MPa and duration was varied from 10 to 130 h. The reactor was connected to an online gas chromatograph (Agilent 7890A, Hewlett-Packard Series 6890, Santa Clara, CA, U.S.A.) equipped with two thermal conductivity detector (TCD) detectors for analyzing hydrogen and permanent gases using Molsieve 13X and Hayesep Q columns, respectively. The hydrocarbons were detected using the flame ionization detector (FID) detector and a DB-1 column. All gas lines after the reactor were kept at 150 °C. Products were sampled at 30 min intervals and hydrocarbon selectivity was calculated at the end of the reaction (typically 10 h). Data were obtained at steady-state conditions with carbon balance of 95–102%. The reproducibility was ensured by repeating the experiments at least twice under identical conditions and standard deviations of experimental results were found to be within ±2.0%. Methane (CH4) and C5+ selectivity were calculated via Equations (5)–(7), respectively, to calculate the gas product conversion for CO [25].


   CO   conversion     %  =     CO   in   −      CO    out       CO   in     × 100 .  



(5)






    CH  4     selectivity     %  =      Mole   of   CH   4     Total   moles   of   hydrocarbons    × 100 .  



(6)






   C  5 +      selectivity     %  =      Moles   of   C    5 +      Total   moles   of   hydrocarbons    × 100 .  



(7)







To calculate the Fischer–Tropsch synthesis rate (RFTS) and water gas shift rection rate (RWGS), Equations (8) and (9) were used for calculating the formation rate of the carbon dioxide (RFCO2) respectively [2,28,29]:


   RFTS       g   HC  /  g   cat  / h   =  g   hydrocarbons   produced  /   g   cat   ∗  h  − 1    



(8)






   RWGS         g   CO   2  /  g   cat  / h   =      RFCO   2  =      g   CO   2     produced  /   g   cat   ∗  h  − 1    



(9)









3. Results and Discussion


Figure 1a displays a plot of the final pH versus the initial pH of the solution for the determination of the PZC of the CNT. The plot shows a plateau and the PZC was identified at 9.5. To find an optimal pH value of a cobalt nitrate solution for the Co uptake in the CNT, the solution pH was adjusted within a range of 2–14, a weighted amount of CNT was added to each of the pre-determined pH solutions, and all the mixtures were shaken for 1 h. Figure 1b illustrations the Co uptake plot versus the pH solution from each sample prepared above, obtained from atomic absorption spectrophotometer (AAS) analysis. The optimum pH of the cobalt adsorption on the CNT support is also shown in Figure 1b [30,31].



A significant step before the catalytic performance reaction is the reduction and activation of the resulting calcined catalyst. The synthesized catalyst was activated at a rate of 1.8/h at 420 °C for 10 h in a fixed-bed micro-reactor under an H2 flow rate of 20 mL/min. After activation (reduction) of the catalyst sample, the temperature under a helium gas flow was cooled to 240 °C. After in situ activations of the catalyst, the Fischer–Tropsch reaction was carried out at a ratio of 2/1 H2/CO (v/v), 40 L/g-cat.h, 240 °C and 20 MPa.



3.1. Effect of Mn Loading on Catalyst Properties and Characterization


The influence of Mn loading has been investigated on the physicochemical properties of catalysts. To maximize the availability of active metal to catalyze the Fischer–Tropsch (FT) reaction, it is necessary to specify the optimal loading of Mn. The total metal loading of catalyst on CNT support was 10% and the addition of Mn as a catalyst promoter with 5%, 10%, 15% and 20% out of this 10% total metal loading. A series of Co–Mn/CNT catalysts were prepared with 0%, 5%, 10%, 15%, 20% of Mn loadings with the following sample coding, respectively: Co/CNT, 95Co5Mn/CNT, 90Co10Mn/CNT, 85Co15Mn/CNT, 80Co20Mn/CNT.



The TEM images of 95Co5Mn/CNT, 90Co10Mn/CNT, 85Co15Mn/CNT, 80Co20Mn/CNT catalysts revealed that the catalyst particles are well dispersed inside and outside the tubes, as shown in Figure 2. The measurement of particles size using TEM images of 150 catalyst particles was conducted. Catalyst oxide particles were synthesized with an optimum particle size of 6–8 nm, while the particles on the outer surface of CNT were up to 10 nm in particle size (Figure 2). CNT channels have limited particle growth within tubes [32]. A bar graph showing the size distribution of total particles inside and outside the CNT channels was dictated by the average particle size of the particle distribution collected from a collection of TEM images shown in Figure 3.



The 95Co5Mn/CNT catalyst SEM image represents particles on the external CNT surface in Figure 5. SEM images reveal that nanotubes consist entirely of support material and no impurities such as carbon nanospheres.



Figure 4 displays a larger fraction (30%) of CNT-capsulated catalyst particles within 4 to 6 nm particle size range and increases the particle size range by 7 to 9 nm as a result of catalyst particle absorption on the CNT support surface [16].



Figure 5 displays SEM images of Co–Mn bimetallic catalyst with 5, 10, 15 and 20 percent of manganese. With increasing the Mn percentage from 5 to 20 percent agglomeration of catalyst, the active sites were increased. Increasing the agglomeration of catalyst particles led to declining catalytic activity and C5+ selectivity and is further discussed in Section 3.2. Agglomeration for 15 and 20 percent manganese is clearly visible in Figure 5c,d, respectively.



As shown in Figure 6, the composition of the catalyst 95Co5Mn/CNT was studied using energy-dispersive X-ray spectrometry (EDX).



Cobalt was provided at 0.770, 6.8 and 7.6 keV and manganese was shown at 0.705 and 6.1 keV, respectively. According to Kozhuharova et al. [33], the peak at 6.8 keV can also be linked to the metal stage comprising both cobalt and manganese metals.



Table 1 presents the textural properties results of the BET surface area and total pore volume. Results show the increase in total area (BET) from 217.5 to 225.3 m2/g with a 5 to 20 wt percent increase in Mn load. Surface area growth may be due to higher nanoparticles dispersion.



The results show that with increasing Mn percent of catalysts from 5% to 20%, the total pore volume increased from 0.36 to 0.58 (m3/g) respectively. The lower total pore volume of catalysts 80Co20Mn/CNT.A.T compared to CNT.A indicates that, due to loading on support by Co and Mn, some pore blockage occurred. Incorporating cobalt and manganese into CNT support resulted in an increase of total pore volumes in both BET surface areas.



Figure 7 displays the XRD patterns of CNT support and catalyst samples. The 26° and 44° peaks correspond to nanotubes of carbon [34]. The monometallic Co/CNT sample shows Co3O4 spinel diffraction lines at two ranges of 32° and 37.1° [34], while monometallic Mn/CNT displays diffraction lines. The A.T sample shows a hematite pattern (Mn2O3) at two values of 32.5° and 44° [35]. In bimetallic 95Co5Mn/CNT catalyst XRD patterns, Co3O4 spinel diffraction lines appear at approximately 32.5° and 37.1°. For the catalyst, however, Mn2O3 was correlated with only a small peak at 44° due to low manganese content.



XRD patterns with different Mn metal loads of calcined catalysts are shown in Figure 8. In CNT’s XRD pattern and all catalysts, peaks at 25° and 43° are connected with carbon nanotubes, while peaks in the catalyst are linked with distinct Co3O4 crystal planes [36]. The most prominent peak was observed at 36.8° for Co3O4. Because of the low number of Mn promoters in the catalyst XRD pattern, lower intensity peaks are observed at 32.5° and 44°, indicating Mn oxide diffraction lines (Figure 8). Table 2 shows the average particle size of the catalysts calculated from XRD and TEM images [37]. From Table 2, the average particle size of Co3O4 decreases from 7.5 to 6.5 when manganese load increases from 5% to 20%, a similar trend to the results of the TEM analysis (Figure 2). Cobalt average particle size increases due to the agglomeration of cobalt particles. Table 2 shows that by adding Mn to the Co catalyst, the average particle size decreases slightly.



The H2-TPR profiles of CNT support and calcined monometallic catalysts (Co/CNT and Mn/CNT) are shown in Figure 9.



The first peak of the monometallic cobalt catalyst TPR profile was allocated to the reduction of Co3O4 to CoO, while the second peak, with a wide shoulder, was primarily allocated to the second reduction step, which is a reduction of CoO to Co0 [34]. The second peak also involves reducing the number of cobalt active sites that interact with support, expanding the H2-TPR peaks to higher temperatures [38]. Figure 9 shows the first reduction peak of Co/CNT at 220 °C and the second reduction peak of 420 °C. As illustrated by H2-TPR of pure CNT support at 600 °C, CNT support gasification was assigned to the small peak at about 593 °C at the H2-TPR profile of the 10Co/CNT catalyst. The first H2-TPR peak ranged from 360 °C to 370 °C, while the second H2-TPR peak ranged from 600 °C to 620 °C [39]. Figure 9 indicated that in the case of Co/CNT, both reduction peaks are shifted to lower temperatures, performing an easier reduction process. As a result, the first H2-TPR peak temperature drops by 100–120 °C, while the second H2-TPR peak temperature drops by 180–200 °C. The results indicate that the reduction temperature of hard-to-reduce catalyst active sites (450–650 °C) decreased because of a lower degree of interaction between the support of Co and CNT due to the use of CNT as cobalt catalyst support [34].



H2-TPR of monometallic Mn/CNT catalyst is complex and exhibits two broad peaks at 290 and 430 °C. The following consecutive reduction steps can be assigned to the first peaks: Mn2O3 → Mn3O4 → Mn0 [40]. As designated by H2-TPR of pure CNT support and monometallic cobalt catalyst, the third peak in the Mn/CNT catalyst H2-TPR spectra was due to support gasification. Cobalt and manganese loading on CNT appears to decrease CNT gasification temperature. It is noted that the relative Mn/CNT catalyst intake of hydrogen is lower than the catalyst of Co/CNT (Figure 9). O’Shea et al. [41] studied the TPR of the manganese catalyst (10 wt%) supported by silica. They showed that the first and second H2-TPR peak temperatures for the Mn/SiO2 catalyst were 371 and 520 °C, respectively. Comparison of H2-TPR results of Mn/CNT catalyst were reported by O’Shea et al. Figure 10 demonstrates the outcomes of chemisorption of the sample and demonstrates that the addition of tiny quantities of Mn to the cobalt catalyst moved both H2-TPR peaks to lower temperatures [41]. The 10 wt% Mn to Co catalyst caused the first H2-TPR peak to decline from 330 to 290 °C and the second H2-TPR peak to decline from 500 to 450 °C. The findings also show that the second H2-TPR peak tailing has become considerably wider by adding 15 and 20 wt% of manganese to the cobalt catalyst, resulting in a challenging reduction method for cobalt oxides. There is a chance that a decrease could be ascribed in a Co–Mn mixed oxide stage to the broad tailing peak. It should be noted that the wide tailing of the second H2-TPR peak severely overshadows the peak indicating CNT gasification [36].



Table 3 illustrates the results of the chemisorption samples. Adding 5 wt% to 20 wt% of Mn to Co catalysts led to a significant improvement in the reducibility of catalysts. Increasing Mn loading to 10 wt% led only to a marginal effect on the reducibility of catalysts. Manganese increases the reducibility of both Co3O4 and Co-oxide active sites as shown by percentage reduction (Table 3 and Figure 10). The first peak reducibility is increased more than the second peak, as shown in Figure 10. Das et al. demonstrated that Mn oxide reduction occurs below cobalt temperatures. They concluded that reducing Mn increases the reduction of cobalt oxide from Mn to cobalt oxide by spillover hydrogen. Mn may also improve the reduction with CNT support of smaller, strongly interacting cobalt [42]. Table 3 shows the results of the Co–Mn/CNT catalysts desorption programmed hydrogen temperature (H2-TPR).



Table 3 shows that by adding 5 wt% manganese to Co/CNT monometallic catalyst, hydrogen uptake slightly increased and dispersion percentage increased from 14.7 to 22.1. Co particle sizes, however, had reduced Mn by adding to the catalyst and attributed to reducing smaller cobalt crystallites when Mn promotes catalysts. Comparison of the data in Table 3 for the reduction percentage of the Co/CNT catalyst (0.51) with previous studies [39] on Co/γ-Al2O3 catalysts (reduction percentage between 19 and 23) shows that the use of CNT as support for cobalt catalysts significantly increased the reduction percentage and was due to a lower degree of Co-CNT interaction [34], and increased availability of active metal catalyst reaction atoms in CNT-supported catalysts compared to catalysts Co/γ-Al2O3 [39]. A small amount of Mn (5%) enhanced reducibility of bimetallic catalyst and higher concentration percentage of Mn (i.e., Mn > 10 wt%) resulted in a decrease in the reduction percentage [41]. Table 3 shows that for the Co/CNT catalyst, the amount of H2 intake was higher than that of the Mn/CNT catalyst and for bimetallic catalysts with increased Mn content, increased H2 intake passed through a maximum 5 wt% Mn load and then decreased. The data suggest that the surface was affected by the Mn and Co mixture at a higher Mn loading. Unlike H2 uptake and reduction percentage, the percentage of Mn/CNT dispersion was lower than the catalyst for Co/CNT. With the addition of Mn, the percentage of dispersion increased significantly (22.1%) for bimetallic catalysts, passing through a 5 wt% maximum at Mn load. Then the percentage dropped (Table 3). It thus appears that the Mn-Co ratio plays a key role in controlling metal dispersion and bimetallic system reduction. The X-ray photoelectron spectroscopy (XPS) method was researched to know the impact of Mn in Co catalyst on the chemical nature, surface structure, oxidation status, and type of interaction with Co–Mn.



Figure 11 demonstrates sample XPS spectra and Table 4 summarizes the results. Figure 11 shows the Co/CNT catalyst XPS spectra and shows peaks of Co2p3/2 and Co2p1/2 at 781.6 eV and 797.1 eV binding energy (BE), respectively. Split in binding energy ∆ECo between Co2p1/2 - Co2p3/2 was 16.0 eV and satellite peak at +6 eV from Co2p3/2 were observed. As shown in Figure 11, the Co2p3/2 peak also consisted of a double, Co3+ (octahedral environment) at BE = 789.4 eV and Co2+ (tetrahedral environment) at BE = 788.3–788.6 eV was characteristic of Co3O4 peaks [41,43,44,45]. For bimetallic catalysts, it was found that Co2p binding energies had shifted to a lower value having nearly the same ∆Eco. However, determination of Co cations in bimetallic systems is difficult, as similar spectra can be obtained for CoO, Co3O4 and Co2O3 oxides. In bimetallic Co systems, values of ∆ECo and relative populations of Co2+/Co3+ cations provide important information regarding Co cations. When the peak is approximately 6 eV from the Co-main peak, it indicates that Co is in Co2+ oxidation state with ∆Eco values between 9–10 eV indicating the presence of Co3+ species. Based on observations, it could be concluded that Co2+ and Co3+ existed both in monometallic and bimetallic nanocatalysts. The only difference was that Co2+ was predominantly present in the monometallic system while in bimetallic systems the relative population of Co2+ increased. As shown in Table 4, with the incorporation of Mn into Co catalysts, the ratio of Co2+/Co3+ increases. The highest ratio of Co2+/Co3+ was observed for bimetallic combination with 95Co5Mn/CNT formulation. It implies that the interaction of Co–Mn was strengthened with an increase in the amount of Mn incorporated as Mn(IV) ions constrained electrooxidation of Co2+ to higher oxidation states [46]. The shift in Co2p binding energies to higher BE values and increase in Co2+/Co3+ populations indicated an electronic modification of Co species where an electronic transfer could have occurred between Co and Mn species and attributed to the near distance interaction between Co and Mn which had resulted in the formation of alloy. Surface atomic ratios of Co/Mn were calculated from XPS analysis. Results shown for the bimetallic formulation; the surface atomic ratios of Co/Mn increased as Mn was greater than 5 wt%. The decrease in Co3+/Mn4+ atomic ratios could presumably be due to partial coverage of Co atoms with Mn as more Mn atoms were present on the surface of the catalyst.



The Mn2p spectrum is shown in Figure 12. For the bimetallic Mn nanocatalyst, binding energies at 653.6 eV and 641.7 eV were assigned to Mn2p1/2 and Mn2p3/2, respectively. Results indicated that Mn was present in the Mn(IV) oxidation state [47]. There was no significant difference in monometallic and bimetallic spectra, but BE values were shifted to higher energies, indicating an electronic modification in the bimetallic catalyst. It can be concluded from XPS analysis that in monometallic Co and Mn, Co and Mn were present in Co3O4 and MnO2 phases, respectively. Incorporation of Mn into Co had resulted in an electronic modification where an increase in Co2+/Co3+ ratio was detected.




3.2. Effect of Mn Promoter on Catalyst Performance


Prior to reaction, reduction and activation of calcined catalysts are important steps [48]. Catalysts were activated with the flow of H2, 1.8 L/h at 420 °C for 12.5 h. After activation of the in situ catalyst, the temperature of the reaction was cooled to the desired reaction temperature and flushed with helium for 10 min. The Fischer–Tropsch reaction test was performed at 2/1 H2/CO (v/v), 40 L/g-cat/h, 240 °C and 20 atm pressure. Figure 13 indicates the proportion of CO conversion, FTS and WGS reaction rates promoted for the Co10 catalyst with different proportions of Mn.



Figure 13 shows that the percentage of the catalyst’s CO conversion and FTS rate increased with increasing Mn from 5% to 10% and increasing Mn% from 10% to 20% led to a decrease for COconversion and FTS rate. The trend for CO conversion and FTS rate is similar to that for hydrogen intake compared to Figure 13 and H2 chemisorption information from Table 3. Figure 13 indicates hydrogen uptake, CO conversion rate, FTS rate, and WGS rate rises. In addition, the incorporation of Mn in the cobalt catalyst improved the decrease proportion as well as the absorption of H2, which increased the accessible cobalt surface atoms and active site for FTS and WGS reactions. Results showed that catalyst FT activity is strongly dependent on the decreased cobalt locations of the surface (Figure 13). Figure 13 shows the reduction of manganese oxide at temperatures below the reduction of cobalt. Reduced Mn increases the reduction of cobalt oxides as the spillover of hydrogen from Mn to cobalt oxide and manganese may increase the reduction of lower-size cobalt active sites which, in the case of the unpromoted catalyst, may not be reduced. Thus, in Mn-promoted catalysts, Mn increases the number of active surface Co sites available for FT reaction and thus increases the percentage of CO conversion and FTS reaction rate. The addition of Mn promoter to cobalt catalysts is believed to change the morphology of the catalyst. Mn has been reported to be mostly enriched on the cobalt surface [49]. Considering Mn’s higher cobalt FTS activity and its cobalt surface, enrichment may be another cause of catalyst activity improvement promoted by Mn. The benefits of adding Mn, however, are not limited to enhancing reducibility and activity of the cobalt catalyst supported by CNT. It should be noted that many researchers are investigating the effect of Mn on cobalt catalyst activity supported on oxide supports [50]. It has been demonstrated that adding 5 wt% of Mn to the Co/CNT catalyst increase the percentage of CO conversion from 58.7% to 86.6% [29]. Due to the promotion of Mn catalysts, the variation in percentage CO conversion increase achieved with CNT support can be related to improvements in the percentage of reduced cobalt. It is easier to reduce cobalt active sites on CNT-supported catalysts than to reduce cobalt particles supported by oxide.



Figure 13 also illustrates that with the addition of Mn to Co 10% catalyst, the WGS reaction rate decreases. The decrease in the rate of WGS reaction may be corresponded to the decrease in partial water pressure due to a decrease in the rate of FTS reaction. Table 5 presents the effects on CH4, C2–C4 and C5+ products of Mn promoter on FTS selectivity. It clearly shows a reduction in the selectivity of methane and C2–C4 light gaseous products, and an increase in the selectivity of C5+ hydrocarbons by promoting 5 wt% Mn cobalt catalysts. Manganese increases the selectivity of C5+ and shows lower selectivity of 5 wt% to methane, the catalyst promoted by Mn. Increasing the Mn from 5% to 20% of hydrocarbons monotonically decreases selectivity to higher molecular weight. Table 5 presents the chain growth probability (α) of FTS products for monometallic and bimetallic catalysts. By increasing the amount of Mn promoter, a shift to higher molecular weight hydrocarbons is evident from the rising trend in chain growth probability. In molecular weight hydrocarbons, Mn is more selective than cobalt. The increase in C5+ selectivity, relative to the unpromoted catalyst, could be due to Mn enrichment for Co–Mn bimetallic catalysts on the cobalt crystallite surface. Increasing CO uptake decreases the mobility of H2 on the catalyst surface, leading to reduced CO conversion rates of FTS and WGS [51]. It should be observed that measurements were taken for C2–C7 hydrocarbon α-olefin/n-paraffin ratios. Table 5 demonstrates that the alkali-promoted cobalt catalyst has considerably enhanced α-olefin selectivity. Regarded as main FTS products, 1-alkenes maybe hydrogenated to alkanes or isomerized to 2-alkenes during the reaction. An alkali promoter appears to reduce subsequent reactions drastically. Studies of alkali-promoted CO chemisorption catalysts (Table 5) show that the mobility of hydrogen by blocking low-coordination edge and corner sites for dissociative hydrogen adsorption was significantly restricted to alkali promotion.



The rise in CO adsorption levels, as well as the reduction in hydrogen adsorption levels, could explain the reduction in 1-alkene hydrogenation to alkanes qualitatively, leading to enhanced α-olefin/n-paraffin ratios. Table 5 results also indicate that bimetallic Co–Mn catalysts result in lower methane selectivity while improving selectivity to greater molecular weight hydrocarbons. The decrease in methane selectivity can be explained on the catalyst surface based on partial hydrogen atom pressure (Table 5), which resulted in a decrease in paraffin (i.e., methane) rate during the FTS reaction. The enhanced selectivity of cobalt catalyst hydrocarbons of greater molecular weight following alkali promotion may be explained by the enhanced concentration of α-olefin and the re-adsorption and chain initiation of main use products on the catalyst surface resulting in the ultimate desorption of α-olefins as larger products [52]. The Co/CNT catalyst showed 58.7% CO conversion for monometallic catalysts compared to the Mn/CNT catalyst with 23.8 percent CO conversion. As shown in Figure 13, with the addition of 5 wt% Mn loading to the cobalt catalyst, the percentage of CO conversion was boosted. However once Mn loading increasing from 10% to 20% the CO conversion decreased. Table 5 shows that adding a small amount of manganese (i.e., 5 wt%) to a cobalt catalyst resulted in higher percentage reduction and catalyst active site dispersion. Improvements in metal dispersion and reduction create more active metal atoms accessible for FTS reaction, considerably improving catalyst activity. Increasing the quantity of Mn above 5% will reduce the proportion of dispersion, resulting in a reduced proportion of CO conversion. A reduction in CO conversion on the surface of bimetallic catalysts could be ascribed to Mn enrichment. Figure 13 shows that the FTS reaction rate increases by adding manganese to the cobalt catalyst, which synthesized with a maximum of 5 wt% at Mn loading. The same behavior had been observed by O’Shea et al., promoting cobalt catalyst with adding Mn from 5 wt% to 20 wt% [41]. The 95Co5Mn/CNT catalyst sample increased the FTS rate by 0.36%, while 10 wt% and 20 wt% added manganese percentages dropped FTS by 0.29% and 0.19%, respectively. Figure 13 also shows that by adding manganese to the cobalt catalyst, the WGS reaction rate has been reduced. The WGS reaction rate at low Mn values (i.e., 5 wt% of Mn) was not significantly reduced. Adding higher amount of Mn up to 20 wt% to Co/CNT catalyst led to WGS rate dropped significantly. Figure 13 shows that the WGS rate followed FTS and was consumed in the WGS reaction corresponding to the H2O produced by FTS at a low Mn content value (95Co5Mn/CNT). Figure 13 shown for Mn loading catalysts higher than 5 wt%, the percentage of the WGS reaction rate is lower than the FTS rate. The lower WGS reaction rate could be due to the lower CO dissociative absorption capacity of manganese catalysts. Distributions of catalyst products are shown in Table 5.



The monometallic cobalt catalyst resulted in low selectivity to methane and light gaseous hydrocarbons while high selectivity of C5+ hydrocarbons. On the other hand, for lighter hydrocarbons, the monometallic Mn/CNT catalyst showed very high selectivity. Table 5 shows that manganese incorporation in the cobalt catalyst changed the distribution of the product. Adding 5 wt% and 10 wt% of Mn to the cobalt catalyst increased selectivity of CH4 and C5+. The addition of 15% and 20% of manganese to cobalt catalysts resulted in an increase in CH4 selectivity from 11.8% to 15.0% and a decrease in C5+ hydrocarbon selectivity from 81.5% to 74.5%. The hydrocarbon synthesis mechanism of the Co and Mn catalyst includes three steps, namely initiation, propagation, and termination responses. Consequently, the greater average molecular weight of products acquired using a monometallic cobalt catalyst was due to the development of the secondary chain of re-adsorbed α-olefins, whereas the development of the secondary chain was negligible for manganese catalysts over propagation steps [53]. Mn enriched on the surface of bimetallic catalysts and the catalyst took on the properties of the metal in bimetallic catalysts with higher loads of manganese, thus reducing the growth of the chain by reabsorbing α-olefins and secondary reactions. It was also suggested that the formation of Co–Mn alloys in bimetallic catalysts reduces non-alloyed cobalt and subsequently reduces chain development by re-adsorption of α-olefins and secondary reactions [41]. As demonstrated in Table 5, Mn/CNT monometallic catalyst olefin selectivity is 3.5 times greater than the selectivity of Co/CNT monometallic catalyst. Mobility in the presence of manganese hydrogen is suggested to be restricted by blocking low edge and corner sites for dissociative hydrogen adsorption [54].



Variations of CO conversion with time on stream (TOS) for Co/CNT, 95Co5Mn/CNT, 90Co10Mn/CNT, 85Co15Mn/CNT, and 80Co20Mn/CNT catalysts were studied. Catalysts have different stability within a time period of 48 h. The 95Co5Mn/CNT catalyst sample is more stable compared to that of other formulations of catalyst samples, showing a 2% decrease in conversion during 48 h of reaction. The stability of the catalyst may be attributed to the Mn percentage, the extent of functional groups, and defects, structure, and morphology of CNT supports [24,55].





4. Conclusions


The effects of the Co/Mn proportion on bimetallic catalyst activity and selectivity of Co–Mn were explored using CNT with distinctive characteristics such as high surface area and uniform pore structure with minor metal–support interaction. A series of carbon nanotube catalysts containing Mn and Co were prepared and FTS studies showed that the two metals had different catalytic properties when intimately mixed together compared to monometallic catalysts containing only one of the Mn and Co metals. The strong electrostatic adsorption (SEA) method resulted in a well-dispersed, low-co-charge CNT support Co nanoparticle. The low amounts of Mn enhanced the reducibility and dispersion of the Co–Mn bimetallic catalysts. The FTS reaction rate and percentage CO conversion were enhanced with the addition of manganese to the cobalt catalyst and the highest CO conversion rate for the 95Co5Mn/CNT catalyst was 86.6%. The WGS reaction rate was increased by adding manganese to the cobalt catalyst. However, the WGS reaction rate at low Mn values was not significantly increased. The monometallic cobalt catalyst showed relatively high selectivity (59.1%) towards C5+ hydrocarbons. Adding a small amount of manganese changed the product’s selectivity. The monometallic manganese catalyst showed C5+ hydrocarbons with the lowest selectivity of 11.6%. The olefin to paraffin ratio in FTS products increased 2% with the addition of manganese and decreased when manganese increased from 5% to 20%. The monometallic manganese catalyst showed a minimum olefin to paraffin ratio of 0.40.







Author Contributions


Conceptualization, O.A.; methodology, O.A.; validation, Y.A.W.; formal analysis, N.A.H.; investigation, O.A.; resources, A.A.B., A.K. and S.D.; data curation, O.A.; writing—Original draft preparation, O.A.; writing—Review and editing, S.S. and Z.M.A.M.; visualization, M.A.R.; supervision, M.R.J. and N.A.M.Z.; funding acquisition, M.R.J., N.A.M.Z. and Z.M.A.M.




Funding


Universiti Teknologi PETRONAS, University of Malaya, Nanotechnology and Catalysis Research Centre (RU011-2018 Grant) and Ministry of Education of Malaysia under the Fundamental Research Grant Scheme FRGS/1/2018/STG01/UTP/02/3 and FRGS/1/2012/SG01/UTP/02/01.




Acknowledgments


The authors acknowledge the Universiti Teknologi PETRONAS and the University of Malaya for support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Steynberg, A.P. Chapter 1—Introduction to Fischer-Tropsch Technology. In Studies in Surface Science and Catalysis; Steynberg, A., Dry, M., Eds.; Elsevier: Amsterdam, The Netherlands, 2004; Volume 152, pp. 1–63. [Google Scholar]

	



Jacobs, G.; Das, T.K.; Zhang, Y.; Li, J.; Racoillet, G.; Davis, B.H. Fischer–Tropsch synthesis: Support, loading, and promoter effects on the reducibility of cobalt catalysts. Appl. Catal. A Gen. 2002, 233, 263–281. [Google Scholar] [CrossRef]

	



Bezemer, G.L.; Radstake, P.B.; Koot, V.; Van Dillen, A.J.; Geus, J.W.; De Jong, K.P. Preparation of Fischer–Tropsch cobalt catalysts supported on carbon nanofibers and silica using homogeneous deposition-precipitation. J. Catal. 2006, 237, 291–302. [Google Scholar] [CrossRef]

	



Qiu, X.; Tsubaki, N.; Sun, S.; Fujimoto, K. Promoting effect of noble metals to Co/SiO2 catalysts for hydroformylation of 1-hexene. Catal. Commun. 2001, 2, 75–80. [Google Scholar] [CrossRef]

	



Karaca, H.; Safonova, O.V.; Chambrey, S.; Fongarland, P.; Roussel, P.; Griboval-Constant, A.; Lacroix, M.; Khodakov, A.Y. Structure and catalytic performance of Pt-promoted alumina-supported cobalt catalysts under realistic conditions of Fischer–Tropsch synthesis. J. Catal. 2011, 277, 14–26. [Google Scholar] [CrossRef]

	



Das, T.K.; Jacobs, G.; Davis, B.H. Fischer–Tropsch synthesis: Deactivation of promoted and unpromoted cobalt–alumina catalysts. Catal. Lett. 2005, 101, 187–190. [Google Scholar] [CrossRef]

	



Jacobs, G.; Ji, Y.; Davis, B.H.; Cronauer, D.; Kropf, A.J.; Marshall, C.L. Fischer–Tropsch synthesis: Temperature programmed EXAFS/XANES investigation of the influence of support type, cobalt loading, and noble metal promoter addition to the reduction behavior of cobalt oxide particles. Appl. Catal. A Gen. 2007, 333, 177–191. [Google Scholar] [CrossRef]

	



Borg, O.; Eri, S.; Blekkan, E.A.; Storsæter, S.; Wigum, H.; Rytter, E.; Holmen, A. Fischer–Tropsch synthesis over γ-alumina-supported cobalt catalysts: Effect of support variables. J. Catal. 2007, 248, 89–100. [Google Scholar] [CrossRef]

	



Keyser, M.J.; Everson, R.C.; Espinoza, R.L. Fischer–Tropsch studies with cobalt–manganese oxide catalysts: Synthesis performance in a fixed bed reactor. Appl. Catal. A Gen. 1998, 171, 99–107. [Google Scholar] [CrossRef]

	



Colley, S.E.; Copperthwaite, R.G.; Hutchings, G.J.; Foulds, G.A.; Coville, N.J. Cobalt/manganese oxide catalysts: Use of chromium promoters for long chain hydrocarbon production. Appl. Catal. A Gen. 1992, 84, 1–15. [Google Scholar] [CrossRef]

	



Morales, F.; De Smit, E.; De Groot, F.M.F.; Visser, T.; Weckhuysen, B.M. Effects of manganese oxide promoter on the CO and H2 adsorption properties of titania-supported cobalt Fischer–Tropsch catalysts. J. Catal. 2007, 246, 91–99. [Google Scholar] [CrossRef]

	



Bezemer, G.L.; Radstake, P.B.; Falke, U.; Oosterbeek, H.; Kuipers, H.P.C.E.; Van Dillen, A.J.; De Jong, K.P. Investigation of promoter effects of manganese oxide on carbon nanofiber-supported cobalt catalysts for Fischer–Tropsch synthesis. J. Catal. 2006, 237, 152–161. [Google Scholar] [CrossRef]

	



Bezemer, G.L.; Falke, U.; Van Dillen, A.J.; De Jong, K.P. Cobalt on carbon nanofiber catalysts: Auspicious system for study of manganese promotion in Fischer–Tropsch catalysis. Chem. Commun. 2005, 6, 731–733. [Google Scholar] [CrossRef] [PubMed]

	



Eschemann, T.O.; Lamme, W.S.; Manchester, R.L.; Parmentier, T.E.; Cognigni, A.; Rønning, M.; de Jong, K.P. Effect of support surface treatment on the synthesis, structure, and performance of Co/CNT Fischer–Tropsch catalysts. J. Catal. 2015, 328, 130–138. [Google Scholar] [CrossRef]

	



Akbarzadeh, O.; Mohd Zabidi, N.; Abdul Wahab, Y.; Hamizi, N.; Chowdhury, Z.; Merican Aljunid Merican, Z.; Ab Rahman, M.; Akhter, S.; Rasouli, E.; Johan, M. Effect of Cobalt Catalyst Confinement in Carbon Nanotubes Support on Fischer-Tropsch Synthesis Performance. Symmetry 2018, 10, 572. [Google Scholar] [CrossRef]

	



Trépanier, M.; Tavasoli, A.; Dalai, A.K.; Abatzoglou, N. Fischer–Tropsch synthesis over carbon nanotubes supported cobalt catalysts in a fixed bed reactor: Influence of acid treatment. Fuel Process. Technol. 2009, 90, 367–374. [Google Scholar] [CrossRef]

	



Akbarzadeh, O.; Mohd Zabidi, N.; Hamizi, N.; Abdul Wahab, Y.; Aljunid Merican, Z.; Yehya, W.; Akhter, S.; Shalauddin, M.; Rasouli, E.; Johan, M. Effect of pH, Acid and Thermal Treatment Conditions on Co/CNT Catalyst Performance in Fischer–Tropsch Reaction. Symmetry 2019, 11, 50. [Google Scholar] [CrossRef]

	



Akbarzadeh, O.; Mohd Zabidi, N.; Abdul Wahab, Y.; Hamizi, N.; Chowdhury, Z.; Aljunid Merican, Z.; Ab Rahman, M.; Akhter, S.; Shalauddin, M.; Johan, M. Effects of Cobalt Loading, Particle Size, and Calcination Condition on Co/CNT Catalyst Performance in Fischer–Tropsch Reactions. Symmetry 2018, 11, 7. [Google Scholar] [CrossRef]

	



Sudarsanam, P.; Zhong, R.; Van den Bosch, S.; Coman, S.M.; Parvulescu, V.I.; Sels, B.F. Functionalised heterogeneous catalysts for sustainable biomass valorisation. Chem. Soc. Rev. 2018, 47, 8349–8402. [Google Scholar] [CrossRef]

	



Park, J.; Regalbuto, J.R. A Simple, Accurate Determination of Oxide PZC and the Strong Buffering Effect of Oxide Surfaces at Incipient Wetness. J. Colloid Interface Sci. 1995, 175, 239–252. [Google Scholar] [CrossRef]

	



Akbarzadeh, O.; Zabidi, N.A.M.; Abdullah, B.; Subbarao, D. Dispersion of Co/CNTs via strong electrostatic adsorption method: Thermal treatment effect. AIP Conf. Proc. 2015, 1669, 020052. [Google Scholar] [CrossRef]

	



Akbarzadeh, O.; Mohd Zabidi, N.A.; Abdullah, B.; Subbarao, D. Synthesis and Characterization of Co/CNTs Catalysts Prepared by Strong Electrostatic Adsorption (SEA) Method. Appl. Mech. Mater. 2014, 625, 328–332. [Google Scholar] [CrossRef]

	



Bahome, M.C.; Jewell, L.L.; Hildebrandt, D.; Glasser, D.; Coville, N.J. Fischer–Tropsch synthesis over iron catalysts supported on carbon nanotubes. Appl. Catal. A Gen. 2005, 287, 60–67. [Google Scholar] [CrossRef]

	



Graham, U.; Dozier, A.; Khatri, R.; Bahome, M.; Jewell, L.; Mhlanga, S.; Coville, N.; Davis, B. Carbon nanotube docking stations: A new concept in catalysis. Catal. Lett. 2009, 129, 39–45. [Google Scholar] [CrossRef]

	



Zolfaghari, Z.; Tavasoli, A.; Tabyar, S.; Pour, A.N. Enhancement of bimetallic Fe-Mn/CNTs nano catalyst activity and product selectivity using microemulsion technique. J. Energy Chem. 2014, 23, 57–65. [Google Scholar] [CrossRef]

	



Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.V.; Dubonos, S.V.; Firsov, A.A. Two-dimensional gas of massless Dirac fermions in graphene. Nature 2005, 438, 197. [Google Scholar] [CrossRef]

	



Tavasoli, A.; Taghavi, S. Performance enhancement of bimetallic Co-Ru/CNTs nano catalysts using microemulsion technique. J. Energy Chem. 2013, 22, 747–754. [Google Scholar] [CrossRef]

	



Jacobs, G.; Patterson, P.M.; Das, T.K.; Luo, M.; Davis, B.H. Fischer–Tropsch synthesis: Effect of water on Co/Al2O3 catalysts and XAFS characterization of reoxidation phenomena. Appl. Catal. A Gen. 2004, 270, 65–76. [Google Scholar] [CrossRef]

	



Tavasoli, A.; Mortazavi, Y.; Khodadadi, A.A.; Mousavian, M.A.; Sadagiani, K.; Karimi, A. Effects of different loadings of Ru and Re on physico-chemical properties and performance of 15% Co/Al2O3 FTS catalysts. Iran. J. Chem. 2005, 24, 9–17. [Google Scholar]

	



Akbarzadeh, O.; Mohd Zabidi, N.A.; Abdullah, B.; Subbarao, D. Synthesis of Co/CNTs via Strong Electrostatic Adsorption: Effect of Metal Loading. Adv. Mater. Res. 2014, 1043, 101–104. [Google Scholar] [CrossRef]

	



Akbarzadeh, O.; Mohd Zabidi, N.A.; Abdullah, B.; Subbarao, D. Synthesis of Co/CNTs Catalyst via Strong Electrostatic Adsorption: Effect of Calcination Condition. Adv. Mater. Res. 2015, 1109, 1–5. [Google Scholar] [CrossRef]

	



Chen, W.; Fan, Z.; Pan, X.; Bao, X. Effect of confinement in carbon nanotubes on the activity of Fischer− Tropsch iron catalyst. J. Am. Chem. Soc. 2008, 130, 9414–9419. [Google Scholar] [CrossRef] [PubMed]

	



Kozhuharova, R.; Ritschel, M.; Elefant, D.; Graff, A.; Mönch, I.; Mühl, T.; Schneider, C.; Leonhardt, A. (FexCo 1−x)-alloy filled vertically aligned carbon nanotubes grown by thermal chemical vapor deposition. J. Magn. Magn. Mater. 2005, 290, 250–253. [Google Scholar] [CrossRef]

	



Tavasoli, A.; Sadagiani, K.; Khorashe, F.; Seifkordi, A.; Rohani, A.; Nakhaeipour, A. Cobalt supported on carbon nanotubes—A promising novel Fischer–Tropsch synthesis catalyst. Fuel Process. Technol. 2008, 89, 491–498. [Google Scholar] [CrossRef]

	



Jothimurugesan, K.; Goodwin, J.G.; Gangwal, S.K.; Spivey, J.J. Development of Fe Fischer–Tropsch catalysts for slurry bubble column reactors. Catal. Today 2000, 58, 335–344. [Google Scholar] [CrossRef]

	



Bezemer, G.; Van Laak, A.; Van Dillen, A.; De Jong, K. Cobalt supported on carbon nanofibers-a promising novel Fischer-Tropsch catalyst. Stud. Surf. Sci. Catal. 2004, 147, 259–264. [Google Scholar]

	



Bechara, R.; Balloy, D.; Vanhove, D. Catalytic properties of Co/Al2O3 system for hydrocarbon synthesis. Appl. Catal. A Gen. 2001, 207, 343–353. [Google Scholar] [CrossRef]

	



Tavasoli, A.; Abbaslou, R.M.M.; Trepanier, M.; Dalai, A.K. Fischer–Tropsch synthesis over cobalt catalyst supported on carbon nanotubes in a slurry reactor. Appl. Catal. A Gen. 2008, 345, 134–142. [Google Scholar] [CrossRef]

	



Tavasoli, A.; Rashidi, A.M.; Sadaghiani, K.; Karimi, A.; Khodadadi, A.; Mortazavi, Y. Carbon nano-tube supported cobalt catalyst for converting synthesis gas to hydrocarbons. EP1782885B1, 9 May 2007. [Google Scholar]

	



Brown, R.; Cooper, M.E.; Whan, D.A. Temperature programmed reduction of alumina-supported iron, cobalt and nickel bimetallic catalysts. Appl. Catal. 1982, 3, 177–186. [Google Scholar] [CrossRef]

	



De La Peña O’Shea, V.; Álvarez-Galván, M.C.; Campos-Martín, J.M.; Fierro, J. Fischer–Tropsch synthesis on mono-and bimetallic Co and Fe catalysts in fixed-bed and slurry reactors. Appl. Catal. A Gen. 2007, 326, 65–73. [Google Scholar] [CrossRef]

	



Das, T.K.; Jacobs, G.; Patterson, P.M.; Conner, W.A.; Li, J.; Davis, B.H. Fischer–Tropsch synthesis: Characterization and catalytic properties of rhenium promoted cobalt alumina catalysts. Fuel 2003, 82, 805–815. [Google Scholar] [CrossRef]

	



De La Peña, O.S.; Víctor, A.; Álvarez-Galván, M.C.; Campos-Martin, J.M.; Menéndez, N.N.; Tornero, J.D.; Fierro, J.L. Surface and Structural Features of Co-Fe Oxide Nanoparticles Deposited on a Silica Substrate. Eur. J. Inorg. Chem. 2006, 2006, 5057–5068. [Google Scholar] [CrossRef]

	



Larsen, J.H.; Chorkendorff, I. From fundamental studies of reactivity on single crystals to the design of catalysts. Surf. Sci. Rep. 1999, 35, 163–222. [Google Scholar] [CrossRef]

	



Zhang, J.; Müller, J.O.; Zheng, W.; Wang, D.; Su, D.; Schlögl, R. Individual Fe-Co alloy nanoparticles on carbon nanotubes: Structural and catalytic properties. Nano Lett. 2008, 8, 2738–2743. [Google Scholar] [CrossRef] [PubMed]

	



Morales, F.; Weckhuysen, B.M. Promotion effects in Co-based Fischer-Tropsch catalysis. Catalysis 2006, 19. [Google Scholar] [CrossRef]

	



Craciun, R.; Dulamita, N. Influence of La2O3 promoter on the structure of MnOx/SiO2 catalysts. Catal. Lett. 1997, 46, 229–234. [Google Scholar] [CrossRef]

	



Thiessen, J.; Rose, A.; Meyer, J.; Jess, A.; Curulla-Ferré, D. Effects of manganese and reduction promoters on carbon nanotube supported cobalt catalysts in Fischer–Tropsch synthesis. Microporous Mesoporous Mater. 2012, 164, 199–206. [Google Scholar] [CrossRef]

	



Bertole, C.J.; Mims, C.A.; Kiss, G. The effect of water on the cobalt-catalyzed Fischer–Tropsch synthesis. J. Catal. 2002, 210, 84–96. [Google Scholar] [CrossRef]

	



Li, J.; Jacobs, G.; Das, T.; Zhang, Y.; Davis, B. Fischer–Tropsch synthesis: Effect of water on the catalytic properties of a Co/SiO2 catalyst. Appl. Catal. A Gen. 2002, 236, 67–76. [Google Scholar] [CrossRef]

	



Huffman, G.P.; Shah, N.; Zhao, J.; Huggins, F.E.; Hoost, T.E.; Halvorsen, S.; Goodwin, J. In-situ XAFS investigation of K-promoted Co catalysts. J. Catal. 1995, 151, 17–25. [Google Scholar] [CrossRef]

	



Madon, R.J.; Iglesia, E. The importance of olefin readsorption and H2/CO reactant ratio for hydrocarbon chain growth on ruthenium catalysts. J. Catal. 1993, 139, 576–590. [Google Scholar] [CrossRef]

	



Patzlaff, J.; Liu, Y.; Graffmann, C.; Gaube, J. Studies on product distributions of iron and cobalt catalyzed Fischer–Tropsch synthesis. Appl. Catal. A: Gen. 1999, 186, 109–119. [Google Scholar] [CrossRef]

	



Jam, S.; Ahangary, M.G.; Tavasoli, A.; Sadaghiani, K.; Pour, A.N. Enhancement of distillate selectivity in Fischer-Tropsch synthesis by using iron and cobalt catalysts in a novel dual-bed reactor. React. Kinet. Catal. Lett. 2006, 89, 71–79. [Google Scholar] [CrossRef]

	



Tavasoli, A.; Trépanier, M.; Dalai, A.K.; Abatzoglou, N. Effects of confinement in carbon nanotubes on the activity, selectivity, and lifetime of Fischer−Tropsch Co/carbon nanotube catalysts. J. Chem. Eng. Data 2010, 55, 2757–2763. [Google Scholar] [CrossRef]








[image: Symmetry 11 01328 g001 550] 





Figure 1. (a) Point of zero charges (PZC) of the carbon nanotubes (CNT) support, (b) Co uptake versus the pH analyzed by atomic absorption spectroscopy (AAS). 
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Figure 2. Transmission electron microscope (TEM) images of (a) 95Co5Mn/CNT, (b) 90Co10Mn/CNT, (c) 85Co15Mn/CNT, (d) 80Co20Mn/CNT catalysts. 
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Figure 3. Particle size distribution for 95Co5Mn/CNT catalyst. 
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Figure 4. Particle size distribution for 95Co5Mn/CNT catalyst. 
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Figure 5. Scanning electron microscope (SEM) images of (a) 95Co5Mn/CNT, (b) 90Co10Mn/CNT, (c) 85Co15Mn/CNT, (d) 80Co20Mn/CNT catalysts. 
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Figure 6. EDX spectra of 95Co5Mn/CNT. 
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Figure 7. XRD spectra of (a) CNT (b) Co/CNT. A.T (c) Mn/CNT.A.T (d) 95Co5Mn/CNT.A.T catalysts. 
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Figure 8. XRD profile of Co–Mn/CNT with Mn content (a) 5, (b) 10, (c) 15 and (d) 20%. 
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Figure 9. Hydrogen temperature programmed reduction (H2-TPR) profiles of (a) CNT, (b) 10Co/CNT (c) 10Mn/CNT. 
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Figure 10. H2-TPR profiles of catalysts (a) CNT.A.T, (b) 95Co5Mn/CNT, (c) 90Co10Mn/CNT, (d) 85Co15Mn/CNT, (e) 80Co20Mn/CNT. 
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Figure 11. XPS Co2p spectra of Co/CNT. 






Figure 11. XPS Co2p spectra of Co/CNT.



[image: Symmetry 11 01328 g011]







[image: Symmetry 11 01328 g012 550] 





Figure 12. XPS Mn2p spectra of 95Co5Mn/CNT. 
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Figure 13. Percentage of CO conversion, Fischer–Tropsch synthesis (FTS) rate (g HC/g cat/h) and WGS rate (g CO2/g cat/h) for different catalyst formulation on CNT support. 
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Table 1. Textural properties of Co/CNT catalysts at various wt% loading.
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	Samples
	BET Surface Area (m2/g)
	Total Pore Volume (m3/g)





	Pristine CNT
	138.2
	1.58



	CNT.A
	223.2
	0.88



	CNT.A.T
	266.4
	0.54



	95Co5Mn/CNT.A.T
	217.5
	0.36



	90Co10Mn/CNT.A.T
	220.8
	0.48



	85Co15Mn/CNT.A.T
	223.4
	0.55



	80Co20Mn/CNT.A.T
	225.3
	0.58
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Table 2. XRD and TEM results for Co–Mn bimetallic catalysts.
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	Catalyst
	XRD (dCo3O4) (nm)
	TEM Ave. Size (nm)





	95Co5Mn/CNT.A.T
	7.5
	7.7



	90Co10Mn/CNT.A.T
	7.2
	7.3



	85Co15Mn/CNT.A.T
	6.8
	6.9



	80Co20Mn/CNT.A.T
	6.5
	6.7
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Table 3. H2 chemisorption results.
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	Samples
	1st Peak °C
	2nd Peak °C
	H2 Uptake *
	% Disp.
	Reduction (%)
	No of Active Sites × (1020)





	CNT.A.T
	----
	590
	----
	----
	----
	----



	Co/CNT
	279
	508
	100.0
	14.7
	50.1
	3.5



	95Co5Mn/CNT.A.T
	258
	502
	100.1
	22.1
	68.1
	5.8



	90Co10Mn/CNT.A.T
	251
	494
	97.5
	20.3
	63.8
	5.1



	85Co15Mn/CNT.A.T
	245
	487
	94.3
	18.4
	55.2
	4.6



	80Co20Mn/CNT.A.T
	232
	478
	91.6
	17.1
	48.8
	4.2



	Mn/CNT
	269
	481
