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Abstract

:

The bulk of the products that were synthesized from Fischer–Tropsch synthesis (FTS) is a wide range (C1–C70+) of hydrocarbons, primarily straight-chained paraffins. Additional hydrocarbon products, which can also be a majority, are linear olefins, specifically: 1-olefin, trans-2-olefin, and cis-2-olefin. Minor hydrocarbon products can include isomerized hydrocarbons, predominantly methyl-branched paraffin, cyclic hydrocarbons mainly derived from high-temperature FTS and internal olefins. Combined, these products provide 80–95% of the total products (excluding CO2) generated from syngas. A vast number of different oxygenated species, such as aldehydes, ketones, acids, and alcohols, are also embedded in this product range. These materials can be used to probe the FTS mechanism or to produce alternative chemicals. The purpose of this article is to compare the product selectivity over several FTS catalysts. Discussions center on typical product selectivity of commonly used catalysts, as well as some uncommon formulations that display selectivity anomalies. Reaction tests were conducted while using an isothermal continuously stirred tank reactor. Carbon mole percentages of CO that are converted to specific materials for Co, Fe, and Ru catalysts vary, but they depend on support type (especially with cobalt and ruthenium) and promoters (especially with iron). All three active metals produced linear alcohols as the major oxygenated product. In addition, only iron produced significant selectivities to acids, aldehydes, and ketones. Iron catalysts consistently produced the most isomerized products of the catalysts that were tested. Not only does product selectivity provide a fingerprint of the catalyst formulation, but it also points to a viable proposed mechanistic route.
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1. Introduction


1.1. The Heart of the X-to-Liquids Process


Fischer–Tropsch synthesis (FTS) is a pseudo-polymerization synthesis that is a key step in Gas-to-Liquids (GTL) [1,2,3], Coal-to-Liquids (CTL) [4,5,6,7], and Biomass-to-Liquids (BTL) [8,9,10] processes, as displayed in Figure 1. Briefly, there are three main steps that are undertaken to produce materials. The first step is syngas production from natural resources, primarily materials that are of local natural abundance. To generate the raw syngas, these raw materials are first processed by gasification (in the case of coal or biomass) or steam reforming/partial oxidation (in the case of natural gas). The actual chemistry depends on which raw materials are to be locally utilized. The overall chemical reactions are provided below:


CTL/BTL = C + H2O ⇌ CO + H2 at a H2/CO ratio of 0.7










GTL = CH4 + H2O ⇌ CO + 3 H2











Given the complexities of natural resources, these equations do not include all of the extraneous components, such as heteroatoms (i.e., sulfur, nitrogen), metals, and CO2. Thus, to obtain the needed pure syngas, a cleanup procedure is paired with the gasification process [11,12]. Furthermore, depending on the natural resource used, the off-gas from gasification needs to be treated by a versatile system, because a multitude of components must be eliminated, including: various alkali metals, transition metals, sulfur compounds (i.e., COS, H2S), CO2, nitrogen compounds (i.e., HCN, NH3), and hydrohalic acids (i.e., HCl, HBr). Sulfur elimination is especially important, as it irreversibly binds to the FTS catalyst, poisoning active sites, and altering selectivity.



In the case of low H2/CO syngas (i.e., from coal and/or biomass), water-gas shift (WGS):


WGS H2O + CO ⇌ H2 + CO2   ΔH = −41 kJ/mol








may be used to increase the H2/CO ratio [13]. Iron carbide catalyst is often used in this case, as it is active for both WGS and FTS, which are run simultaneously with a H2/CO ratio that can be as low as ~0.7–1.0 for coal-derived syngas [14,15,16]. The last step is the catalytic upgrading of these hydrocarbons by the hydrocracking of waxes to target the desired hydrocarbon range of interest (e.g., gasoline, jet fuels, diesel, lubricants, etc.) [17].




1.2. Fischer–Tropsch Synthesis


At moderate pressures and temperatures, FTS is employed to convert the synthesis gas to a range of hydrocarbons, which, once upgraded, can be utilized as high quality, almost sulfur-free, fuels (namely diesel and jet fuels), lubricants, waxes, and chemicals [18,19]. The main representative reactions are given by:


n-alkane production: (2n + 1)H2 (g) + nCO (g) → CnH2n+2 + nH2O










alkene production: (2n)H2 (g) + nCO (g) → CnH2n + nH2O











The product slate that is synthesized by FTS is remarkable, ranging from methane up to C70+ [20,21]. Products vary based on reaction conditions (i.e., temperature, pressure, space velocity, and H2/CO ratio), reactor type, and catalyst formulation. Though the identity of the C1 monomer is still under scrutiny [22,23,24,25], FTS is generally assumed to follow a polymerization reaction, whereby:

	
reactants (H2 and CO) chemisorb on active sites;



	
chain growth is initiated;



	
the carbon chain is then propagated;



	
the chain is terminated; and,



	
the final product desorbs from the catalyst surface (with the possibility of minor readsorption and reincorporation [26]).









1.3. Active FTS Metals


As of now, only four transitional metals are considered active for FTS: cobalt, iron, ruthenium, and nickel. Given that nickel has been plagued as a methanation catalyst, and simply due to the price of ruthenium, only cobalt and iron have typically been considered for industrial use to date [27,28]. Iron is the most abundant metal, and it is thus less expensive than cobalt. Iron is also preferred for industrial applications, where coal is the natural resource used to produce the syngas. The low level of H2 in the syngas is due to the high abundance of naphthalene-based materials, molecules that contain more carbon than hydrogen. Iron is also different in that, as understood today, iron carbide, not the metal itself, is the active species. In addition, iron carbide alone is a very low-α (i.e., where α is chain growth probability) catalyst, and normally an alkali promoter, such as potassium, is added to increase the dissociation rate of CO, allowing for α to increase [29,30]. Copper is normally added as a promoter as well, to enhance the reducibility of iron oxides during activation [31].



Cobalt, the other active metal that is utilized in industry for FTS, is normally paired with the GTL process. Cobalt, unlike iron, possesses very low intrinsic WGS activity, and it is thus more useful for higher H2/CO ratio syngas, such as that derived from natural gas. Because cobalt is expensive, it is typically supported on materials, such as Al2O3, SiO2, and TiO2, in order to produce nanoparticles that improve the fraction of exposed surface cobalt atoms [32]. The control of interactions between the active cobalt and the support is a balancing act. Poor interactions lead to the agglomeration of cobalt particles, resulting in lower CO conversion on a per gram catalyst basis [33]. However, if the interaction between the support and the cobalt is too strong, then fine Co particles can lead to low reducibility, and thus reduction promoters (e.g., Pt, Re, and Ru) are often added to facilitate their reduction by hydrogen dissociation and spillover or via a chemical effect [34].




1.4. Supports and Promoters


Research has shown that iron is not as efficient at hydrogenation as cobalt or ruthenium and, as a result, iron produces higher selectivities of olefin and oxygenated products [35]. Formulations of iron catalysts often include silica as a structural stabilizer to help prevent attrition; however, iron catalysts also rely on promoters, such as alkali metals and/or copper, to assist in FTS. Alkali promoters for iron catalysts also promote the formation of the active phase, iron carbide, while copper has been found to facilitate the reduction of iron oxides prior to carbide formation. The typical Fe compounds that are intermediates in the reduction/carburization process in CO are Fe2O3 → Fe3O4 → FeO → FexCy [36]. For cobalt, the promoters, which are often metals, like Pt, Re, and Ru, enhance the degree of reduction of cobalt oxides, and most significantly that of Co2+ to cobalt metal, with the typical reduction process being Co3O4 + H2 → 3CoO + H2O and 3CoO + 3H2 → 3Co0 + 3H2O [37]. The product distribution is much more diverse for the iron catalyst than for the cobalt or ruthenium catalysts. Furthermore, iron is the only catalyst that produces more than just one type of oxygenate. These changes seem to vary greatly based on the amount of promoter and promoter type. In fact, the products of the iron catalyst can become so diverse, such that, even before the oils are analyzed, one can physically look at the samples to see the color differences that vary from deep amber to light yellow, or even clear (Figure 2). Color, from early hydrogenation work, served as a basis of understanding the fraction of isomerized material present in the product selectivity [38], which was, in turn, driven by the olefin products formed. Initial indications led to a ratio of the amount of 1-olefin to the internal olefins, where the amber, dark colored products have significant amounts of 1-olefin when compared to all other products. The oil samples were mixed with Pd/C catalyst and then placed under 10 pounds of pressure for 5 min. Once separated, the oil was clear, yet all of the oxygenates were still present. During this process, olefins become hydrogenated [38]. However, more work is needed to fully confirm the relationship between the 1-olefin and the rest of the materials to fully understand what is truly responsible for the color. Further deviations in the selectivity can also be observed on the same catalyst, by merely observing the samples with time on-stream (TOS). The aim of this work is to review the product selectivity of oxygenated materials over FTS catalysts and to examine the effects of promoters (e.g., alkali metals, active supports), as well as to develop insights (from an analysis of oxygenates) into the reaction kinetics and mechanism.



Unlike iron, the promoters used for cobalt (e.g., Pt, Re, and Ru) do not alter the product selectivity to the same extent and they are primarily used to facilitate the reduction of cobalt oxides during catalyst activation. Because ruthenium and cobalt are expensive, they are typically supported (Al2O3, TiO2, SiO2), such that the number of active sites is determined, in part, by the interaction with the support, which governs the average size of cobalt nanoparticles and their percentage reduction while using a standard reduction procedure (e.g., 33%H2:67% inert, 350 °C, 10 h). The purpose of adding the support for cobalt and ruthenium is to disperse the expensive metal to achieve higher active metal surface areas and to retard the sintering of the metal nanoparticles. The interaction between the metal and the support needs to be strong enough to stabilize small clusters, but not so strong that the cobalt surface is lost to the formation of cobalt support compounds; for example, cobalt/alumina catalysts that have low Co loading tend to form difficult to reduce cobalt aluminate species [39]. Furthermore, the support is often assumed to be an inert carrier with the FTS activity occurring on the active metal sites. However, recently, we made an attempt to make cobalt catalysts that mimic the behavior of Fe-based catalysts. Fe catalysts possess both a metal-like function in Fe carbide and a partially reducible oxide function in defect-laden Fe3O4. By adding an active partially reducible oxide—ceria—as the support, the oxygenate selectivity of cobalt FTS catalyst significantly increased [40,41,42]. This work summarizes the results for several reaction tests that were performed with cobalt and ruthenium serving as active components and various supports being utilized; the latter included relatively inert carriers, such as silica and alumina, as well as those possessing a higher density of reduced defect sites and that are considered to be more active, such as titania and ceria.




1.5. Known Mechanistic Routes


Bearing in mind that FTS products consist primarily of aliphatic molecules, FTS could be investigated as the synthesis of hydrocarbon molecules through a multi-step reaction. Therefore, several steps must occur in the synthesis route, which involves the addition of hydrogen in transforming CO bonding to C-C bonding [22]:

	
associative/dissociative adsorption of CO (remains a point of contention);



	
dissociative adsorption of hydrogen [43];



	
transfer of 2 H* atoms to O* to form H2O;



	
allocation of 2 H* to C* to form -CH2-;



	
formation of a new C–C bond (unless methane is formed);



	
desorption of H2O; and,



	
desorption of aliphatic product.








This list serves as a rough guide, but the specific order for all given steps remains elusive. CO must dissociate in order for aliphatic materials to be synthesized. This has led to various interpretations of the mechanistic steps of FTS.



Fischer, discerning that the synthesis route involved the formation of aliphatic carbon-hydrogen bonds and knowing the tendency of iron to form iron carbide, proposed a carbide mechanism, as shown in Figure 3. Although Fischer promoted this mechanism, it was not his first choice; he did not favor the carbide mechanism until results displayed hydrocarbons as the primary products for FTS [44]. Although this mechanism was set aside for a brief period, recent advances in surface science revealed that the catalysts displayed a high surface coverage of carbon, with little surface oxygen, and revived the idea that hydrocarbon products could be synthesized through the combination of methylene groups [45,46,47,48,49]. In the carbide mechanism, CO dissociatively adsorbs on the active FTS metal, covering the surface with carbon and oxygen atoms. The adatoms are sequentially hydrogenated, forming water and methylene monomer. Previous work that was done by Ojeda et al. discusses the quasi-equilibrium assumption for the dissociation and hydrogenation of CO within the first hydrogenation step; the second step is assumed to be rate-limiting [50]. Fischer first proposed a mechanistic route involving oxygenate intermediates for FTS, as very little aliphatic material was generated, and the products were mostly comprised of alcohols. Although the carbide mechanism gained ground after being proposed by Fischer, work that was conducted by Kummer and Emmett [46,47] once again gave rise to an oxygenate mechanism [49]. The detailed example within Figure 4 is currently known as the enol mechanism.



The enol mechanism describes CO adsorbing without dissociation upon the FTS active metal surface. After chemisorption, CO reacts with adsorbed H atoms to create hydroxymethylene (M-CHOH). The enol structure grows by a sequence of condensation steps using the hydroxyl groups of adjacent hydroxymethylene species. This mechanism describes a route where the rate-controlling step is the hydrogenation of adsorbed CO.



Another commonly proposed mechanism is CO insertion [50], which is displayed in Figure 5, where the CO is molecularly adsorbed onto the active catalyst, and it undergoes bond scission only after being incorporated into the chain. Again, the proposed rate-limiting step is the hydrogenation of CO to the CH2 methylene group. The assumed monomer for this mechanism is simply CO through its insertion into metal-carbon bonds. Interestingly, CO insertion is a common step in homogenously catalyzed reactions, such as hydroformylation [51]. The mechanism continued to be scrutinized, and even the primary versus secondary products are still subject to debate; several research groups are focused on shedding light on this topic [52,53,54].




1.6. Anderson, Schulz, and Flory


A polymerization model, as independently developed by Anderson et al. [55], Schulz [56], and Flory [57], which is known as the Anderson-Schulz-Flory (ASF) model, can describe the range of hydrocarbon products that were synthesized by FTS. The ideal FTS distribution is expressed by Equation (1), where the ASF model is the most commonly used to date:


Mnn=(1−α)2 αn−1 



(1)




where Mn/n is the mole fraction of a hydrocarbon with carbon number n, and α is defined as the chain growth probability. Equation (2), which describes alpha (α), is defined by the molar rate at which the chain propagates (rp) versus the rate at which it terminates (rt).


α = rp(rp+ rt)



(2)







The ASF polymerization model assumes that the hydrocarbon chain lengths are independent, and thus, solely dependent on rp and rt. The distribution of FTS products can then be plotted in a linear manner with the natural log of the mole fraction as the dependent variable, y, and the carbon number as the independent variable, x, as shown in Figure 6 for iron, cobalt, and ruthenium catalysts.



The ASF polymerization model is useful as a tool to describe a range of hydrocarbons when assessing a series of catalysts that portray certain characteristics. More importantly, trends can be displayed that attempt to understand the promoter, support, and reactor effects on FTS based on deviations from the ASF model. Figure 7 provides a general picture of an expected distribution for specific α values. A typical ASF plot totals all products (i.e., 1-olefin, n-paraffin, cis/trans-2-olefin, alcohol) to directly relate CO to a carbon number (i.e., C10, C11, etc.) and not to a specific product type. However, this review examines the types of products separately to compare the ASF model for more than one product classification. The products that are present in the oil and wax phases are so numerous that the retention times from standards could not be used to identify all of the products. Therefore, peaks for oxygenated compounds in the oil and wax are separated and identified using gas chromatography-mass spectrometry (GC-MS). Oxygenates in the gas and water samples are identified based on the retention times of standards. The ASF model is useful in describing the distributions of the different classifications of hydrocarbons and oxygenates. The apparent chain growth probability factor (i.e., α), as defined by the ASF model, depends on several factors, including vapor-liquid equilibrium (VLE), type of reactor, diffusional limitations, olefin re-adsorption, etc. [21,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72]. Oxygenated compounds vaporize at higher temperatures (when compared at similar carbon chain length) and therefore will be more severely affected than hydrocarbons [73]. Oxygenates seem to display a negative deviation in ASF plots at approximately C12, as opposed to hydrocarbons, and this is likely due to their higher boiling point in comparison with hydrocarbons of the same length.




1.7. Product Distribution of Fischer–Tropsch Synthesis


The four primary classifications of FTS hydrocarbon products are: 1-olefins, paraffins, trans-2-olefins, and cis-2-olefins. To give an idea of the vast array of products, Figure 8 displays chromatograms of merely the oil phase (excluding gas, aqueous, and wax phases) for the distribution of products for iron (A) cobalt (B), and ruthenium (C) catalysts. General examples of a flame ionization detector (FID) scan (Figure 8) displays weight fractions of each major component, which can significantly vary, depending on the active metal. The effect of chain length on selectivity depends on the process conditions (e.g., temperature, pressure, H2/CO ratio) and the type of reactor (e.g., slurry or fixed-bed). Chain length affects the olefin/paraffin (O/P) ratio [74,75,76,77,78,79,80,81] through differences in re-adsorption that, in turn, affect secondary reactions, such as hydrogenation, isomerization, and the re-initiation of chain growth [76,80,81]. Hydrocarbon chain length also influences the olefin/paraffin ratio by the disproportional accumulation of heavier products due to the decreasing vapor pressure with increasing chain length, particularly in slurry-based FTS systems [77,82]. As residence time increases, re-adsorption increases in a proportional manner; thus, an inverse relationship arises where, the longer the hydrocarbon chain, the lower the O/P ratio (as n increases, O/P decreases). Figure 8 visually describes this attribute (in this case using an iron catalyst), where the olefinic component more rapidly decreases with the carbon number in the FID chromatograph.



An advantage of the FID, specifically described later, is the ability to relatively assess peaks across chromatograms for different catalysts by weight %. This cannot be used to compare the total products produced, but the percentage of a specific product to the total. Here, this comparison works to quickly evaluate if a catalyst produces higher amounts of 1-olefin per carbon number. When calculating the actual mole of carbon %, the numbers agree with this relative amount per product, allowing the FID chromatogram to provide a quick “fingerprint” of product selectivity per catalyst.



The isomerized materials, although minor, can be observed from the gas range up to the longer chains in the oil fraction. Most of the branching that occurs in FTS is single methyl branched material, as shown in Figure 9 and Figure 10. The diversity of these materials depend on the specific carbon number and, as the carbon number increases, the more diverse the methyl-branched paraffin become.



A minor fraction of the distribution, which consists of oxygenated products (Figure 11 and Figure 12), is also important. For example, oxygenates can be used to investigate the mechanism of FTS [46,47,82] or serve as alternative chemicals. FTS catalysts have been altered in a specific manner with the intent of increasing the selectivity to oxygenates with the aim of producing alternative chemicals (e.g., chemical feedstocks) [40,41,42,83,84]. Two variables that affect product distribution [44] and that were controlled by changing catalyst formulation, include metal (e.g., alkali) promoters for iron, and support type (as well as the interfacial contact between support and metal) for supported cobalt and ruthenium catalysts.



The aim of this manuscript is to shed light on how product selectivity varies with FTS catalyst type for low-temperature FTS and, in turn, gain greater insight into the FTS mechanism.





2. Experimental


2.1. Catalyst Synthesis


2.1.1. Iron Catalysts


Fe–alkali/SiO2 catalyst preparation: The preparation of a precipitated iron-silica catalyst with an atomic ratio 100Fe/4.6Si has been described elsewhere [85]. The alkali (Li, Na, K, Rb, and Cs) was then added by incipient wetness impregnation (IWI) with aqueous alkali carbonate to obtain an alkali/iron atomic ratio of 1.44/100 and copper, a known promoter, was not added in order to avoid complicating the analysis [85].



K/silica/Cu and K series iron catalysts: The preparation of the precipitated iron catalyst series was performed by dissolving iron (III) nitrate nonahydrate in deionized water, followed by the addition of tetraethylorthosilicate (TEOS) to achieve the desired Fe:Si ratio. This mixture was vigorously agitated until the TEOS had hydrolyzed. To make the final Fe:Si base, the slurry was then added to a continuously stirred tank reactor (CSTR), which served as a precipitation vessel, followed by a stream of ammonium hydroxide (14.8 M) that was added to maintain a pH of 9.0. Next, the iron base catalyst was vacuum filtered and then washed twice with deionized water. The final filter cake was dried for 24 h in an oven at 110 °C with flowing air. Lastly, the Fe:Si catalyst base powder was then impregnated by incipient wetness with specific amounts of aqueous potassium nitrate and copper nitrate solutions in order to produce the desired atomic compositions (0.5K:100Fe; 1K:100Fe, 1.25K:5.1Si:100Fe, 1.25K:2Cu:5.1Si:100Fe, 1.25K:5Cu:5.1Si:100Fe, 2K:100Fe, 5K:100Fe, 5K:5.1Si:100Fe). Finally, the Fe:Si:K:Cu catalysts were dried at 110 °C overnight, followed by impregnation, drying, and calcination in a muffle furnace at 350 °C for 4 h.



Fe-Cu/MnO2 catalyst preparation: Manganese sulfate solution (1.7 M) was slowly added to the 0.4 M potassium permanganate solution, and after deposition, nitric acid (0.6 M) was added to this solution. This precipitate was aged for 10 h at room temperature, after which it was washed with deionized water and then dried at 120 °C for 15 h. Finally, the MnO2 support was obtained after calcination at 200 °C for 4 h. The MnO2 supported Fe-Cu catalysts were prepared by the IWI method using an aqueous solution of iron and copper nitrates. The iron loading of the catalyst was 20% and the Fe/Cu molar ratio was 100:15. After impregnation, the catalysts were dried at 120 °C for 15 h and then finally calcined in air at 350 °C for 4 h.




2.1.2. Cobalt Catalysts


Co/Silica—The 12.4 wt % Co/SiO2 catalyst was prepared by the incipient wetness impregnation of a SiO2 support (Davisil 634, pore volume of 0.75 cm3/g, and surface area of 480 m2/g) with a cobalt nitrate solution. Two impregnation steps were used to load the cobalt precursor. Between each step, the catalyst was dried under vacuum in a rotary evaporator at 80–100 °C. After the second impregnation/drying step, the catalyst was calcined in flowing air at 350 °C for 4 h.



Co/Alumina—Condea Vista Catalox high purity γ-alumina (150 m2/g) was used as a support. Cobalt nitrate (Sigma Aldrich, St. Louis, MO, USA) served as the precursor to load 25% by weight cobalt onto the Al2O3 support. In this method, which follows a Sasol patent [86], the ratio of the volume of solution used to the weight of alumina was 1:1, such that approximately 2.5 times the pore volume of solution was used to prepare the loading solution. Two impregnation steps were used to load 12.5% of Co by weight for each step. Between each step, the catalyst was dried under vacuum in a rotary evaporator at 80 °C and the temperature was slowly increased to 100 °C. After the second impregnation/drying step, the catalyst was calcined at 350 °C for 4 h.



Co/Titania—Preparation of this catalyst is detailed in reference [87].



Co/Ceria—Preparation, and properties of these catalysts can be found in references [40,41,42].



Co/Carbon Spheres—Preparation and properties of these catalysts and reaction tests can be found in reference [59].



Unpromoted Co—A bulk cobalt catalyst was prepared while using cobalt nitrate solution as a cobalt precursor. In this method, a 1:1 stoichiometric amount of ammonium carbonate (aqueous solution) to cobalt, was added to an aqueous solution of Co(NO3)2*6H2O (Aldrich, 98%), in order to precipitate out Co as CoCO3. The precipitate was filtered, and the resulting solids were washed with copious amounts of deionized water. The catalyst was then dried overnight at 120 °C and then calcined at 500 °C in air for 5 h.




2.1.3. Ruthenium Catalysts


Three ruthenium catalysts were prepared by IWI using an aqueous solution of ruthenium nitrosyl nitrate (Alfa Aesar, Haverhill, MA, USA). The samples were dried overnight at 120 °C and then calcined under air flow at 350 °C for 4 h. The catalysts included a 1.2 wt % Ru/TiO2 catalyst with Degussa P-25 TiO2 (72% anatase, surface area 45 m2/g, calcined at 400 °C for 6 h), and a 3.0 wt. % Ru/SiO2 catalyst that was prepared using PQ silica CS-2133 (surface area 352 m2/g, which was calcined at 350 °C for 6 h) as the support. 1.0 wt% Ru/Al2O3 catalyst was prepared using Sasol-Catalox alumina (high purity γ-alumina, surface area 140 m2/g, which was calcined at 350 °C for 6 h) as the support.



Ru/NaY—Specifics on the preparation of the NaY ruthenium catalyst are described in reference [87].





2.2. Catalyst Testing


All of the catalytic FTS reaction tests were performed in a 1-L CSTR; the mixing rate was 750 revolutions per minute (RPM) and the reaction temperature was monitored with an internal thermocouple. Each CSTR had three Brooks mass flow controllers, which were specifically calibrated and capable of delivering a continuous, very controlled flow of gas. The pressure was monitored with three gauges—pre-reactor, internal to the reactor, and post reactor—to ensure no plugging issues throughout the entire system. The effluent of the reactor was directed to two 500 mL pressure vessels, which served as traps, and they were set at 100 °C and 0 °C, respectively; these were used as a distillation setup to separate the vapor phase FTS products, oil and water. A third vessel set at 200 °C was used to periodically collect the heavier wax products that remained inside the reactor. A stainless steel (SS) filter that was located inside the reactor prevented catalyst loss during the collection of waxes. As wax products are liquid inside the reactor, collection was accomplished by setting a pressure difference between the reactor system and the offline pressure vessel. This created an internal vacuum that provided the driving force for wax product removal.



2.2.1. Iron Catalysts


Fe–Alkali/SiO2: The catalyst (5 g) was mixed in the CSTR with 310 g of melted octacosane, which was used as the start-up solvent. The octacosane was treated to remove bromide impurity prior to mixing. The stirring speed was set at 750 rpm before the reactor was pressurized to 12.1 bar with carbon monoxide at a flow rate of 25 NL/h. The reactor temperature was then increased to 270 °C at a heating rate of 2 °C/min. The catalyst was pretreated at 270 °C for a total of 22 h. After this period, the reactor was then fed with syngas at a constant H2/CO ratio of 0.67 by introducing and increasing the H2 flow during a 2 h period. The pressure, temperature, and stirring speed were maintained at 12.1 bar, 270 °C, and 750 rpm, respectively.



Fe–Cu/MnO2: 15 g of the iron catalyst were loaded into the CSTR with Durasyn 164 “C30” oil, a poly alpha-olefin startup oil. The catalyst was pretreated online in the same manner as described above for an iron catalyst (i.e., pretreatment for 22 h at 270 °C, and then running at 12.1 bar and 270 °C).




2.2.2. Cobalt Catalysts


Co/Silica: 18.3 g of the silica supported catalyst containing 20% Co were reduced in H2 flow at 350 °C in a fixed bed reactor for 24 h. The treated catalyst was then pneumatically transferred under argon flow, without exposure to air, into the CSTR. To accomplish the transfer, the fixed-bed reactor was attached to the CSTR through a ball valve connection, the reduction vessel was then over-pressured with argon, and the catalyst powder was then forced through the ball valve. The reduction vessel was weighed before and after catalyst transfer to ensure that all of the catalyst was added to the CSTR. After transfer, the catalyst was reduced in flowing H2 at 180 °C in the CSTR for another 24 h. The initial conditions of the reactor were 20.8 bar and 210 °C. The feed gas was initially set to 90.9 slph with a composition of 66.7% H2, 33.3% CO (no inert gas was added), H2:CO ratio of 2.0, weight hourly space velocity (WHSV) of 24.8, and a gas hourly space velocity (GHSV) of 5.0 SL/h/g-cat. An amount of 300 g of the startup Polywax 3000 (polyethylene fraction with average molecular weight of 3000) was used.



Co/Alumina: Another reactor was loaded with 9.0 g of an alumina supported catalyst. The calcined catalyst (ca. 20 g) was ex-situ reduced in a fixed bed reactor with a mixture of hydrogen and helium (1:2) at a flow rate of 70 SL/h at 350 °C. The reactor temperature was increased from room temperature to 100 °C at a rate of 2 °C/min and then held at 100 °C for 1 h; then, the temperature was increased to 350 °C at a rate of 1 °C/min and kept at 350 °C for 10 h. The catalyst was transferred to a CSTR to mix with 300 g of melted Polywax-3000. The catalyst was then reduced in situ in the CSTR in a flow of 30 SL/h H2 at atmospheric pressure. The reactor temperature was increased to 220 °C at a rate of 1 °C/min and was maintained at this activation condition for 24 h. The initial conditions of the reactor were 18.9 bar and 200 °C. The feed gas was initially set to 45.0 slph with a composition of 66.7% H2: 33.3% CO (i.e., no inert gas was added), a H2:CO ratio of 2.0, WHSV of 20, and a GHSV of 5 SL/h/g-cat.



Co/Titania: The titania supported catalyst was activated and loaded in the same manner as the alumina supported catalyst—specific details are found in reference [20].



Co/Unsupported cobalt: The calcined unsupported catalyst (~14.0 g; weight was accurately known) was reduced ex-situ in a fixed bed reactor with a mixture of hydrogen and helium (1:2) at a flow rate of 70 SL/h at 350 °C for 10 h at atmospheric pressure. The catalyst was transferred under the protection of argon to a 1 L CSTR containing 300 g of melted Polywax 3000 (start-up solvent). The catalyst was then re-reduced in situ at 220 °C for 24 h in the CSTR in a flow of 30 SL/h hydrogen at atmospheric pressure. After the activation period, the reactor temperature was decreased to 170 °C and synthesis gas was introduced through a dip tube, while the reactor pressure was increased to 19.9 bar. The reactor temperature was then increased to 220 °C at a rate of 1 °C /min. The feed gas was initially set to 65 slph with a composition of 66.7% H2, 33.3% CO, a H2:CO ratio of 2.0, a WHSV of 4.8, and GHSV of 5 SL/g/h.



Co/Carbon: run specifics can be found in reference [59].



Co/Ceria: specific run parameters can be found in references [40,41,42].




2.2.3. Ruthenium Catalysts


The ruthenium catalysts were activated ex-situ in a one-inch plug flow reactor at 300 °C for 15 h under 3:1 He/H2 mixture. The catalyst was then inserted into melted wax in the hood and allowed to cool. The catalyst/wax mixture was then added to the CSTR and again exposed to a reducing environment of pure H2 for 24 h at 220°C before bringing it to the specified FTS conditions. Liquid samples were removed daily from three traps that were maintained at 200, 100, and 0 °C mounted after the CSTR. Water was separated, and the oil and wax samples were weighed separately and then combined (producing an oil phase). The FTS products were collected and then weighed and analyzed while using gas chromatography (GC).



The specifics on the run parameters of the NaY ruthenium catalyst are described elsewhere [87].





2.3. FTS Product Analysis


Instrumentation Methods


The FID instrument is used specifically for carbon based materials to quantify the products of FTS [88,89,90,91]. No specific sample preparation was necessary before the injection of the oil sample onto the GC column. One microliter of sample was injected onto an Agilent JW Scientific DB-5 GC Column (Agilent, Santa Clara, CA, USA) at 35 °C and 0.55 bar, with a 1.5 mL/min split flow. The quantification of the oil products was accomplished using a 6890 Agilent (Santa Clara, CA, USA) GC with flame ionization detector (FID). The typical range of hydrocarbons observed in this sampling ranged from C4–C35. Only very small amounts of the low end (C4–C6) and high end (C27+) products were observed).



A small aliquot of wax was taken from the sample vials and then placed into a small test tube that contained a small amount of o-xylene (Sigma Aldrich ≥ 99.0%) and warmed to around 80 °C. The samples were kept at the elevated temperature until all of the wax was dissolved. These liquids were then transferred to injection vials. The wax samples were also analyzed with a 6890 Agilent FID instrument. The column was a 30 m DB-1 (Agilent, Santa Clara, CA, USA) high temperature column); the injections occurred with a slow plunger at 50 °C and immediately increased to 390 °C and held at 390 °C for 30 min. The o-xylene was the first peak to elute and it was not included in the sample analysis. The hydrocarbon peaks that followed typically ranged from C11–C70 (i.e., only very small amounts of the low end C11 and high end C50+ were observed).



The vapor (CO, CO2, C1–C6, H2, N2) that exited the cold trap was directly sent to a Hewlett-Packard Quad Series Micro GC (also a Micro-GC 3000 from Agilent), a refinery gas analyzer (RGA). This GC has four internal modules, each with their own injection port column and TCD that were run in parallel (A = mol sieve 10 m 5A, B = plot U (PPU) 8 m, C = alumina 10 m, D = OV-1 10 m) [92,93,94,95]. Two pumps in the GC allow for the same volume of sample to be injected into the four columns (being held at a constant temperature and pressure), quickly separating specific compounds in each column. Column A, which was the mol sieve, performed the separation of H2, methane and CO and used Ar as the carrier gas. Column B, the plot U, separated the C2 products and CO2. Column C, the alumina plot, separated out C3–C5. Column D, the OV-1, separated C6–C8. Columns B-D used He as the carrier gas.



No sample preparation was necessary to inject the water samples. The water samples were injected onto the Hewlett Packard 5790 GC with a TCD and packed (1/8” × 6m Porapak) column at 2.0 bar and 100 °C, and also to an 8610C SRI GC while using the same column and method. Known standards were used for the peaks in the water phase, but the relative response factors were also used, as they provide information regarding the samples [96,97]. When any sample (e.g., water, gas, oil, or wax) needed identification, it was also run on the Agilent 5975N mass selective detector (MSD) that was directly connected to an Agilent 6890 GC. The method that was built in the GC-MSD uses the same method conditions and column as the 6890 Agilent GC-FID. In so doing, the peaks that were observed in the chromatographs could be matched between the FID and MSD, where the retention times (i.e., and patterns of specific compounds) were the same. This allows for specific product verification (by the MSD) and quantification (by FID) for as many of the FTS products as possible.






3. Results and Discussion


3.1. Product Selectivity Separation and Identification


The main FTS products elute in a specific order that is based on our analytical procedure (Figure 11 and Figure 12), where the first peak is the 1-olefin, followed by the paraffin, trans-2-olefin, and lastly, the cis-2-olefin, which ranges from C2 to greater than C70. A variety of hydrocarbon products elute, in groups of the same carbon number, before the 4 major products. The majority of these are methyl branched paraffins and olefins that have the sp2 carbon greater than C2—i.e., more internally along the chain (e.g., cis-3-alkene, trans-3-alkene, cis-4-alkene, trans-4-alkene). These types of products tend to be more prevalent for iron than for ruthenium and cobalt. The products elute in the same order for each carbon number based on type (e.g., 1-olefin, paraffin, trans-2-olefin, cis-2-olefin). The carbon number distribution for the oxygenates also elute in a specific order (Figure 8, Figure 11 and Figure 12) (linear alcohol, ketone, aldehyde and ester).



For the entire spectrum of compounds, per carbon number, the first peak in the group is usually the branched material and the last compound to elute for each carbon number group is the cis-2-olefin. The major oxygenate group for all of the catalysts (with the exception of potassium doped iron catalyst with no silica) in the oil products is the alcohol, which elutes from the column before the 1-olefin. The carbon number of the alcohol that elutes has approximately three carbons less than the hydrocarbon peak (i.e., when the C12 hydrocarbons elute, the alcohol that elutes will be nonanol). Other oxygenates, such as esters, ketones, and aldehydes, are two carbon numbers less. Acids (when observed) are typically four carbons less.



Alcohol is the only oxygenate that is present in a carbon molar percentage that is sufficient for analysis of the cobalt and ruthenium catalysts. Depending on certain parameters (such as the metal promoter and support), the alcohol peak may be small, as with the lithium doped iron catalyst (Figure 13), the unsupported cobalt catalyst (Figure 14), and the alumina supported ruthenium catalyst (Figure 15); or, a dominant peak before the 1-olefin, as with a rubidium doped iron catalyst (Figure 16), a silica supported cobalt catalyst (Figure 17), and the titania supported ruthenium catalyst (Figure 18).



A broad assortment of oxygenated compounds, such as alcohols, acids, ketones, esters, and aldehydes, were generated in the CSTR containing an iron catalyst. The range of oxygenates that was found in the aqueous phase was C5 or lower, and any longer chained oxygenated compounds were present in the oil phase. The oxygenates that were in the oil product were ordered based on retention time (RT) (Figure 8 and Figure 12):

	
The ketone regularly falls near the 1-olefin and, as the carbon number increases, the peak moves toward the 1-olefin and it eventually merges with it. The major ketone observed is where the carbonyl is on the second carbon; every ketone that was observed in the GC-MS for Figure 5 and Figure 9 has the second carbon as the carbonyl.



	
Esters, by and large, appear between the trans-2-olefins and cis-2-olefins and, with increasing carbon number, move toward the cis-2-olefin. The major ester observed is also where the carbonyl is on the second carbon; again, every observed ester in the GC-MS for Figure 5 and Figure 9 has the second carbon as the carbonyl and the oxygen between the second and third carbons.



	
The aldehyde usually elutes between the paraffin and trans-2-olefin.



	
Alcohol, which is the predominant oxygenate product in the oil phase, is the only oxygenate separated and verified for the higher carbon number fraction.








The main anomalies observed in this series are from these three catalysts:

	
The Co/ceria catalyst (Figure 19): the linear alcohol peaks are more dominant than the paraffin and there is the presence of the two methyl alcohols.



	
The unsupported K/Fe catalyst (Figure 20): the aldehyde is more dominant than the linear alcohol for some of the shorter hydrocarbons.



	
The NaY supported ruthenium catalyst (Figure 21): the peak that is assigned to 3-olefin is intense enough to be observable for several carbon numbers.









3.2. Mole Fraction


The mole fraction is calculated by means of the raw oil GC data, gas data, aqueous phase data, and the mass of the actual sample collected. The oil and water GC data provide a weight percentage, as the raw data are based on previous studies of hydrocarbon and oxygenate response factors [88,89,90,91]. The alcohol peaks in the oil phase were identified and then the hydrocarbon and alcohol peaks (including the branched hydrocarbons) were totaled based on the carbon number. From equation 3 and the weight fraction, the total moles for the oil with carbon number 1 to n could be found:


Total Mole=∑i =1n(WFn× moil)Cn



(3)




where Cn is the molecular weight of the paraffin with the chain being n carbons in length and moil is the mass of the oil that is removed from the reactor.



The aqueous phase was separated from the oil phase and each peak of the GC was identified. The raw data were obtained in weight percent and then combined according to carbon number. The calculation to find total moles for the aqueous phase follows the same procedure as for the oil phase.



The gas produced from the reactor can be divided by the molar volume (22.414 L/mol), providing the moles per h of gas produced, since the gas leaving the cold trap is at standard temperature and pressure. The total moles can then be calculated from the mol/h by determining the difference in the time-on-stream (TOS) of when the sample was taken as compared to the previous sample. The samples were collected as the run time increased for each of the catalysts. Once the total moles were found for the gas data, the oil data, and the aqueous data, the total distribution for that specific sample could be calculated. Thus, the moles of carbon of each product could be related to the moles of CO consumed.




3.3. Chain Growth Probability Factor (α)


3.3.1. Iron


The Na, K, Rb, and Cs run at low conversion produced enough oxygenate peaks to be visible in the oil phase. Examples of the ASF plot for cesium promoted iron (Figure 22 and Figure 23) show the chain growth probability factor for the hydrocarbons and the oxygenated compounds. Some oxygenate peaks for specific iron runs (Li and unpromoted) could be identified by the MSD while using single ion monitoring (SIM) of specific fragments produced by the electron impact source (EIS). However, the oxygenated products were below the limits of detection (LOD) and could thus not be considered.



The chain growth probability factor of the hydrocarbons for alkali metal doped iron catalysts was lower (α = 0.75 ± 0.07) for the high CO conversion samples (Table 1) when compared to that of the low CO conversion samples (α = 0.86 ± 0.04). The oxygenated compounds additionally displayed a lower α value (α = 0.51 ± 0.15) for the high CO conversion samples as compared to the low CO conversion samples that have an average α of 0.56 ± 0.18. The variation between the average α plots for the oxygenates was smaller than that of the hydrocarbons for the different conversions. However, there was a larger deviation in α values for the oxygenates from the promoted catalysts when compared to that of the hydrocarbons.



α values of the oxygenates for the Na and K promoted Fe catalysts were the most affected by the change in CO conversion. The Li promoted Fe catalyst had the lowest α value, being significantly lower than that of other promoted catalysts, and it remained unchanged at different conversions. Rb and Cs promoted Fe catalysts consistently had the highest α values, which only changed slightly by changing CO conversion (i.e., average CO conversion across all the high CO conversion runs was 62.4% ± 2.56 and average CO conversion across all low CO conversion runs was 23.5% ± 4.30).




3.3.2. Cobalt


Examples of ASF plots for cobalt catalysts are displayed in Figure 24 and Figure 25. The α for the hydrocarbons that are produced from a cobalt catalyst is 0.82 ± 0.04 (Table 1). Two samples were taken as the run time increased, within each of the three runs. While there are variations in the CO conversions, they are within (±4%). When considering the conversion rates among samples, the chain growth probability factor should remain somewhat the same from sample to sample. There are differences among the α values with support type, whereby the alumina supported catalyst (Table 1) had the highest α value of 0.88, whereas the carbon supported catalyst displayed a lower α of 0.76. All of the supported catalysts had higher α values for oxygenates in comparison with that of unsupported cobalt. The effect of the support for oxygenated materials has been corroborated [98,99,100].




3.3.3. Ruthenium


Figure 26 and Figure 27 display examples of the ASF plot for titania and alumina supported ruthenium catalysts. Based on the results in Table 1, the α values for the hydrocarbons and oxygenates were slightly higher for cobalt than ruthenium (Table 1). A reason for this is that the wax based materials were not added, causing larger deviation with the ruthenium catalyst than with cobalt. The overall α plots for the ruthenium catalysts were more uniform, independent of the support. Yet, in the case of oxygenates, α is quite different, indicating that the rate of growth for oxygenated materials may depend more so on the support-metal interfacial contact area (i.e., the perimeter of metal particles in contact with the support) than that of hydrocarbon growth.





3.4. Specific Product Selectivities


3.4.1. Iron


Ngantsoue-Hoc et al. [85] discussed the ratio of ethene to ethane, where Rb, Cs, and K promoted Fe catalysts produced the highest ratio. Extending this range to C25, the trend continues to hold for the major components (1-olefin, paraffin, cis-2-olefin, and trans-2-olefin), where Rb, Cs, and K promoted Fe catalysts produced the highest selectivity of olefins (on a carbon molar percentage basis, Table 2). The undoped catalyst had the lowest selectivity to olefins, which was much lower than in the case of Li and Na promoted Fe catalysts. This pattern is consistent for both the high and low CO conversion samples, where Rb, Cs, and K promoted iron catalysts produced the highest olefin contents.



Overall, two main trends are observed in the FTS hydrocarbon products, as shown in Figure 28. The first trend “a” is observed with lithium, sodium, and low atomic ratios of K (less than 2 atomic ratio to iron) on Fe, and independent of the atomic ratios of copper and silica for the samples that were tested (Figure 29). The actual results are based on the weight fraction from the chromatography in the oil phase. Trend “a” is where the 1-olefin is lower or nearly the same as the relative paraffin material, and the trans-2-/cis-2-olefins are high, respectively. This trend holds for the lighter hydrocarbons (Figure 8: A, 13), but as the carbon length increases, the weight fraction of the paraffin increases. This could be due to secondary reactions, such as hydrogenation, reinsertion, etc. Trend “b” from Figure 28 is observed with Rb promoter, Cs promoter, high atomic ratios (larger than 2 atomic ratio of potassium to iron) of K promoter and supports like manganese. Trend “b” displays the 1-olefin as being much greater than the respective paraffin (as shown in Figure 16 and Figure 30), and the trans-2-/cis-2-olefins are low or virtually absent. Once again, this mainly holds for the shorter chained hydrocarbons, but as the chain length increases, the paraffin starts to dominate. This is a general description of the chromatographic distribution of the products, as the selectivities may change depending on the catalyst composition (e.g., the atomic ratios of K). However, there appears to be an inverse relationship in the production of the olefinic material (i.e., as the selectivity of the 1-olefin increases, it decreases for the 2-olefins). This phenomenon can also be found on the single methyl branched material. As the 1-olefinic selectivity is increased, the branching decreases. These relationships can be fully observed when comparing all of the figures side by side (i.e., Figure 8: A, 13, 16, 28–30).



Iron, unlike cobalt (Figure 17) and ruthenium (Figure 18), also produces a higher selectivity of branched hydrocarbons (Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 16 and Figure 31). The majority of branched hydrocarbons, as previously displayed in Figure 9 and Figure 10, is the single methyl branched paraffin. The single branched materials always display the 2-methyl functional group and the branched materials contain mono-methyl groups that go all the way up to the middle of the chain (i.e., decane displays 2-methyl, 3-methyl, 4-methyl, 5-methyl; dodecane displays 2-methyl, 3-methyl, 4-methyl, 5-methyl, 6-methyl). The 2-methyl and 3-methyl single branched paraffins are normally the greatest and then decrease in the FID raw data—peak area (weight %)—as the methyl is located toward the center of the chain. The methyl branched isomerized materials, however, are not as evident for a typical cobalt catalyst. This is shown in Figure 14 for a 100% cobalt FTS run. These materials are detected more when CO binding is weak, due to insufficient back bonding. Route A, binding of the vinylic intermediate is weak, as displayed in Figure 9, Figure 10, Figure 13, Figure 28, Figure 29 and Figure 31, display high amounts of the internal olefins, while the 1-olefin is lower. The selectivities of isomerized products and internal olefins both trend inversely to the 1-olefin.



Oxygenate production increases as the paraffin content decreases, where the Rb- and Cs-doped iron catalysts had the highest carbon mole % for oxygenate content. For example, the total carbon mole % of oxygenates for Rb- or Cs-promoted Fe is more than three times that of the K-promoted iron catalyst at high CO conversion. Furthermore, unlike the K promoted Fe catalyst, the total carbon mole % of the oxygenate content does not seem to depend on CO conversion (Table 2). The low conversion sample for the potassium doped iron catalyst produced a higher selectivity of oxygenates, which was more than three times the selectivity when compared to that of the high conversion sample. The high CO conversion sample for the Li doped iron catalyst displayed the lowest selectivity of oxygenates for the Group I series (i.e., more in line with cobalt alumina), whereas the sodium doped iron catalysts produced the lowest selectivity of the oxygenates at low CO conversion. The undoped catalyst produced a much lower selectivity of oxygenates (Table 2) than the promoted iron catalysts for the Group I alkali series (unsupported iron—i.e., 100%Fe—had the lowest selectivity of oxygenates of all the catalysts that were tested, even unsupported cobalt). K- and Li-doped iron catalysts exhibited the largest differences in carbon molar percentages for oxygenate selectivity between the high and low CO conversions. Cs and Na doped Fe catalysts had a smaller difference, whereas Rb and the undoped iron catalysts exhibited virtually no change in the selectivity of oxygenates that are produced at both high and low CO conversions.



The manganese supported iron catalyst displayed the highest fraction of olefins, mostly consisting of the 1-olefin (Figure 30), of all the catalysts tested. The oxygenated products were present, but manganese mainly promoted olefin selectivity.




3.4.2. Cobalt


Unlike typical iron catalysts, conventional cobalt catalysts consistently produce a very clean chromatogram where the straight chain paraffin is predominant. The product distribution that is displayed in the oil and wax products for cobalt seems to be more dependent upon the support, and less so on promoter type (Pt, Ru, Ag) and loading; the promoter does affect the distribution, but it mainly affects methane and the other hydrocarbon selectivities [101,102]. The addition of potassium to cobalt FT catalysts resulted in a promotion of chain growth [103], but the effect reached a maximum. The paraffin still dominates for the entire range of products (Figure 14, Figure 17 and Figure 32), with only slight fluctuations in the alcohol and olefin contents. From the results of catalyst testing, in hydrocarbons that were longer than C8, the paraffin was more dominant than the olefin. In only one catalyst, cobalt promoted with ceria, was the paraffin dominated by another product—not the olefin, but rather the alcohol (Figure 19).



Recent work that was by the Davis group [40,41,42,104,105] focused on attempting to make cobalt catalysts behave more like iron catalysts (i.e., consisting of Fe carbides in close vicinity to defect-laden Fe oxides) by placing Co nanoclusters in close proximity to the reduced defect sites (e.g., O-vacancies and their associated Type II bridging OH groups). As depicted in Figure 33, one view is that (a) CO reacts with Type II bridging OH groups to form formate species and that these formate species can transfer molecular CO across the metal-support interface to terminate the FTS hydrocarbon chains. Or, (b) the mobile bridging OH groups may add directly. Hydrogenation of the added terminal -CO would lead to linear alcohols, while dehydration is proposed to result in linear olefins. Interestingly, as a function of time on-stream, Ce-containing Co catalysts produced significantly higher selectivities of olefins and oxygenates, with the oxygenates being almost exclusively linear alcohols. Surprisingly, as a function of time on-stream, the olefins selectivity decreased with a concomitant increase in the selectivity of linear alcohols, such that the sum of olefins + linear alcohols was virtually constant with time on-stream, suggesting that the two products were derived from the same adsorbed species. In examining Table 2 and summing up the total of olefins + linear alcohols, it is clear that ceria and titania supported cobalt catalysts exhibited the highest selectivity to these products (55.4% and 49.7%, respectively), lending support to the proposed mechanistic viewpoint that defects in the oxide promote total olefin + linear alcohol selectivity. On the other hand, unsupported Co and Co that was supported on relatively inert supports (Al2O3, carbon, and SiO2) exhibited significantly lower selectivities to olefins + linear alcohols (15.6%, 18.0%, and 24.6%, respectively), as shown in Figure 33.




3.4.3. Ruthenium


Ruthenium catalysts more closely trended to the cobalt catalysts, where the bulk of the product observed was straight chained paraffins. Compared to cobalt catalysts, ruthenium catalysts produce a higher selectivity of olefins, which depend on the support. Furthermore, ruthenium on NaY produced sufficient 3-olefin to be observable over several hydrocarbon lengths (Figure 21). The titania supported ruthenium catalysts displayed a higher selectivity of olefins, which exceeded that of paraffins up to the diesel range. However, unlike iron, the four major products (by selectivity in molar carbon %: paraffin, 1-olefin, cis, and trans 2-olefin) were clearly observed, being similar to cobalt. Furthermore, as with cobalt, little to no methyl branched material was observed in the chromatograph, and no oxygenates were detected other than linear alcohols.



The selectivity of oxygenates for all of the ruthenium catalysts (Table 2) was slightly higher (1.3% higher for alumina, 0.8% for silica, and 0.5% for titania, respectively) than for the cobalt catalysts (alumina, titania, and unsupported). However, none of the ruthenium catalysts displayed oxygenate selectivity that was as high as the low CO conversion K-promoted Fe catalyst, the Rb-promoted Fe catalyst, the Cs-promoted Fe catalyst, the Co/carbon catalyst, and the 0.5%Pt/Co/ceria catalyst. However, the distribution was much like that produced by a typical cobalt catalyst, where the only oxygenates found were linear terminal alcohols.





3.5. A Mechanistic Description


3.5.1. The Electronic Nature of the Active Metal


The underlying concept behind the proposed mechanistic routes—to be discussed—is driven by the localized electronic environment of the active FTS metal (at low temperature), which determines the degree of back-donation of electron density. The nature of CO, a π-acceptor ligand, has the capability to interact with a metal in three ways, depending on its environment, through: (1) a weak back donation -M-C≡O; (2) a semi-strong back donation -M=C=O; and/or, (3) a strong back-donation -M≡C-O [106]. The richer the electron density of the active metal, the more back donation to the 2π* anti-bonding orbitals of CO (Figure 34) [106,107,108]. This localized electronic structure of the metal can be changed by the addition of a promoter (e.g., with iron catalyst, alkali is used). These additions to the active metal could potentially be a way of “tuning” the FTS catalyst for CO adsorption (with the potential to affect H2 as well); too poor and CO adsorption is weak, causing issues with CO hydrogenation; too rich and CO adsorption is too strong where carbonaceous deposits begin to form. Typically, because of orbital overlap, even though metals, like copper, have more electron density to provide, the large d-orbitals from the metal do not pair well with the smaller carbon-carbon π orbitals and greatly limit this capability [109]. As a trend, the transition metals toward the left would yield better back bonding; yet, the rate at which oxidation occurs for those on the left apparently diminishes the capability for FTS [110]. Discussions here will only revolve around the differences among the active FTS catalysts. Further discussions of iron will be in the active carbide form, not the metallic form.



Once the CO is adsorbed, vinylic species are described to form and serve as the active intermediates, where the FTS chains grow to eventually terminate. Many works from the literature suggest that the rate determining step involves hydrogen [45,49,100,110,111,112,113], but not the dissociation of H2 [114,115,116,117,118]. As a result, the stabilization of chain growth intermediates may rely more on the tuning of the catalysts, specifically for the reactivity of CO. However, this does not discount observations regarding the competitive dissociation of H2 in Ni and Co catalysts, where heavier oils and waxes that were produced from FTS interfere with hydrogen dissociation [119,120].



Since both the vinylic intermediate and CO exhibit π bonding, they will both be susceptible to electronic back-donation from the catalyst surface. Thus, if the CO adsorbs weakly, then the vinylic intermediates will not be stabilized, making their formation difficult, such that most of the carbon will form methane. The vinylic intermediates that do form will weakly adsorb, and the growth will not be as structured. This mechanism is proposed to be favored on iron carbide (Figure 31). If CO dissociates readily and H2 is not significantly suppressed, again methane selectivity is observed to be high. Because CO readily dissociates, the formation of vinylic intermediates will be difficult, as the ones that do form could easily dissociate back to a single carbon atom. The active catalyst will have high surface coverage, which leads to coking, which is proposed to be the case with nickel catalyst. However, if CO adsorbs and remains stable enough (e.g., to form enol species or other relevant species), the vinylic intermediate that subsequently forms (e.g., from the condensation of two enol species) will also be stabilized, allowing for controlled chain growth. This is proposed for Ru and Co catalysts (14, 15, 17, 18, 21, 33), where the main products (i.e., linear paraffins and linear 1-olefins) take up the bulk of the distribution, with few minor products being observed. Lastly, if CO dissociates readily, as observed with K promoted catalysts, and further observed with catalysts that are promoted by the heavier alkali metals (e.g., Rb, Cs), the main fraction of the products consists of linear paraffins and 1-olefins. However, mono-methyl branched paraffins and olefins, whose distributions appear to follow a specific trend (to be discussed), are contained in the remaining products. Since H2 is limited, the vinylic intermediates will desorb without hydrogenating, resulting in alkenes and oxygenates (acids, aldehydes, esters, and alcohols), which limits paraffin production (Figure 11, Figure 12 and Figure 20). Cobalt catalysts that were modified by supporting the cobalt nanoparticles on defect-laden carriers were, as discussed previously, shown to produce linear olefins and linear alcohols; however, only iron FTS catalysts were found to produce a variety of oxygenated materials.



Deviations in the product selectivity are the highest for iron (i.e., iron selectivity appears to be more tunable) and much more so than for Co, Ru, and Ni. These deviations are apparent even in the physical attributes of the products (e.g., color, as shown in Figure 2). The deviation suggests diversity in the active phase (e.g., brought on by addition of K) [121]. A reason why different carbides are more active toward FTS (without K) could be due to the ability of iron to donate its electron density to CO. This could be a reason certain phases, such as cementite, are not as active as others, such as Hägg. However, there are several factors (e.g., morphology) that come into play [121].



The important intermediate considered in mechanistic schemes presented is adsorbed 2-carbon ethylene species, which was previously proposed in early work [122]. However, unlike previous work, chain growth likely does not proceed via ethylene, but rather by single carbon atoms. Evidence has shown that an ethylene like intermediate acts as a chain initiator, not as a chain propagator [122]. Furthermore, propylene was found to exhibit hydrogenation ability, but not a significant capability to initiate chain growth [122]. Because of the similarity in π bonding that the proposed vinylic intermediate and CO exhibit, when CO does not bind well to the catalyst surface, neither should the vinylic intermediate. As the binding of the vinylic intermediate is weak, the chain growth would not be as ordered (i.e., directional, forming linear chains); thus, methane and methyl-branched materials would be expected to form in higher selectivity. If CO dissociates too easily, then the adsorbed vinylic intermediate would follow suit, and thus methane would be expected to be a major product. If CO binds well, but H2 is not as accessible, then the vinylic intermediate should be stabilized, but the termination by hydrogenation to paraffin would be limited, leading to higher selectivities of olefins and oxygenates. The fact that olefins have been found to reincorporate into growing chains on cobalt and ruthenium lends some support to the proposed vinylic intermediate [121].



The reason for the sp2 carbon-carbon interaction is that olefins are π-acceptor ligands; their π orbitals interact with the d-orbitals of the metals, as shown in Figure 34. These alkene interactions are taken from the Dewar-Chatt-Duncanson model [123], which describes how alkene ligands interact with metals, and how these interactions between ligand and metal are dependent on the electronic density of the metal. The vinylic intermediate, as a π-acceptor, is affected in a similar manner to that of the adsorbed CO: as electronic donation from the metal increases, the carbons take on more sp3 character, as shown in the pseudocyclopropane (defined as X2) structure on the right. Here, the carbon atoms are more nucleophilic in nature, possessing greater electron density. As these carbons take on more of the X2 configuration through increased back donation from the metal, growth (either by the addition of CO or CH2) occurs solely at the Cx position. In contrast, with weak back donation from the metal, the alkene may interact in such a way that the carbons exhibit more sp2 character, as shown by the simplified linear molecule on the left in Figure 35 and Figure 36 (denoted as L), where the carbon atoms are more electrophilic in nature. This weak interaction would lead to less controlled growth (i.e., by addition of CO or CH2) at either C position, resulting in internal olefins, branched paraffins, aldehydes, ketones, and acids.




3.5.2. A General Mechanistic Explanation


There is a large body of work available, including CO and H2 adsorption studies [23,124,125,126,127,128,129,130,131,132,133] and isotopic kinetic modeling [20,22,24,46,47,52,53,98,110,111,112,113,114,115,116,117,118,119,120,122,132,133] investigations of FTS, which provide some insights into the mechanism. Furthermore, tremendous amounts of time and effort have been expended in investigating iron catalysts and the effect of promoters (i.e., mainly potassium) for iron FTS catalysts [134]. This review focuses on the product distribution of different types of FTS catalysts in an attempt to shed light on some aspects of the FTS mechanism and the fundamental differences in the nature of catalytic surfaces that affect the product distribution. Given the large volume of FTS literature, it is interesting that the question of how CO interacts with FTS surfaces is still under debate; this is not surprising, when considering the complexity and diversity of iron carbide surfaces that can be formed (Figure 37).



Figure 38 depicts the first few steps of the various proposed mechanisms of CO adsorption and emphasizes the back-donation of electron density from d-orbitals of FTS metals, regardless of orientation or crystal structure. Variations in back-donation are observed in IR spectroscopy in the vibrational modes and frequencies of adsorbed CO, such that the following configurations are observed: Route A: M-C≡O; Route B: M=C=O; and, Route C: M≡C-O [135]. The growing chain has two carbons that are attached to the metal (until the chain is terminated), Cx and Cy, which have sp2/sp3 like character where the chain growth on Cx is preferred, as displayed in Figure 35 and Figure 36, especially so in the case of the X2 configuration. Each of the three routes is shown in Figure 38:



Route A: Based on CO insertion, and perhaps only occurring with the iron carbide catalyst, this mechanism may proceed when H2 can readily adsorb onto the surface and dissociate, but when CO adsorbs molecularly, because scission of the CO bond without H*, is not kinetically favored [136]. The alkene takes on an L configuration, where chain growth at both Cx, and Cy is possible, as shown in Figure 35, Figure 36 and Figure 39. In that case, termination may produce internal olefins, branched paraffins (Figure 31), etc. This is not the primary pathway for any of the active metals used in FTS, such as cobalt or ruthenium; rather, it is only proposed to operate on the surface of unpromoted iron carbide (Figure 39, Figure 40, Figure 41 and Figure 42).



Route B: CO scission is not as difficult as in Route A, but CO still adsorbs in an associative manner, followed by being dissociated with the aid of H* on the active metal surface. An example of a possible mechanism stemming from this is the enol mechanism. The X2 configuration of the vinylic intermediate is dominant, providing well-ordered growth, decreasing the overall product diversity (Figure 43). This route is expected for cobalt and ruthenium catalysts.



Route C: Back donation from the metal is very strong and CO dissociates (Figure 44). Neither the L or X conformation of the vinylic intermediate exists as back donation is too strong, precluding its formation. This route is primarily expected for nickel catalysts.



This is a conceptual view, and complications arise given the heterogeneity of the active metal catalyst, and the proximity of the additives (promoters, active supports) to the active metal. This is all in the understanding that deviations in the expected product distribution may occur through reactor hold up, as previous research describes, such that secondary reactions may occur due to the re-adsorption of olefins, such as: reinsertion, hydrogenation, and isomerization [45,137,138,139,140,141,142,143,144,145,146,147,148,149].



While the product distribution for primary versus secondary products is still under debate [20,22,24,46,47,52,53,98,110,111,112,113,114,115,116,117,118,119,120,122,132,133], the findings from analytical work to date on various catalysts suggest the following points:

	
n-paraffins, 1-olefins, and linear alcohols are primary products. These products are observed through route B



	
n-paraffins, 1-olefins and linear alcohols come from the same active X2-configuration, as depicted in Figure 35 and Figure 36. Furthermore, 1-olefins and 2-olefins are, for the most part, not produced from each other (i.e., 2-olefins are not derived from 1-olefins and vice versa). Deviations are also possible with longer chained material through secondary reactions, especially under conditions where there is considerable reactor holdup. When X2 is the dominant configuration, all other products, including branched paraffins, 2-olefins, etc., likely come from secondary reactions.








In active iron carbide FTS catalysts, the back-donation of electron density directly influences the bonding configuration of the vinylic intermediate. Without the addition of alkali promoter, poor back-donation results, Route A is dominant, and CO dissociation is kinetically unfavorable at these conditions, as displayed in Figure 30 where the major products are light n-paraffins, methane, and isomerized hydrocarbons. Once a promoter is added, there is a localized effect on the metal (Figure 37), and both Routes B and C will occur, depending on the promoter’s capability to affect the electronic structure of iron carbide. The proximity of the promoter to the metal is likely a key factor in determining the extent to which each route occurs. However, given the capability of CO to bond in several different configurations, (e.g., linear, bent, and several distinct types of bridge bonded configurations), its bonding is much more complicated than that of the vinylic intermediate (Figure 36). As the promoter size/basicity or atomic ratio is increased, its capability to influence the metal is increased.



Simply put, there needs to be a balance on the active surface of the CO, H, and chain growth intermediates. This balance is maintained by how the active metal reacts with CO through its back donation of electron density. Evidence of this balance could be further strengthened by kinetic isotope effect (KIE) investigations for FTS, where a feed having an equimolar mixture of H2/D2 resulted in the H/D ratio for conversion being typically less than 1 (and closer to 0.85—i.e., deuterium converted to a greater extent than hydrogen [20,22,24,46,47,52,53,98,110,111,112,113,114,115,116,117,118,119,120,122,132,133,150]). If the rate determining step is through termination by the addition of H, where the H adsorbed on the metal is taken up by carbon (as theoretically predicted in Figure 45), then the expected value of the KIE should be less than unity. To bolster this viewpoint, the calculations were completed by Shafer et al. [118] using the average infrared (IR) stretching frequencies of the M-H (in the range of 1700–2250 cm−1) and C-H/C=H/C≡H. More isotopic work needs to be completed to better understand the KIE for FTS [20,22,24,46,47,52,53,98,110,111,112,113,114,115,116,117,118,119,120,122,132,133].



This concept, as simple as it is, could also explain why, in an FTS environment, the cobalt and ruthenium product distributions are so different from that of iron carbide.






4. Product Distribution


4.1. Iron Catalysts


4.1.1. Hydrocarbons


The most telling feature in the addition of a base (i.e., an alkali like potassium) is the correlation between the increase in the 1-olefin selectivity and the decrease in methane selectivity, as shown in Table 2. 1-olefin selectivity tended to increase with increasing promoter basicity/size with iron catalysts. However, the internal 2-olefins show independence from the influence of the promoter (Table 2). The 2-olefins, being independent from the promoter, provide a good indication of the localized effects of the alkali on the iron, as shown in Figure 37. That is, some iron carbide surface has good contact with the alkali, such that vinylic intermediates exhibit the X2 configuration (major products are linear alcohols, 1-olefins, and n-paraffins) and some patches on the surface lack promoter, resulting in vinylic intermediates that have more L character (major products are n-paraffins, monomethyl-paraffins).



Thermodynamic modeling of the catalyst independent of the FTS product distribution suggests that olefins and paraffins are the primary products [54,137,138,139,151]. Moreover, the influence of the promoter on the WGS rate, although it seems to increase with the alkali series, must also be considered, as it affects the partial pressures of H2, CO, H2O, and CO2 in the reactor and could alter their surface coverages [152,153,154,155,156]. Pendyala et al. demonstrated the importance of the alkali on the carburization rate [157]; they found that adding water resulted in a positive effect in CO conversion at 270 °C. This showed that even under more oxidizing conditions, adding water did not oxidize the catalyst, because the carburization rate was sufficiently high. Yet, at 230 °C, which slowed the carburization rate of the catalyst, the addition of water oxidized the iron carbides, and FTS activity was lost. Recent TPR-EXAFS/XANES investigations by Ribeiro et al. [35] and Li et al. [158] indicate that the addition of alkali promotes the carburization rate of iron catalysts.



The findings are in line with the idea that adding potassium increases the back-donation of electron density for better adsorption and dissociation of CO; moreover, improving the back donation of electron density to the adsorbed vinylic intermediate results in more control, narrowing the product distribution by lessening the ability for internal olefins and branched hydrocarbons to form. Figure 39 describes chain growth via this proposed Cx = Cy vinylic species. There has been good evidence that supports vinylic intermediates as chain propagators [118,159,160], which may also explain the capability of olefins to readsorb and potentially reincorporate into the growing chain.



In the current context, the authors are not considering secondary reactions, but rather the effect that the addition of promoter has on changing the electronic density of the active metal. This, in turn, may alter the prevailing pathway for the formation of primary products (Figure 38, Figure 39, Figure 40, Figure 41, Figure 42, Figure 43 and Figure 44). This idea could indicate two different routes for the production of alkenes (Figure 38, Figure 39 and Figure 42), or possibly two different active sites that solely depend on the electronic structure of the iron. Shi et al. noted an independence of the formation of the 2-alkenes from the 1-alkenes when carrying out H/D exchange [161,162]. This is an indication that the formation of internal alkenes (i.e., again, excluding secondary reactions) is likely on a different pathway than the one that produces 1-alkenes. Shultz proposed, as shown in Figure 46, how secondary olefins may be formed on a separate pathway from that of the primary olefin. The same independence is observed in Table 2 and Table 3 for the Group I alkali promoter series—the 1-olefins increase with the series, whereas no real trend is observed for the internal olefins. Instead of conceptualizing the differences in 1-olefin and internal olefin selectivities regarding different pathways per se, we emphasize that the differences stem from differences in energetics due to the location on the catalyst where the chain initiates. If, as displayed in Figure 37, the localized basicity that is due to the alkali is higher, then the 1-olefin selectivity would tend to increase. Moreover, if the basicity is higher in highly localized positions on the catalyst surface, then the internal olefin selectivity would be less sensitive to the alkali, as there would be significant surface available that is not in sufficient proximity to the alkali (i.e., where the internal olefin would form). This could explain the inverse relationship between the 1-olefin and internal olefins that has been observed from multiple runs across various the iron catalysts considered (Figure 28 and Figure 29).



Results herein (Figure 9, Figure 10, Figure 11, Figure 31, Figure 47 and Figure 48, Table 4 and Table 5) suggest that the predominant mechanism for branching depends on where on the surface of the catalyst the chain initiates. Several catalyst tests in a CSTR have probed the products formed from a variety of FTS catalyst series with iron (i.e., varying potassium atomic ratio, using different alkali metals, using an unpromoted catalyst, etc.) as summarized in Figure 8A, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13, Figure 16, Figure 20 and Figure 28, Figure 29, Figure 30 and Figure 31, as well as Table 2, Table 3 and Table 4). In each case, the selectivities of 2 and 3-methyl branched alkanes were the highest, followed by a decrease in the selectivity as the methyl was positioned closer to the central carbon (i.e., 4 methyl > 5 methyl > 6 methyl etc.). There is a pattern that was observed in the isomerized products, independent of potassium (Figure 10 and Figure 48), suggesting that these are the products of the FTS process and not secondary reactions. These patterns are obtained from the different methyl branched products that were observed for each carbon number, not by plotting the selectivity of isomerized products having a specific methyl position across a series of products [163].




4.1.2. Oxygenates


Iron (i.e., iron carbide, with or without alkali promoter) seems to be the only active FTS catalyst that produces oxygenates in addition to linear alcohols in noteworthy amounts. Acids, ketones, esters (only in trace molar carbon % in the oil phase), and aldehydes were all detected in the oil and aqueous phases of the products that are produced by iron catalysts (Figure 20 and Figure 30).



The largest change for the oxygenate distribution in the iron catalyst series is the difference between the unpromoted and promoted catalysts (Figure 49 and Figure 50). There is a clear deviation that is brought on just by alkali addition, where there is a notable drop in the percentage of the aldehyde and ketone with respect to the total oxygenates. Interestingly, the drop in percentage by these two functional groups is offset by a percentage increase in the alcohols with respect to the total oxygenates. The acid functional group slightly increased in percentage with respect to the total oxygenates, by the addition of the smaller alkali metals (Li, Na). However, as basicity/size of the promoter increases, the acid, like the ketone and aldehyde, decreases with respect to the total oxygenates. Essentially, the ketone and aldehyde could be viewed as materials that only desorb as partially dissociated CO, because of an inability for CO to fully dissociate. This depends on the ability of H2 to reach the growing chain, where termination proceeds through CO insertion.



K not only can promote oxygenated materials, like the alcohol, but if enough is present, then aldehydes can also be produced (Figure 20). This difference can be observed when comparing the K promoted iron catalyst (Figure 20) with unpromoted iron (Figure 31). Thus, multiple routes are occurring as K donates electron density to promote CO dissociation, limiting hydrogen. If enough potassium is added, then hydrogen is so limited that the probability for termination by CO increases, resulting in the formation of these aldehydes. Regardless, provided that identical conditions exist for the Group I series, as Figure 48 and Table 2 show, there appears to be a direct relationship between the promoter series and the % of oxygenates observed. The correlation can only be attributed to the promoted iron series catalysts, as shown in Figure 28.




4.1.3. ASF Factors


Typically, both the hydrocarbon and oxygenate values (Figure 51) trended inversely (although less so for K promoted and unpromoted iron catalysts) with CO conversion. Residence time influences the secondary reactions, which is more significant for promoted catalysts. The K and Na doped Fe catalysts, as displayed in Table 2 and Table 3, exhibited the greatest changes in oxygenate selectivity by changing the CO conversion. The Rb and Cs promoted Fe catalysts produced the largest carbon mole % and highest α values for oxygenated material. Unlike the use of K promoter (Figure 50, Table 2), where the selectivity of oxygenates is dependent upon CO conversion, the selectivity of oxygenates in Rb and Cs promoted Fe catalysts is independent of the CO conversion (Figure 49).




4.1.4. Manganese Supported Iron Catalysts


The work here agrees with the literature, where supports, such as manganese (Figure 30) for iron, promote higher fractions of the 1-olefin, suppressing the 2-olefins [164,165,166]. However, the promotion of the 1-olefin is much more significant with the Fe/Mn catalyst that is shown in Table 2. Additionally, though not shown, the FeMn series of catalysts run under the same conditions as the alkali promoted iron series, displayed similar rates of WGS activity as the potassium promoted iron catalyst.





4.2. Cobalt and Ruthenium


Cobalt and ruthenium are very similar in their product selectivities (Figure 52). Unlike the iron series, the hydrocarbon product distribution of cobalt and ruthenium is much more specific to the n-paraffin and 1-olefin. Platinum is typically used with cobalt primarily to facilitate the reduction of cobalt. However, with the addition of reduction promoters, such as platinum, methane production is slightly increased [151,167,168]. This is to be expected, because platinum in a reduced state is a d10 metal, like nickel, and it would exhibit similar electron back-donation capability; thus, CO that was adsorbed on platinum would exhibit similar structure, as observed on nickel, M≡C--O. The addition of the alkali on cobalt, as observed with iron, increases the adsorption of CO, again most likely due to the increased ability for the d-orbitals of cobalt to interact with the carbon-carbon π orbitals [169].



The first observation is the low selectivity of alcohols between the supported and unsupported cobalt catalysts. The low selectivity does not necessarily mean that the supports are directly involved in the synthesis of oxygenates, but that they influence their production. Ceria, like manganese and titania, is a partially reducible oxide, and unlike the silica and alumina, it has the potential for hydrogen spillover [170,171]. However, the spillover of hydrogen upon supports for cobalt, such as ceria, may create oxygen vacancy sites (or associated bridging OH groups) (Figure 53) through the removal of an oxygen atom in the support (or conversion of O to -OH groups), which changes the ceria from 4+ to 3+ (the underlined ceria atoms). This, in turn, has the potential to affect the product distribution in the FT process.



Gnanamani et al. [40] conducted a H2/D2 switching study to examine the isotope effect on oxygenated products that are produced from a Co/Ce catalyst. Results (Table 6) from the switch showed an overall decrease in the oxygenated materials; however, the oxygenated products returned to their original composition upon switching back to hydrogen. These results suggest that the metal-support interface plays a significant role in the formation of oxygenated materials. In this case, CO could react at defect-associated bridging OH groups on ceria to form formate, which acts as a molecularly adsorbed CO species that is transferred across the interface to terminate chains; or, termination may proceed by the direct addition of mobile OH groups from ceria. In order to produce oxygenates, one view is that termination proceeds by the addition of molecularly adsorbed CO [171]. In either case, ceria could influence the termination pathway across the metal-support interface, with the growing chain being on metallic cobalt. Masuku et al. [172] completed similar H2/D2 switching experiments with an alumina supported cobalt catalyst to show no specific deviation in the products (Table 6).



Though the product distribution is similar, cobalt that is supported on carbon (Figure 32) could react differently from metal oxide supported cobalt catalysts [38]. Carbon has surface oxygenate functional groups and it is not necessarily inert. This gives rise to the potential for these supports to interfere in the chain growth process via functionalized groups, and further work is needed to shed light on this aspect [59].





5. Conclusions


The intention of this paper is to provide a brief overview of the product distribution across several FTS catalysts. Specific product selectivities (fingerprint) in the oil phase are highly informative, such that, by solely observing the oil phase, catalyst properties can largely be uncovered. The fingerprint of iron (iron carbide) is more diverse than cobalt and ruthenium and the surface of iron carbide catalyst has been much more tunable. To maximize the efficiency of an FTS catalyst, a sustained balance between CO, H2, and chain growth intermediates must be maintained. If electron back-donation from the catalyst surface to the vinylic intermediate and CO is too weak, then the L configuration is dominant forming isomerized, non-alcohol oxygenates and high methane. If too strong, the vinylic intermediate (as does CO) dissociates too rapidly, such that methane production is high, and carbon deposits on the surface leading to coking. Both unbalanced routes occur at the cost of the overall process. As the fingerprint reveals clues to the catalyst, this work could serve as a starting point for future experiments that are aimed at tuning FTS catalysts.
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Glossary




	ASF
	Anderson-Schulz-Flory Plot



	CSTR
	Continuously Stirred Tank Reactor



	EI
	Electron Impact



	FID
	Flame Ionization Detector



	FTS
	Fischer–Tropsch Synthesis



	GC
	Gas Chromatograph



	GHSV
	Gas Hourly Space Velocity



	HC
	High CO Conversion



	H2/CO-
	Hydrogen to Carbon Monoxide Ratio



	IWI
	Incipient Wetness Impregnation



	LC
	Low CO Conversion



	LOD
	Limit of Detection



	MSD
	Mass Selective Detector



	O/P
	Total Olefin to Paraffin Ratio



	RT
	Retention Time



	SIM
	Single Ion Monitoring



	TCD
	Thermal-conductivity Detector



	WF
	Weight Fraction



	WHSV
	Weight Hourly Space Velocity



	VLE
	Vapor Liquid Equilibrium
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Figure 1. A simplified diagram of the Coal-to-Liquids (CTL), Gas-to-Liquids (GTL), and Biomass-to-Liquids (BTL) processes. 
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Figure 2. Deviations in the color of oils produced by Fischer–Tropsch synthesis (FTS). 
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Figure 3. A proposed FTS route based on the carbide mechanism. 
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Figure 4. A proposed FTS route based on the enol mechanism. 
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Figure 5. A proposed FTS route based on the CO insertion mechanism. 






Figure 5. A proposed FTS route based on the CO insertion mechanism.



[image: Catalysts 09 00259 g005]







[image: Catalysts 09 00259 g006 550]





Figure 6. A general Anderson-Schulz-Flory (ASF) plot of the natural logarithm of the mole fraction for a cobalt, ruthenium, and iron FT product distribution. Fe-Cu/SiO2, 270 °C, 12.1 bar, weight hourly space velocity (WHSV) = 2, H2/CO = 0.7, 0.5%Pt/25%Co/Al2O3, Temperature 225 °C, Pressure = 27.6 bar, WHSV = 8, H2/CO = 2; and 1%Ru/Al2O3, Temperature 241 °C, Pressure = 29.9 bar, WHSV = 1.5, H2/CO = 2. 
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Figure 7. A distribution of products based upon α. 
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Figure 8. Typical flame ionization detector (FID) chromatographs for the products of the oil phase for Fe-Cu/SiO2, 270 °C, 12.1 bar, WHSV = 2, H2/CO = 0.7 (A), 0.5%Pt/25%Co/Al2O3, Temperature 225 °C, Pressure = 27.6 bar, WHSV = 8, H2/CO = 2 (B); and, 1%Ru/Al2O3, Temperature 241 °C, Pressure = 19.2 bar, WHSV = 1.5, H2/CO = 2 (C) FTS catalysts. 
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Figure 9. A chromatographic picture comparing different branching materials of specific carbon materials for a 0 K (i.e., no potassium promoter) active iron catalyst. This represents mixed oils from several iron runs where the oils were exposed to H2 at 0.68 bar for 5 min using Pt/C catalyst converting all olefinic materials to alkanes. All runs at 230 °C, 12.1 bar, 0.7 H2/CO with a WHSV = 2. 
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Figure 10. A chromatographic picture comparing different branched materials ranging from C11–C16. This is mixed oils from several iron runs where the oils were exposed to H2 at 0.68 bar for 5 min. using Pt/C catalyst converting all olefinic materials to alkanes. A is the linear alcohol, A* is where the alcohol is buried behind the 3-methyl branched paraffin. Otherwise, the order of methyl paraffins—starting from the n-paraffin going right to left; 3-methyl, 2-methyl, 4-methyl, 5-methyl, etc. All runs at 230 oC, 12.1 bar, 0.7 H2/CO, with a WHSV of 2. 
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Figure 11. Two separate fractions of oil from a mixture of a multitude of iron FTS runs, separated by silica gel with N2, and independently injected upon the MSD. The x-axis is retention time in minutes. The oxygenated chromatogram is only enlarged to display for identification purposes. These were not added to the overall analysis as the mole of carbon % were to small and difficult to quantify. 
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Figure 12. Two separate fractions of an iron FT oil separated by silica gel with N2 and independently injected upon the Agilent MSD. The x-axis is retention time in minutes. The oxygenated chromatogram is only enlarged for the purpose of identification. The green lines display where the oxygenated material peaks would elute in relationship to the main hydrocarbon peaks—if these materials were not first separated. 
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Figure 13. A chromatograph of the products produced with a lithium doped iron catalyst. The x-axis is retention time in minutes. Reaction Conditions: 270 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 14. A chromatographic picture of an oil product from the unsupported cobalt catalyst. The x-axis is retention time in minutes. Reaction Conditions: 220 °C, 27.3 bar, WHSV = 3, and H2/CO = 2. 
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Figure 15. A chromatographic picture of the oil for the alumina supported ruthenium catalyst. The x-axis is retention time in minutes. Reaction Conditions: 241 °C, 19.2 bar, WHSV = 1.5, and H2/CO = 2. 
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Figure 16. A chromatograph of the product produced with a rubidium doped iron catalyst. The x-axis is retention time in minutes. Reaction Conditions: 270 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 17. A chromatographic picture of a silica supported cobalt catalyst. The x-axis is retention time in minutes. Reaction Conditions: 220 °C, 27.6 bar, WHSV = 3, and H2/CO = 2. 
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Figure 18. A chromatographic picture of a titania supported ruthenium catalyst. The x-axis is retention time in minutes. Reaction Conditions: 220 °C, 19.3 bar, WHSV = 3, and H2/CO = 2. 
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Figure 19. A chromatographic picture of a ceria support cobalt catalyst. The x-axis is retention time in minutes. Reaction Conditions: 230 °C, 27.6 bar, WHSV = 0.5, and H2/CO = 2. 
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Figure 20. A chromatographic picture of potassium promoted iron catalyst. The x-axis is retention time in minutes. Reaction Conditions: 270 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 21. A chromatographic picture of a NaY supported ruthenium catalyst. The x-axis is retention time in minutes. Reaction Conditions: 220 °C, 19.2 bar, WHSV = 1.5, and H2/CO = 0.7. 
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Figure 22. An ASF plot of hydrocarbons and the relative oxygenates using a cesium doped iron catalyst, ranging C1 to C13 (oil, water, and wax combined) for a low CO conversion sample. Reaction Conditions: 270 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 23. An ASF plot of hydrocarbons and the relative oxygenates using a cesium doped iron catalyst, ranging C1 to C14 (oil, water, and wax combined) for a high CO conversion sample. Reaction Conditions: 270 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 24. A carbon distribution of the cobalt silica supported catalyst. Reaction Conditions: 220 °C, 27.6 bar, WHSV = 3, and H2/CO = 2. 
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Figure 25. A carbon distribution of the cobalt alumina supported catalyst. Reaction Conditions: 220 °C, 27.6 bar, WHSV = 5, and H2/CO = 2. 
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Figure 26. A carbon distribution of the titania supported ruthenium catalyst. Reaction Conditions: 220 °C, 19.2 bar, WHSV = 1.5, and H2/CO = 2. 
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Figure 27. A carbon distribution of the alumina supported ruthenium catalyst. Reaction Conditions: 220 °C, 19.2 bar, WHSV = 3, and H2/CO = 2. 
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Figure 28. A zoomed in chromatographic picture to display the difference in the main products fraction by the addition of different atomic ratios of K. “Low” is less than 2, (i.e., 2K100Fe), whereas “High” is greater than 2. This figure was built from 9 iron runs (with combinations of Cu, Si and K) catalyst runs that deviated one component while leaving the other two constant (e.g. K was varied while Si and Cu remained constant). The O/P ratio and the 1-olefin/2-olefin ratios only changed by varying K in the recipe. Furthermore, only when K ≥ 2, (2 and 5 atomic ratios) and K < 2 (0.5, 1, and 1, 25 atomic ratios) did these ratios change. Reaction Conditions were 270 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 29. The observed deviations in the 1-olefin/total olefin ratio, by altering the iron catalyst recipe, are most likely due only to the different amounts of potassium. Copper and silica do not affect the olefin ratio observed in the product selectivity. Reaction Conditions: 270 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 30. A chromatograph of the product produced with a manganese supported iron catalyst. The x-axis is retention time in minutes. Reaction Conditions: 270 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 31. A chromatographic picture of the oil for an 100% iron catalyst. The x-axis is retention time in minutes. Reaction Conditions: 270 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 32. A chromatographic picture of a carbon supported cobalt catalyst. The x-axis is retention time in minutes. Reaction conditions: 230 °C, 27.6 bar, WHSV = 0.5, and H2/CO = 2. 
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Figure 33. A mechanistic display of CO molecular addition through defect sites. 
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Figure 34. An atomic view of how the alkali could be affecting CO bonding. 
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Figure 35. Alkenes are known as π donors. Above represents the Dewar-Chatt-Duncanson model for the orbital orientation between the π orbitals of the alkene and the d orbitals from the metal. The electronic density of the metal will determine the hybridization of the carbon, where the planar olefin adduct (left structure) displays more sp2 hybridization for the carbon, and the metallocyclopropane exhibits more sp3 character. 
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Figure 36. This figure describes types of possible bonding for alkenes in the electronic effects brought on by the addition of a promoter (Ap), such as the Group I alkali series. As the size of the promoter increases, so does the iron surface area that it affects; as the alkali basicity increases, so does its ability to assist in back donation of electron density. 






Figure 36. This figure describes types of possible bonding for alkenes in the electronic effects brought on by the addition of a promoter (Ap), such as the Group I alkali series. As the size of the promoter increases, so does the iron surface area that it affects; as the alkali basicity increases, so does its ability to assist in back donation of electron density.



[image: Catalysts 09 00259 g036]







[image: Catalysts 09 00259 g037 550]





Figure 37. This figure describes types of possible bonding for CO depending on electronic effects that are caused by the addition of a promoter (Ap), such as the Group I alkali series. As observed with the vinylic intermediate, as the size of the promoter increases, so does the iron surface area that it affects. As the alkali basicity increases, so does its ability to assist in back donation of electron density. 
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Figure 38. A mechanistic starting point used to describe the effects induced by changes in size and basicity of the alkali promoter on the iron catalyst. 
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Figure 39. Proposed route A for the formation of several products observed in FTS, based on the CO insertion mechanism. Mechanistic routes for methane will be preferred when the back-donation of electron density from the metal is poor. This weak back donation does not easily allow for the vinylic intermediate to be formed or stabilized to the extent that is needed for chain growth. Furthermore, if the back-donation of electron density from the metal is too great (as with an activated nickel catalyst), then CO will dissociatively adsorb, and the vinylic intermediate, if formed, will be easily dissociated back to C1, to again prefer methane formation. Thus, the careful tuning of electron back donation from the metal must be maintained to achieve desired chain growth. 
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Figure 40. Taken from the previous route, where the vinylic intermediate takes on the L configuration, several products can be made because there is less controlled chain growth. 
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Figure 41. Proposed route A for the formation of several products observed in FTS, based on the CO insertion mechanism (Figure 38). This is the case where growth is somewhat controlled, but hydrogen is limited. However, given that growth occurs through CO insertion—alternative oxygenated materials could be made. 
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Figure 42. Proposed route A for the formation of several products observed in FTS, based on the CO insertion mechanism (Figure 38). 
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Figure 43. Proposed route B for the formation of several products observed in FTS, based on the enol mechanism. 
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Figure 44. Proposed route C for the formation of several products that are observed in FTS, based on the carbide mechanism. Here, methane and coke are formed, where the back-donation of electron density is too strong; thus, the strong back-donation of electron density precludes the formation of the vinylic chain growth intermediate. With metals like nickel, where hydrogen is not as suppressed, methane would be the main product. However, as hydrogen becomes suppressed due to the high dissociation rate of CO (because of the increased interaction), the surface becomes covered with carbonaceous deposits. 






Figure 44. Proposed route C for the formation of several products that are observed in FTS, based on the carbide mechanism. Here, methane and coke are formed, where the back-donation of electron density is too strong; thus, the strong back-donation of electron density precludes the formation of the vinylic chain growth intermediate. With metals like nickel, where hydrogen is not as suppressed, methane would be the main product. However, as hydrogen becomes suppressed due to the high dissociation rate of CO (because of the increased interaction), the surface becomes covered with carbonaceous deposits.



[image: Catalysts 09 00259 g044]







[image: Catalysts 09 00259 g045 550]





Figure 45. The calculated KIE value for FTS where H addition is the rate determining step, provided that the KIE for FTS was not significantly affected by hydrogen coverage. These calculations follow the ones that were performed by Shafer et al. [114,115,116,117,118]. Ratios are derived from the activation energy using IR stretching frequencies as the energy differences. The kH/kD values are taken from the average cm−1 for the M-H range (1700–2250 cm−1). The standard deviations are ±0.06. 
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Figure 46. A redrawn mechanism taken from Shultz et al. [51] describing a possible route for the formation of the 2-olefins from the 1-olefin though reversible hydrogen addition. 
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Figure 47. The molar carbon fraction of the total isomerized hydrocarbons per carbon number for the Group I series iron catalysts. As the basicity of the metal increases, allowing for more back donation, the overall branched material decreases. Reactor Conditions: 230 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 48. A graph of the single methyl branched products, arranged by carbon number, and not by the methyl group. This is a representation using a 2 K iron catalyst, where the oil was exposed to H2 at 0.68 bar for 5 min. All of the runs at 230 °C, 12.1 bar, 0.7 H2/CO with a WHSV of 2. 
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Figure 49. The % distribution of different oxygenated materials for each of the iron catalysts at low and high CO conversion. The percentage basis is taken as a % mole of carbon per functional group/%mole of C total oxygenates. Esters were observed, but they accounted for much less than one percent, with respect to the total oxygenates, and thus not added to this figure. Reactor conditions: 270 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 50. A product distribution of a K/Fe catalyst that shows the dependence of specific oxygenates with respect to the total oxygenates, on CO conversion. Reactor Conditions: 270 °C, 12.1 bar, WHSV = 2, H2/CO = 0.7. 
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Figure 51. Changes in the alpha vs. CO conversion for Group I promoted iron catalysts. Reactor Conditions: 270 °C, 12.1 bar, WHSV = 2, and H2/CO = 0.7. 
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Figure 52. This figure tracks the changes of the major products with time on stream. Reactor conditions: 220 °C, 19.3 bar, WHSV = 5, H2/CO = 2. 
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Figure 53. Bridging OH groups created in Ce due to addition of H2 during the reduction process; ceria is a well-known partially reducible oxide. 
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Table 1. Alpha (α) as compared across several FT synthesis catalysts.
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Support/Promoter

	
Hydrocarbons

	
Oxygenates






	
Cobalt

220 °C, 27.6 bar,

WHSV = 2–5

H2/CO = 2

	
Unsupported

	
0.82

	
0.68




	
Alumina

	
0.88

	
0.75




	
Silica

	
0.86

	
0.79




	
Titania

	
0.79

	
0.79




	
Carbon

	
0.76

	
0.60




	
Ceria

	
0.80

	
0.64




	
Ruthenium

220 °C, 19.2 bar,

WHSV = 1.5,

H2/CO = 2

	
Alumina

	
0.78

	
0.63




	
Titania

	
0.79

	
0.52




	
Silica

	
0.80

	
0.70




	
NaY

	
0.75

	
0.70




	
Iron at High CO conversion supported with 5.1 silica.

Reaction Conditions 270 °C,

12.1 bar,

WHSV = 2,

H2/CO = 0.7

	
Unsupported

	
0.87

	
0.31




	
LiHC

	
0.67

	
0.34




	
NaHC

	
0.74

	
0.51




	
KHC

	
0.78

	
0.60




	
RbHC

	
0.74

	
0.64




	
CsHC

	
0.72

	
0.66




	
Iron at Low CO conversion supported with 5.1 silica

270 °C, 12.1 bar,

WHSV = 2,

H2/CO = 0.7

	
Unsupported

	
0.86

	
0.35




	
LiLC

	
0.80

	
0.41




	
NaLC

	
0.86

	
0.66




	
KLC

	
0.82

	
0.74




	
RbLC

	
0.92

	
0.69




	
CsLC

	
0.89

	
0.73




	
Iron

270 °C, 12.1 bar, WHSV = 2,

H2/CO = 0.7

	
Manganese

	
0.78

	
0.56




	
Hydrocarbons Alpha

	
Average

	
Standard Deviation

	
Coefficient of Variance




	
Cobalt

	
0.82

	
0.04

	
5.49




	
Ruthenium

	
0.78

	
0.02

	
3.02




	
Iron High CO

	
0.75

	
0.07

	
8.93




	
Iron Low CO

	
0.86

	
0.04

	
5.22




	
Oxygenates Alpha

	
Average

	
Standard Deviation

	
Coefficient of Variance




	
Cobalt

	
0.71

	
0.08

	
11.34




	
Ruthenium

	
0.64

	
0.09

	
13.42




	
Iron High CO

	
0.51

	
0.15

	
30.05




	
Iron Low CO

	
0.60

	
0.17

	
29.02








The alphas here do not include the heavy wax materials. Thus, to make an accurate comparison, the hydrocarbons were compared across the range C8–C15. The oxygenates varied based on the mole of carbon % observed and are primarily in the range of ~C4–C10. A few catalysts displayed product selectivities where the oxygenated materials may have been less than the limits of detection. Low CO conversion for the iron is ~25% and high conversion is 60%.
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