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The present work deals with the design of novel cobalt
nanocatalysts for the Fischer-Tropsch Synthesis (FTS).
Cobalt nanoparticles (CoNPs) stabilized by polymers
were synthesized via chemical reduction method or
thermal decomposition of organometallic precursors.
Once isolated, these CoNPs were fully characterized and
tested in the Aqueous phase Fischer-Tropsch Synthesis.
For comparison purposes, some of the prepared
nanoparticles were also immobilized on TiO2 and tested
in FTS using fixed bed reactors. It was concluded that the
catalytic performance for both colloidal and supported
catalytic systems were highly dependent on parameters
such as the synthetic methodology, the polymeric
stabilizer and the particle size.
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You learn much more when the things do not work than when they do 

Thin, G. 
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I.1. Brief historical background 

The synthesis of fuels instead of traditional extraction-refining processes is a 

century old concept which has its origins at the beginning of the 20
th
 century.

[1]
 

Among the different process developed for this purpose, the Fischer-Tropsch 

Synthesis (FTS), which consists in the catalytic hydrogenation of carbon monoxide 

to yield hydrocarbon products, remains nowadays one of the most studied 

alternatives for the production of fuels.  

There are two events which can be considered the first steps towards the 

development of synthetic fuels technology: the invention of the high-pressure coal 

liquefaction by Bergius and the experiments on catalytic hydrogenation of carbon 

monoxide by Sabatier and Senderens.
[2]

 The parallel increasing of Germany´s 

industrialization and their fuel demand at the end of the 19
th
 century, in conjunction 

with the lack of petroleum deposits, stimulated the invention of processes that 

enabled them to synthesize petroleum from their country´s abundant coal supplies.
[3]

 

During the first decade of the past century, Friedrich Bergius in Rheinau-Mannheim 

developed a process in which reacted a coal-oil paste with hydrogen gas at high 

pressure and temperature (200 atm and 400 ºC) to yield petroleum-like products.
[1]

 

Almost in parallel, Sabatier and Senderens synthesized methane from a mixture of 

CO or CO2 with hydrogen using cobalt or nickel catalysts at 200ºC and atmospheric 

pressure.
[4]

 A decade after Bergius began his work Franz Fischer and Hans Tropsch 

at the Kaiser-Wilhelm Institute invented an indirect process for the synthesis of 

liquid fuels from coal, the Fischer-Tropsch Synthesis.
[1]

 The process consisted in the 

reaction of coal with stream to give a mixture of carbon monoxide and hydrogen and 

the subsequent reaction of the mixture over an alkalized iron catalyst (100-150 bar 

and 400-450 ºC 
[5]

) to yield finally petroleum-like products. Fischer and his co-

workers in the 1920s-30 developed the cobalt catalysts at milder conditions (1bar, 

250-300ºC 
[6]

) that were critical to the FT success and in 1934 Ruhrchemie acquired 

the patent rights to the synthesis. Some years after, in 1936, the first commercial-

size FT plant started operation in Braunkhole-Benzin and to the end of the World 

War II, Germany reached a capacity of 660000 tons of primary products per year 
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with the operation of nine FT plants using cobalt based catalysts. Under the 

perception of the limited oil reserves as well as the desire of fuel independence, 

other countries such as France, England, Japan, US, and South Africa, showed 

interest in the German´s technology. The US Bureau of Mines had begun small-

scale research on FTS in 1927 and coal liquefaction in 1936, but did not seriously 

work on them until the government expressed considerable concern about the 

country´s rapidly increasing petroleum consumption in the immediate post-World 

War II. For the late 1940s and mid-1950s, four synthetic fuel plants were 

constructed in the US: three FT plants located in Kansas, Texas and Pennsylvania, 

and a one coal liquefaction plant in Virginia.
[7]

 During the same period, the 

abundance of low price petroleum after the discovery of the huge crude oil reserves 

in the Middle East, shifted the interest for FT process resulting in the shutdown of 

most of the US synthetic fuel plants.
[8]

 

Following the plant shutdowns in the US and until the global energy crises 

of 1970s, all major synthetic fuel research and development ceased except for the 

construction in 1955 of the South African Coal, Oil and Gas Corporation´s (SASOL) 

first FT plant in Sasolburg, South Africa. The plant based on coal and which 

employed an iron based catalyst, was the materialization of South Africa´s desire for 

energy independence as a consequence to the embargo caused by its apartheid 

policy.
[1]

 

The 1970s energy crisis caused by the OAPEC oil embargo (Organization of 

Arab Petroleum Exporting Countries) revitalized synthetic fuel research and 

development in the US and Germany and led to joint government-industry programs 

that quickly disappeared once the crisis had passed. Gulf Oil, Atlantic Richfield, and 

Exxon in the US, AG, Ruhrkohle AG and Veba Chemie in Germany constructed FT 

and coal liquefaction pilot plants in the 1970s and early 1980s only to end their 

operation with the collapse of petroleum process a few years later.
[9]

 A direct 

correlation between the research in FT and the crude oil price during the 1970s oil 

crisis is displayed in Figure 1. The simultaneous increase of both indicators, the 

number of patents and papers and the crude oil price during this period, is clearly 

displayed.  
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Figure 1. Comparison of the number of patents and papers published on FTS and the crude 

oil prices in the last century. Data sources: number of patents and papers from SciFinder 

search, August 2014. Imported Crude Oil Prices consulted in EIA (U.S. Energy Information 

Administration).  

In the mid-1990s, the rising price of oil as well as problems of utilization of 

stranded gas, diversification of sources of fossil fuels, and environmental concerns, 

triggered another synthetic fuel revival.
[10]

 The resurgence of the interest of FT 

synthesis is also evidenced in Figure 1 with the exponential increase of related 

patents and papers published during the last two decades (also in parallel with oil 

price increasing).  

The abundant reserves of natural gas in many parts of the world have made 

it attractive to commission new plants based on steam reforming and FT technology, 

the gas-to-liquid technology (GTL). Based on GTL process, the Mossgas plant in 

South Africa with a capacity of 220000 bbl/day and the Shell plant in Bintulu, 

Malaysia with an initial capacity of 120000 bbl/day, came on stream in 1992 and 

1993 respectively.
[11]

 More recently in 2006, the Sasol Oryx-GTL plant with a 

capacity of 34000 bbl/day was inaugurated. The utilization of biomass has emerged 

in the past decades as the only renewable carbon source to synthesize liquid fuels or 

chemicals by the BTL process.
[10]

 In 2007, Choren, a bio-energy company built a 
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300 bbl/day BTL plant that used Shell´s FTS technology to transform biomass into 

bio-diesel.
[12]

 

To summarize, the synthetic fuel industry from the beginning of the 20
th
 

century to 1990 has experienced intermittent periods of intense activity in times of 

crisis, only to face quick dismissal as unnecessary or uneconomical upon 

disappearance of the crisis.
[1]

 In the last two decades a global renaissance of FT 

synthesis is the response for the urgent replacement of the crude oil by other carbon 

resources such as natural gas, coal and biomass as a key process of the GTL, CTL 

and BTL technologies.
[13]

 

I.2. Fischer-Tropsch Synthesis 

Fischer-Tropsch Synthesis is a heterogeneous catalytic process for the 

transformation of syngas (a mixture of CO and H2) into straight chain hydrocarbon 

products. This reaction occurs at the surface of transition metals in the zero valent 

state which have the capacity of both adsorb and dissociate carbon monoxide and 

hydrogen.
[14]

For the majority of the transition metals, however, the nature of the 

adsorption (dissociative or molecular) is very sensitive to the surface temperature 

and surface structure (e.g. the Miller index plane), and the presence of any lower co-

ordination sites such as step sites and defects). In contrast, the chemisorption of 

hydrogen is an activated process yielding monoatomic hydrogen.
[15]

 This process as 

well as the metal coverage is favored by the increasing of the temperature, different 

to the case of CO adsorption. Finally, the reaction between the dissociation products, 

hydrogen, carbon and oxygen, results in the polymerization reaction that yield the 

FT products.  

The main products in FTS are n-alkanes, n-alkenes, methane and water, 

(Equations 1 and 2) but depending on the catalyst, the support and promoters, 

temperatures and pressures, and even the type of reactor used, the FTS also give rise 

to small amounts of other organic compounds including branched hydrocarbons and 

oxygenates such as alcohols, aldehydes and carboxylic acids (Equations 3-5).
[13b,16]

 

Several other metal-catalyzed reactions involving hydrogen and carbon monoxide, 
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but giving quite different products, can also occur. These include methanol synthesis 

and the water-gas shift reaction (WGS) (Equations 6 and 7).
[16]

 

 

Alkanes (2n+1)H2 + nCO → CnH(2n+2) + nH2O (1) 

Alkenes 2nH2 + nCO → CnH2n + nH2O (2) 

Alcohols 2nH2 + nCO → CnH(2n+1)OH + (n-1)H2O (3) 

Adehydes (2n-1)H2 + nCO → CnH2nO + (n-1)H2O (4) 

Acids nH2 + nCO → CnH2nO2 (5) 

Methanol 2H2 + CO → CH3OH (6) 

WGS CO + H2O → CO2 + H2 (7) 

I.2.1. Thermodynamics 

In the Fischer-Tropsch Synthesis, the formation of water can be considered 

the thermodynamic “driving force” of the reaction. The thermodynamics of the CO 

hydrogenation reactions for the production of simple compounds (Equations 8-15) 

indicate that the most favorable path is that leading to methane and water (Equation 

8). The fact that FTS under typical conditions does not give excessive amounts of 

methane is the proof that not only thermodynamics but also kinetics defines the 

product selectivity in this reaction.  

The Gibbs free energy values at 220ºC (ΔG(227ºC)) for the series of C2 

compounds (Equations 10-13
[16]

)  suggest that the alkane formation is more 

favorable than the alkene > alcohol > aldehyde, respectively, which match the 

abundances by family compounds experimentally observed in typical FTS.
[17]

 

 

Methane 3H2 + CO → CH4 + H2O ΔG(220ºC)= -94 kJ/mol (8) 

Methanol 2H2 + CO → CH3OH ΔG(220ºC)= +27 kJ/mol (9) 

Ethane 5/2H2 + CO → 1/2C2H6 + H2O ΔG(220ºC)= -58 kJ/mol (10) 

Ethene 2H2 + CO → 1/2C2H4 + 2H2O ΔG(220ºC)= -22 kJ/mol (11) 

Ethanol 2H2 + CO → 1/2C2H5OH + 1/2H2O ΔG(220ºC)= -13 kJ/mol (12) 

Ethanoic acid H2 + CO → 1/2C2H4O2 ΔG(220ºC)= -10 kJ/mol (13) 

Propene H2 + CO → 1/2C2H4O2  ΔG(220ºC)= -31 kJ/mol (14) 
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WGS CO + H2O → CO2 + H2 ΔG(220ºC)= -28 kJ/mol (15) 

 

It is therefore quite remarkable that the course of the reaction can be 

efficiently diverted to give either long-chain hydrocarbons or alkenes depending on 

the reaction conditions (temperature and pressure).
[16]

 Concerning the heat of 

reaction, the formation of alkanes and alkenes are both strongly exothermic 

(ΔH(≈220ºC)=165–204 kJ/molCO), and the efficient heat removal is therefore crucial to 

control the reaction temperature and as much avoiding problems related to 

overheating of the catalyst (resulting in sintering and deactivation) and the 

production of undesired products such as methane.
[17]

 Finally, according to several 

reports the formation of carbon clusters and deposition on the catalyst surface is 

thermodynamically favored under FT conditions.
[18]

 

I.2.2. Mechanism of FTS 

The Fischer-Tropsch Synthesis is a polymerization reaction, in which the 

monomers are being produced in-situ from hydrogen and carbon monoxide at the 

metal surface. Insights in the mechanism of this reaction were early supported by the 

identification of surface species at the steady-state during the FT synthesis. A 

summary of the most relevant observed and postulated surface species is given in 

Figure 2.
[14]

 Species such as terminal (1), bridged (2) and vicinal (3) adsorbed CO 

were identified by infra-red spectroscopy (FTIR),
[19]

 surface methylidyne (4), 

methylene (5) and methyl (6) species using secondary ion mass spectroscopy 

(SIMS)
[20]

 and electron energy loss spectroscopy (EELS)
[21]

 among other species 

such as surface oxygen (7), hydroxyl (8),  and acyl species (9). 

 

Figure 2. Some experimentally observed and postulated surface species on the catalyst 

surface during FTS.
[14]
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Most quantum-chemical calculations indicate that methyl is preferentially 

located on terminal sites, methylene on bridge sites and methylidyne on triply 

bridging sites (hollow sites) (Figure 3).
[22]

 The importance of surface methylene and 

methylidyne species in the FT synthesis was highlighted by van Bameveld and 

Ponec.
[23]

 They observed the conversion of CHxCl4-x in the presence of hydrogen to 

long chain hydrocarbons for x=l or 2, whereas only methane was obtained with 

methylchloride (x-3). This shows that the presence of surface methylene or 

methylidyne species may result in chain growth. Based on these surface species, 

numerous reaction pathways have been proposed to explain the observed product 

distribution in the FT synthesis,
[14]

 however after many years of discussion, the 

scientific community has converged in at least two mechanisms: the carbide/alkyl 

mechanism and the CO insertion chain growth mechanism.
[24]

  

 

Figure 3. Localization of methyl, methylene and methylidyne grops on metal sites.  

As a polymerization reaction, the mechanisms described for FTS are 

composed by three different reaction sections:  

1. Generation of the chain initiator 

2. Chain growth or propagation 

3. Termination or desorption 

In the carbide mechanism (Figure 4), the chain initiation takes place via 

dissociative CO chemisorption, by which surface carbon and surface oxygen is 

generated (Figure 4 a).
[14]

 Surface oxygen is removed from the surface by reaction 

with adsorbed hydrogen yielding water or with adsorbed carbon monoxide yielding 
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CO2 (b).
[16]

 Surface carbon is subsequently hydrogenated yielding in a consecutive 

reaction CH, CH2 and CH3 surface species (c, d, e). The CH3 surface species is 

regarded as the chain initiator, and the CH2 or CH surface species as the monomer in 

this reaction scheme. Chain growth is thought to take place by successive 

incorporation of the monomer, CH2 or CH surface species (f). Finally, product 

formation takes place by either β-hydrogen abstraction or hydrogen addition 

yielding 1-alkenes (g) and 1-alkanes (h) as primary products respectively.
[14]

 

 

Figure 4. Reaction scheme of the Fischer–Tropsch reaction according to the carbide/alkyl 

mechanism. 

The CO insertion mechanism is based on the known CO-insertion from 

coordination chemistry and homogeneous catalysis (Figure 5).
[25]

 

The chain initiator is again a surface methyl species, however the reaction 

pathway leading to the formation of this species differs from the carbide mechanism 

at the time of the oxygen elimination from the surface species (Figure 5 a, b, c). For 

this mechanism, chemisorbed CO is the monomer. Subsequently, the chain growth 

takes place by CO-insertion in a metal-alkyl bond leading to a surface acyl species 
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(d). Then, the elimination of oxygen from the surface species leads to the formation 

of the enlarged alkyl species (e, f). Finally, the formation reaction steps leading to 

the formation of 1-alkenes (g) and 1-alkanes (h) are the same than the proposed in 

the carbide mechanism (β-elimination and H addition respectively). Additionally, 

chain termination involving the surface acyl species may result in the formation of 

aldehydes (i) and alcohols (j). 

 

Figure 5. Reaction scheme of the Fischer–Tropsch reaction according to the CO insertion 

chain growth mechanism.  

The development of modern tools such as the computational chemistry as 

well as advanced characterization techniques like Steady State Isotopic Transient 

Kinetic Analysis (SSITKA),
[24]

 has made possible the discrimination between the 

two mechanistic options. As it has been discussed already in a very early theoretical 

study of this reaction,
[26]

 the key issue concerns the nature of the monomeric single 

C atom containing “C1” intermediate that is incorporated into the growing 

hydrocarbon chain. For instance, recently van Santen and co-workers using DFT 
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calculations gave insights in favor of the carbide mechanism.
[24]

 According to this 

report, Figure 6 schematically represents the surface energies (based on DFT 

calculations) for CO adsorption and dissociation followed by C-C bond formation 

according to the carbide and CO dissociation mechanisms calculated for a reactive 

site on Ru(1121). For this case, it is evident that the overall barrier for CH-CH 

coupling (TS1-3, Figure 6) is lower in the carbide mechanism than the overall 

activation barrier for CHC formation via CO insertion because of the high C-O bond 

cleavage activation energy (TS3, Figure 6).  

 

Figure 6. Comparison of activation barriers of elementary reaction steps for C-C coupling 

according to the carbide and CO insertion mechanism on Ru(1121) surface. Adapted from 

ref. 
[24]

  

Considering this results, the carbide chain growth mechanism will dominate. 

In addition, the empirical kinetic model has found to be consistent with only the 
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carbide mechanism for which is satisfied that the apparent rate of CO transformation 

to CHx is slow compared to the rate of chain growth (this is the so-called monomer 

formation kinetics limit in agreement with the relatively large energy barrier for TS1 

in Figure 6).
[27]

 

Another argument in favor of the carbide mechanism is that whit this 

mechanism, the Fischer-Tropsch reaction should be highly structure sensitive, since 

only specific sites have the overall activation energy to activate and deliver CHx fast 

enough for the chain growth reaction to reach a reasonable rate. The structural 

sensitivity of metallic cobalt particles was demonstrated by de Jong and co-workers, 

since cobalt particles smaller than 6 nm exhibited lower FT activity. This was 

atributed to the low stabilization of step-edge sites, which are important for CO 

activation. In contrast, bigger cobalt particles readily stabilize this sites.
[28]

 However, 

Burtron and co-workers very recently reported experimental data fitting a kinetic 

model of FTS product distribution based on the CO insertion mechanism.
[29]

 This 

model predicted that adsorbed CO is the most abundant species on the metal surface 

(in agreement with experimental measurements).  

To conclude, there are two conflicting mechanistic proposals of the Fischer–

Tropsch reaction: the carbide mechanism and the CO insertion mechanism, which 

involve cleavage of the C–O before incorporation of a CHx species into the growing 

hydrocarbon chain (the carbide mechanism) or after incorporation into the growing 

hydrocarbon chain (the CO insertion mechanism). In spite of the many arguments in 

favor or against the different mechanistic options, the discussion is still open. 

I.2.3. Selectivity of FTS 

A wide variety of products of different chain length and different 

functionality are formed in the Fischer-Tropsch Synthesis. The products from the 

FTS on Co, Fe, and Ru show the following characteristics:
[30]

 

1. The distribution for hydrocarbon products gives the highest 

concentration for C1 and decreases for higher carbon numbers, although 

around C3-C4, often a local maximum is observed. 
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2. The olefin content decreases asymptotically to zero with increasing 

carbon number.  

The main factors that  influence the product selectivity (chain growth) in 

FTS are the temperature of the reaction, the nature of the metal catalyst, the 

chemical and structural promoters added to the catalyst, the gas composition and, 

more specifically, the partial pressures of the gases in contact with the catalyst inside 

the reactor.
[14]

  

- Temperature 

Independent of the catalyst used, rising the FT operating temperature shifts 

the spectra to lower carbon number products. Desorption of growing surface species 

is one of the main chain termination steps and since desorption is an endothermic 

process higher temperatures should increase the rate of desorption which would then 

result in a shift to lower molecular mass products. Putting it in another way, 

thermodynamically the formation of methane is much more favored than the 

formation of higher molecular mass products at all FT operating temperatures.
[31]

 

- Pressure and partial pressure of H2 and CO 

Most studies show that the product selectivity shifts to heavier products and 

to more oxygenates with increasing total pressure. Increasing H2/CO ratios in the 

reactor results in lighter hydrocarbons and a lower olefin content due to the higher 

hydrogenation character of the syngas mixture.
[32]

 

- Space velocity 

The decrease of the methane selectivity and the olefin to paraffin ratio with 

decreasing space velocity was observed by Iglesia et al.
[33]

 and Kuipers et al.
[34]

 The 

occurrence of secondary reactions of olefins explains the effect of the space velocity 

on the selectivity.  

The exponential declination of the molar amount of products of individual 

carbon number fractions in the Fischer-Tropsch Synthesis has been often related to a 

polymerization reaction that proceeds via stepwise addition of a carbon monomer.
[35]

 

Inspired in the polymerization kinetics, several models have been developed for the 

explanation of the product distributions for this reaction.
[36]

 As a result in which 
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different contributors participated, the Anderson-Schulz-Flory model describes the 

molecular weight distribution of radical polymerization products according to the 

following formula:
[37]

 

 

               (16) 

 

Where Wn is the weight fraction of a hydrocarbon containing n atoms. The 

quantity α (alpha value), which characterizes the probability of chain growth (Figure 

7a), is usually calculated from the slope of a straight line obtained in the Log(Wn/n) 

vs. Cn (carbon number) (Figure 7b). Although the Schulz-Flory equation adequately 

describes the molecular weight distribution of С5+ hydrocarbons in the majority of 

cases, deviations are usually observed in the distribution of gaseous products. For 

instance, Dry reported that mass-transfer limitations will result in an increase of the 

thermodynamically favored products (e.g., methane) thus resulting in deviations 

from the predicted by the Schulz–Flory equation. 
[38]

 Other deviations from ASF are 

sometimes assigned to analytical difficulties,
[39]

 non-steady-state conditions of the 

reactor system
[40]

 and secondary reactions.
[34]
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Figure 7. a) Product selectivity as a function of chain growth probability.
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distribution for FT products.
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I.2.4. Catalysts for FTS 

Although several transition metals are active in FT, only iron, cobalt, nickel 

and ruthenium have been found to be sufficiently active for application in FT 

synthesis.
[31]

 The main properties in terms of FT performance, selectivity and price 

of these metals are displayed in Table 1.  While nickel was used in the early German 

investigations, 
[1]

 it produced large amounts of methane at low synthesis pressures 

while at high pressures, where the methane production was lower, volatile nickel 

were formed, e.g. nickel carbonyl complexes was lost from the reactors. The high 

price and low availability of ruthenium rule it out as a viable option. This leaves 

only cobalt and iron as practical catalysts. The relatively low cost iron catalysts are 

characterized by their high selectivity to olefins, and appear to be stable when high 

H2:CO ratio is used. The main drawback of iron based catalysts is their high WGS 

activity. As counterpart, cobalt catalysts give the highest yields and longest lifetime 

and produce predominantly linear alkanes.
[17]

 In addition, they are not inhibited by 

water, and exhibit low WGS activity, resulting in high productivity at high syngas 

conversion.
[43]

 Therefore, cobalt catalysts are viable for natural gas based Fischer-

Tropsch processes for the production of middle distillates and high-molecular-

weight products.
[44]

 

 

Table 1. Comparison of properties of active metals in FTS.
a
 

Metal Relative price Products Selectivity 

Fe 1 Olefins 

Ni 200 Methane  

Co 400 Linear alkanes 

Ru 25000 Methane at low pressures (P < 100 bar) 

Wax (high P and low T)
[17]

 
a
 Prices relative to iron ore (November 2014)

[45]
 

 

I.3. Cobalt based FT catalysts 

Industrial cobalt FT catalysts generally require a support.
[46]

 As a result, 

most of the studies have been dedicated to supported cobalt catalysts, although 

recently the feasibility to use colloidal cobalt nanoparticles as catalyst in FTS has 

been proved when they are embedded in a solvent which acts as “phase separator” of 
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the cobalt active phase.
[47]

 In the next sections some general aspects affecting the 

catalytic performance of cobalt based FT catalysts will be discussed.  

I. 3.1. General aspects of cobalt based catalysts 

In the following sections, some general aspects intrinsic of cobalt based 

catalysts such as the effect of promoters, deactivation pathways, the effect of water 

and mass transfer limitation will be described. 

I.3.1.1 Promoters 

A promoter is defined as an additive which enhances the performance of the 

catalyst through any of the following process:  

- Increasing the reducibility of the active phase 

- Enhancement of cobalt dispersion  

- Inhibition of catalyst deactivation 

In the next paragraphs various types of promoters applied in cobalt based FT 

catalysts will be briefly described. 

I.3.1.1.1.   Promotion with noble metals 

Numerous studies have shown that the introduction of a noble metal (Ru, 

Rh, Pt, and Pd) has a strong impact on the structure and dispersion of cobalt species, 

FT reaction rates, and selectivities.
[48]

 The promoting metal is typically introduced 

via co-impregnation or subsequent impregnation. Introduction of noble metals could 

result in the following phenomena:  much easier reduction of cobalt oxide particles, 

formation of bimetallic particles and alloys, a lower fraction of barely reducible 

mixed oxides, enhancement in cobalt dispersion, inhibition of catalyst deactivation, 

appearance of additional sites of hydrogen activation, and an increase in the intrinsic 

reactivity of surface sites.
[49]

  

I.3.1.1.2.   Promotion with oxides and others 

Promotion with oxides has been also used to improve the catalytic 

performance of FT catalysts.
[4]

 Among the different oxide promoters, ZrO2, La2O3, 
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MnO, and CeO2 have been most often employed. Addition of oxide promoters could 

modify the catalyst texture and porosity, prevent the formation of hardly reducible 

mixed cobalt oxides, increase the fraction of different cobalt metal crystalline 

phases, enhance mechanical and attrition resistance of cobalt FT catalysts, and 

improve the chemical stability of the support. Jacobs et al. found that addition of 

ZrO2 to silica-supported cobalt catalysts slightly increased cobalt reducibility 

without effect in the cobalt dispersion. However for Al2O3 supported catalysts, the 

zirconia addition increased the cobalt dispersion and decreased the reducibility of 

cobalt species.
[50]

 Zhang et al. found that the presence of small amounts of Mn 

improved the dispersion of the cobalt active phase and favored the formation of 

bridged-type adsorbed CO.
[51]

 A significant promoting effect of Mn was observed on 

titania-supported catalysts prepared by Morales and Weckhuysen.
[52]

 They reported 

that the extent of interaction between Mn and the active Co phase as well as the 

level of Mn dispersion over the TiO2 surface largely determine the enhancement of 

the selectivity in the Fischer-Tropsch Synthesis at pressures of 1 bar. According to 

Figure 8, single cobalt crystallites are formed after the reduction of the cobalt and 

manganese mixed oxide, and the resulting MnO or Ti2MnO species may act as 

spacers of the cobalt crystallites thus improving their dispersion on the support.  

 

Figure 8. Localization of cobalt and manganese species in TiO2-supported catalysts prepared 

via deposition-precipitation before and after reduction.
[52]

  

Other oxides have been evaluated as potential promoters of cobalt catalysts 

in FTS. For instance, Guerrero-Ruiz et al. found that cobalt and carbon supported 

ruthenium catalysts promoted with magnesium, vanadium, and cerium oxides 

enhanced the specific activity and selectivity for alkenes and long-chain 

hydrocarbons.
[53]
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Recently, boron was proposed as a promoter to enhance the stability of 

nickel catalysts during steam reforming 
[54]

 and cobalt catalysts during Fischer-

Tropsch Synthesis.
[55]

 For instance, Saeys and co-workers used density functional 

theory (DFT) to study the effect of boron in a cobalt catalyst. According to this 

study, boron atoms are thermodynamically stable at step and subsurface sites of a 

cobalt cluster under FT conditions. The calculations hence suggest that boron 

promotion can selectively block the deposition, nucleation, and growth of resilient 

carbon species. To evaluate the theoretical predictions, the authors tested a 

supported 20 wt % Co catalysts promoted with 0.5 wt % boron under realistic FTS 

conditions. Boron promotion was found to reduce the deactivation rate 6-fold, 

without affecting selectivity and activity.  

Conversely, other authors reported a negative effect on the catalytic 

performance of boron doped cobalt catalysts. For instance, for the CO hydrogenation 

reaction, Jinlin et al. reported that the introduction of 0.02-1.5% boron as H2BO3 

resulted in a decrease of the reducibility and the metal dispersion is a 10 wt% 

Co/TiO2 catalyst.
[56]

 As a consequence, the CO conversion and the overall 

hydrogenation rate decreased by the presence of boron, however addition of small 

amounts of B (0.1%) resulted in the increase of α, less CH4 production and the 

increase in the olefin to paraffin ratio. This last observation could suggest that in FT 

the detrimental effect of boron is more associated to the presence large excess of B, 

but in the right amounts it could exert a promotional effect in terms of selectivity.  

I.3.1.2. Deactivation of cobalt based catalysts 

On most cobalt catalysts, the FT reaction rates slowly evolve with the time 

on stream. Deactivation of a cobalt catalyst is usually a complex problem where 

several mechanisms contribute to the loss of activity/selectivity. Some of the main 

deactivation mechanisms for cobalt based FT catalysts are the following:  

 Poisoning: Sulfur and possibly nitrogen contaminants from syngas are 

reported to affect negatively the catalyst performance. Purification of the 

feed is thus vital for the process and the levels of sulfur should be kept 
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below 0.02 mg/m
3
. Other species like alkali metals, carbon or metal 

carbonyls were also hold responsible for catalyst poisoning.
[57]

 

 Sintering: Exothermicity of the reaction makes of the sintering a possible 

deactivation mechanism. Alumina appears to stabilize cobalt crystallites and 

make the catalyst more resistant against sintering. In addition, crystallite 

transformations may increase surface mobility and enhance the possibility of 

agglomeration.
[58]

 

 Carbon formation: Carbon species accumulates and physically block the 

surface or even strongly chemisorb on the catalytically active sites.
[59]

 

 Re-oxidation: Corresponds to the irreversible oxidation of small cobalt 

crystallites (less than 5nm) resulting in the catalyst deactivation. Several 

studies are proposing water-induced re-oxidation as a deactivation 

mechanism according to thermodynamic calculations.
[60]

 In contradiction, 

further reduction during FTS has been proposed as well.
[61]

  

 Metal–support solid state reactions: The formation of hardly reducible 

cobalt–support species has been claimed by several groups. It was also 

reported that water may promote this side effect.
[62]

 

Other deactivation mechanisms such as carbidization, surface 

reconstruction, leaching of active phase and attrition have been proposed for cobalt 

based FT catalysts.
[63]

 

I.3.1.3. Effect of water on cobalt based catalysts 

The effect of water on the performances of various cobalt catalysts for FTS 

was reviewed by Burtron and co-workers.
[64]

 According to this report, the effect of 

water on FTS is quite complex and depends on the support and its nature, Co metal 

loading, its promotion with noble metals, and preparation procedure. Among the 

reviewed data, the water effect has been reported as either negligible,
[65]

 negative,
[66]

 

or positive
[65]

. For instance, the addition of water revealed a positive effect on 

unsupported Co3O4 catalyst. In general, for silica, water effect is positive in terms of 
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higher CO conversion 
[67]

 whereas for alumina, the effect was negative.
[68]

 Finally, 

water had exert little or no impact for titania supported catalysts.
[69]

 

The effect of water on supported cobalt catalyst can be viewed as an 

oxidation process. The extent of oxidation is a function of cobalt crystallite size and 

the ratio of reactor partial pressures of hydrogen and water (PH2O/PH2). Generally, the 

negative effect of water is linked to the formation of inactive oxides of cobalt of 

highly dispersed phases or the formation of irreducible cobalt support compounds
[66]

 

resulting also in the sintering of the catalyst.
[70]

  

In contrast, the mechanism responsible for the positive effects of water is 

reported to facilitate intra-particle transport of syngas and hydrocarbons and affect 

the kinetics of reaction.
[71]

 For instance, water can lower the barrier of CO 

dissociation (according to the carbide mechanism, Figure 4) by direct interaction 

with co-adsorbed CO and inhibits the secondary hydrogenation of olefin products as 

a result of competitive adsorption of water molecules. 

I.3.1.4. Mass transfer limitations 

Transport of each species at the interface around the catalyst particle or 

between gaseous and liquid phases may also limit the activity and selectivity of FT 

catalysts. Yang and co-workers investigated the mass transfer limitations on fixed-

bed for Fischer–Tropsch Synthesis changing synthesis gas superficial velocity, 

catalyst pellet size, and catalyst amount. They reported that external mass transfer 

limitation by synthesis gas superficial velocity was important for hydrocarbon chain 

growth.
[72]

 For the case of the slurry reactors the presence of an additional liquid 

phase makes the mass transfer phenomena more complex. 

For the case of FTS where a bi-component gas mixture is used, the 

composition of CO and H2 should not necessarily be proportional in the gas phase 

and at the metal surface thus resulting in the unbalancing of the H2:CO which may 

potentially affect the selectivity in catalysis. The extent to which the performance of 

a slurry reactor is limited by gas-liquid mass transfer has been subject of discussion. 

Satterfield and Huff concluded that H2 mass transfer could definitely limit reactor 

productivity.
[73]

 Deckwer et al. disagreed with this conclusion and showed on the 
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basis on their own analysis that mass-transfer resistance is small compared to the 

reaction resistance.
[74]

  

Later, it was established that the significance of mass transfer depends 

heavily on the bubble size used in the calculation of the interfacial area.
[75]

 

Subsequently, T. Bell and co-workers analyzed theoretically the influence of mass 

transfer on the H2/CO ratio in the liquid phase of a slurry reactor used for Fischer-

Tropsch Synthesis.
[76]

 It was determined that even under circumstances where the 

gas-liquid mass-transfer resistance is a small fraction of the overall resistance, 

differences in the solubilities and diffusivities of H2 and CO can give rise to liquid-

phase H2/CO ratios which differ substantially from that of the gas fed to the reactor. 

The direction and magnitude of the change in the liquid-phase H2/CO ratio is 

dependent on the H2-CO consumption ratio, the interfacial area for mass transfer 

from the bubble phase, and the space velocity of the feed gas.  

I.3.2. Supported catalysts 

The goal of active phase deposition is to spread cobalt onto a support thus 

providing the precursors of cobalt metal clusters. While unsupported cobalt catalysts 

have been utilized in a few instances, the activity is generally low and the lifetime 

short. For this reason nowadays only supported catalysts have found use in 

commercial operations.
[46]

 In the following paragraphs, some of the main relevant 

methods of preparation for supported cobalt catalysts will be described and the 

possible influence of the support in FTS, discussed.  

I.3.2.1. Methods for the preparation of supported catalysts 

The catalytic performance of FT catalysts usually depends on the 

preparation method.
[4]

 The preparation of cobalt-supported catalysts involves several 

important parameters:  selection of the appropriate catalyst support, choice of the 

deposition method of the active phase (and catalyst promoters), and oxidative and 

reductive treatments.
[4]

 Among the methods reported for cobalt catalysts, some of 

the most widely used are: impregnation,
[77]

 deposition-precipitation
[78]

 and colloidal-

immobilization 
[79]

. 
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- Impregnation method 

Incipient wetness impregnation is the most common method to prepare 

cobalt-supported catalysts.
[80]

 Typically, a solution of cobalt salt (cobalt nitrate 

generally), is added over a dry support, and by capillarity, the cobalt solution is 

adsorbed inside the pores of the support (Figure 9). Although at first sight, the 

practical procedure of incipient wetness impregnation is simple, the fundamental 

phenomena underlying impregnation and drying are extremely complex. 

Reproducible synthesis of cobalt catalyst requires the careful control of all 

impregnation parameters:  temperature, rate of addition of the impregnating solution, 

temperature and time of drying, etc.  

 

Figure 9. Schematic representation of the preparation of supported cobalt catalyst by 

impregnation method.
[4]

 

- Deposition-precipitation method 

Using this technique, a solvated metal precursor is deposited exclusively 

onto the surface of a suspended support by the slow introduction of a precipitating 

agent, generally hydroxyl ions (Figure 10). With this method, the nucleation of the 

metal precursor in the bulk solution is avoided. Concerning the support, a fine and 

homogeneous phase can be obtained by involving surface OH groups of the support 

like is the case of silica. During the deposition, adsorption of the metal ions onto the 

support coincides with nucleation and growth of a surface compound, acting the 

support as a nucleating agent. Urea is frequently used as the source of hydroxyl ions 

since its hydrolysis slowly increases the pH of aqueous solutions. De Jong et al., 

CoX/Al2O3

Calcination

Co3O4/Al2O3.
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successfully applied this method in the preparation of highly dispersed Co/SiO2 

catalysts.
[78a]

 

 

Figure 10. Schematic representation of the preparation of supported cobalt catalyst by 

deposition-precipitation method  

- Colloidal-immobilization method 

Colloidal synthesis has been widely used as an efficient route to control 

metal particle size and shape, crystallinity and structure. Metal colloids displayed 

remarkable catalytic performance in a wide range of reactions.
[81]

 Metal hydroxides 

are also frequently deposited on solid supports as precursor of the corresponding 

metals after calcination and reduction processes. The immobilization of colloidal 

metal nanoparticles or hydroxides exhibits the advantage of the heterogenization of a 

“semi-homogenous” catalyst still maintaining the well-defined characteristics of the 

colloidal nanomaterials. This method consists in two basic steps:  

 

1. Preparation of metal or hydroxide NPs.  

2. Immobilization of the nanoparticles on the solid support 

Various approaches exist for the immobilization of metal or hydroxide 

colloids depending on the mechanism used to anchor the particles onto the support 

surface, such as the microemulsion destabilization,
[79a-c]

 direct colloidal deposition 

and coordination capture method
[79d,82]

.  

- Microemulsion destabilization: This technique has been widely used for the 

preparation of cobalt based catalyst for FTS since it enables the control of 
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metal particle size with a narrow particle size distribution.
[79a-c]

 The method 

consists of preparing two microemulsions:  the first microemulsion contains 

the cobalt salt encapsulated in droplets, and the second microemulsion 

includes the reducing agent or base (NaBH4, N2H4, NH3 etc.). Then the two 

microemulsions are mixed together, resulting in the reduction of the cobalt 

salt or formation of the hydroxide inside the micelles.
[83]

 Subsequently a 

selected support is added over the formed NPs and after the addition of a 

solvent (e.g. acetone) the microemulsion is destabilized thus depositing the 

metal particles on the support (Figure 11).   

 

Figure 11. Schematic representation of the preparation of supported cobalt catalyst by 

microemulsion-destabilization.
[84]

 

Other supports can be used with this methodology. For instance, Prieto 

reported the preparation of a series of zeolite supported cobalt catalysts 

(10%Co/ITQ-2) by combining a reverse micellar synthesis with a the ITQ-2 

zeolite. The catalysts displayed rather uniform Co particle size distributions 

in the 5–11 nm range.
[79b]

 More recently, other authors have prepared carbon 

nanotubes supported CoNPs for FTS using this approach.
[79a,79c]

  

- Direct colloidal deposition: This method consist in the direct addition of the 

solid support on a suspension of cobalt nanoparticles in a poorly dispersing 

solvent (Figure 12). The lack of interaction between the cobalt nanoparticles 

and the solvent in conjunction with the thermodynamically favored 

deposition of the particles on the support by the reduction of the metal 

Co3O4/Al2O3

calcination

Co2+
(ac) encapsulated

in micelles

Co(OH)2
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surface area, are the driving forces of this impregnation. Campbell and 

Sellers reported that when a particle adheres to a support without any change 

in the particle´s surface area, the system's total energy decreases.
[85]

 

 

Figure 12. Schematic representation of the preparation of supported cobalt catalysts by 

colloidal-immobilization method. 

- Coordination capture method: This method involves the capture of colloidal 

metal particles onto the surface of functionalized solids by ligand 

coordination (Figure 13). This method, however, suffers from the need for a 

series of complicated steps to prepare the functionalized support and has 

been mainly applied for the anchoring of noble metal nanoparticles such as 

Pt, Pd, Rh, Ir and Ru on Al2O3, MgO and PS.
[79d,82]

 

 

Figure 13. Schematic representation of the preparation of supported cobalt catalyst by 

coordination capture method. 

Co/Al2O3
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In a different approach, Wang et al. prepared cobalt nanoparticles supported 

by faujasite zeolites.
[86]

 Cobalt particles of ca. 20 nm were obtained after 

treatment of cobalt exchanged zeolite (Co
2+

-faujaiste zeolites) with sodium 

borohydride solution.  

 

Finally, it should be mentioned that other methods of preparation for cobalt 

catalysts such as co-precipitation method,
[87]

 sol-gel method,
[88]

 egg-shell method,
[89]

 

chemical vapor deposition
[90]

 and plasma methods
[91]

 have been reported. 

I.3.2.2. Influence of the support on cobalt based catalysts in FTS.   

The main role of the catalyst support is to disperse cobalt and produce stable 

metal particles after reduction. The performance of cobalt based catalysts are largely 

influenced by the properties of the support (external) and the derived metal/support 

interactions (internal).
[92]

 Externally, the solid support dissipate the heat released by 

the FT reaction and thus reduce a temperature gradient in fixed bed reactors.
[68b]

 

Also, the texture of the support modifies the diffusion of reagents and products 

inside the catalyst grains thus affecting the diffusion and capillary condensation of 

the reaction products in the catalyst pores. Therefore, narrow pores are more likely 

to be filled by liquid reaction products than wider ones.
[4]

 

Internally, the metal/support interactions can affect the reducibility of the 

catalyst and the dispersion. The support was also reported to affect the structure and 

electronic properties of small cobalt metal particles. For instance, Ishihara et al.
 

suggested that electron-donor supports could enrich in electron density the cobalt 

active phase thus resulting in the easy cleavage of the C−O bond of adsorbed carbon 

monoxide.
[93]

 It is important to consider that depending on the support nature, it 

could react with cobalt species forming cobalt−support mixed compounds. 

A large number of reports have focused on the effect of support in FTS.
[85,94]

 

Reuel and Bartholomew studied the catalytic activity of cobalt-based catalysts as a 

function of support and described the following order:  Co/TiO2 > Co/Al2O3 > 

Co/SiO2 > 100% Co > Co/MgO.
[94g]

 In contrast, negligible influence of the support 

on the selectivity to methane and C5+ were reported by Iglesia et al. at pressures 
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greater than 5 bar and high conversions. 
[94d]

 According to the authors, the slight 

differences observed in terms of C5+ are the reflect of transport-enhanced secondary 

reactions and not modifications of intrinsic chain growth kinetics due to the 

differences in dispersion between the different supports.  

For silica supported catalysts, it is well known that interaction between 

support and cobalt is relatively weak. This usually leads to better cobalt reducibility 

in comparison to Al2O3 supports.
[88,95]

 At the same time, cobalt dispersion is much 

lower in silica-supported catalysts than in alumina-supported ones, as a consequence 

of the lower interaction between cobalt and support.  

Cobalt reducibility is one of the most important problems of alumina-

supported cobalt FT catalysts. As counterpart of silica based catalysts, it is well 

known that cobalt oxide precursors strongly interact with Al2O3 support. As a result 

of this strong interaction, better cobalt dispersions and relatively smaller cobalt 

crystallites are obtained in alumina supports in comparison to silica.
[94c]

 

Nevertheless, chemical reaction of small cobalt particles (<10 nm) with the support 

may result in diffusion of cobalt active phase into alumina and formation of cobalt 

aluminate spinels, which are hardly reduced under typical activation procedures.
[96]

  

For TiO2 supported catalysts, several studies have pointed out the superior 

catalytic performance of Co/TiO2 catalyst compared to other oxidic supports.
[92,94g]

 

For instance, Ki-Won Jun and co-workers investigated the catalytic performance of 

Co/γ-Al2O3, Co/SiO2 and Co/TiO2 catalysts in a slurry-phase FTS. They observed 

that although Co/SiO2 catalyst exhibited higher CO conversion than the others, the 

intrinsic activity is much higher on Co/TiO2. This was explained by the large pore 

size of this support and the low deactivation of large cobalt particles by re-oxidation 

mechanism on TiO2.  

A drawback of oxide supports is their reactivity with cobalt, leading the 

formation of mixed oxides which are not active in FT synthesis. Carbon-based 

materials are an alternative to overcome these difficulties. Nevertheless, they are less 

stable than inorganic oxides and can gasify in the presence of hydrogen.
[97]

  

In the last years, carbon nanofibers (CNFs), carbon nanotubes 

(CNTs)
[28,79c,98]

 and very recently silicon carbide
[99]

 have been tested in FTS. 
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Recently, Xiog et al studied the effect on FTS of cobalt catalysts supported on 

different carbon based supports: CNFs, CNTs-inside (cobalt crystallites inside the 

fibers) and CNTs-outside (cobalt crystallites at the external surface of the fibers). It 

was observed that the Co/CNT-in exhibited the highest FTS activity. This was 

ascribed to a higher reducibility and an optimal dispersion for this catalyst, resulting 

from the interaction between cobalt and surface groups of carbon. The pore-confined 

Co/CNT-in catalyst was found to reduce easily and showed a higher reducibility in 

comparison to the Co/CNT-out catalyst. The enhancement in reducibility was 

ascribed to a pore confinement effect. Simultaneously, Co/CNT-in showed a higher 

FTS catalytic activity and this is proposed to result from the higher reducibility and 

dispersion.
[100]

  

In conclusion, the performances of cobalt based catalysts are largely 

influenced by the support since it can affect the dispersion and reducibility of the 

active phase as a consequence of the interactions between cobalt and the support.  

I.3.3. Unsupported catalysts: cobalt nanocatalysts 

Nowadays, nanoscience affords accurate control of size, shape and structure 

of materials at the nanometric scale.
[101]

 The ability to tune nanoparticles and 

compare series of materials prepared in a like manner provides a valuable way to get 

information about how catalytic systems work at a molecular and atomic level.
[102]

 

Nano-materials based catalysts have already afforded a number of insights into the 

fundamental chemistry that underlies the Fischer-Tropsch process.
[13a]

 Specifically, 

they have been used to show the importance of the cobalt particle size owing to the 

difficulty of reducing very small nanoparticles;
[103]

 the importance of oxide pore size 

in controlling growth and diffusion
[95b]

 and the likely role of hydrogen spill-over in 

the precious metal promotion that is widely used in commercial catalysts.
[104]

 

I.3.3.1. Synthetic methods for the preparation of CoNPs 

The methods used for the synthesis of M-NPs are commonly classified as 

“top-down” and “bottom-up” approaches.
[81]

 The top-down approach is subject to 

drastic limitations for dimensions smaller than 100 nm. This size restriction and the 
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high cost of this approach make the bottom-up approach the most promising 

strategy. The bottom-up approach consists in the synthesis of M-NPs starting from 

metallic molecules by “stabilization procedures”.
[105]

 In the line of the bottom-up 

approach, three main methodologies have been used for the synthesis of cobalt 

nanoparticles: chemical reduction, thermal decomposition and the organometallic 

approach.  

- Chemical reduction 

This synthetic method is the most commonly used and consists in the direct 

reduction of a cobalt salt using a suitable reducing agent in a solvated media (Figure 

14).
[81]

 Due to the relatively negative reduction potential of cobalt(II) (E0=-0.28 V), 

the use of strong reducing agents such as sodium borohydride, basic hydrazine, 

strong hydrides such as Li(C2H5)3BH or boiling alcohols are generally required to 

obtain the reduced metal colloid. Recently the use of a “noble metal-assisted” 

methodology allowed the synthesis of bimetallic Co-Pt NPs by simultaneous H2 

reduction of Co(acac)2 and K2PtCl4 in water under mild conditions.
[47c]

  

This methodology has the advantage of the generally easy implementation 

and the compatibility with a large variety of solvents and stabilizing agents. The 

disadvantage could rely on the involvement of “spectator-compounds” such as 

counterions which could coordinate the metal surface thus affecting the catalytic 

properties of the NPs.  

 

Figure 14. Synthesis of CoNPs by chemical reduction of cobalt chloride using NaBH4.  

- Thermal decomposition 

Several cobalt complexes (generally carbonyl based) in solution can be 

thermally decomposed to their respective zerovalent element (Figure 15). The 

coalescence of single cobalt atoms will end in the formation of metal clusters. The 
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size and shape of the resulted cobalt cluster has been demonstrated to be a function 

of the stabilizer and the synthesis conditions (temperature, solvent, cobalt 

concentration, etc.).
[47a,106]

 The main advantages of this method is that gram scale 

production of NPs can be achieved and the absence of additional compounds for the 

synthesis.  

 

Figure 15. Synthesis of CoNPs by thermal decomposition of Co2(CO)8.  

- Organometallic approach 

The organometallic approach to synthesize CoNPs through ligand 

displacement was developed by Chaudret and co-workers.
[107]

 Organometallic 

precursors can be decomposed by ligand displacement using H2 as a reducing gas. 

For instance, [Co(η
3
-C8H13)(η

4
-C8H12)],

[108]
 and Co[N(SiMe3)2]2

[109]
 complexes have 

been successfully utilized for the synthesis of CoNPs by H2 reduction via 

hydrogenolysis (Figure 16). The advantage of this methodology is the possibility to 

obtain CoNPs with clean surfaces by decomposition of organometallic precursors, 

usually low valence state organometallic complexes, under mild conditions. The 

disadvantage is the high cost and difficult synthesis of the metallic precursor and 

organic ligands.  

There exist other methodologies of synthesis of CoNPs such as microwave 

irradiation, photocatalytic decomposition among others.
[110]

 

 

Figure 16. Synthesis of CoNPs through the organometallic approach by hydrogenolysis of 

[Co(η
3
-C8H13)(η

4
-C8H12)].  
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I.3.3.2. Stabilizers used for the synthesis of CoNPs 

Generally, M-NPs are unstable with respect to agglomeration towards the 

bulk since at short interparticle distances and in the absence of any repulsive effect, 

the van der Waals forces will attract two M-NPs to each other favoring their 

agglomeration.
[111]

 Hence, it is necessary to use stabilizing agents to provide stable 

M-NPs in solution. Nanoparticles stabilization is usually discussed in terms of two 

general categories: (i) steric stabilization and (ii) electrostatic stabilization.  

 

 

Figure 17. Stabilization strategies of nanoparticles through: (a) steric repulsion and (b) 

electrostatic repulsion.
[112]

 

In the case of steric stabilization, organic molecules which present 

coordinating groups in its molecular structure can prevent M-NPs aggregation by 

providing a protective layer.
[81]

 In contrast with the electrostatic stabilization, which 

is mainly used in aqueous media, the steric stabilization can be used in organic or in 

aqueous phase. 

Electrostatic stabilization of M-NPs can be performed by ionic compounds 

such as halides, carboxylates, or polyoxoanions, in solution (generally aqueous).
[113]

 

The presence of these compounds and their related counter-ions surrounding the 

metallic surface will generate an electrical double-layer around the M-NPs which 

results in a Coulombic repulsion between the M-NPs. If the electric potential 

associated with the double layer is high enough, then the electrostatic repulsion will 

prevent particle aggregation. Finally, the electrostatic and steric stabilization can be 

combined to maintain M-NPs stable in solution. This type of stabilization is 
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generally provided by ionic surfactants, which contain a polar group able to generate 

an electronic double layer and a lipophilic side chain able to provide steric 

repulsion.
[81]

 

According to the respective stabilization category three main groups of 

stabilizing agents have been applied for the synthesis of CoNPs: polymers, ionic 

liquids and surfactants:
[114]

  

- Polymers 

The stabilization of CoNPs by polymers, and in particular 

polyvinylpyrrolidone (PVP), has been largely described since this stabilizing agent 

is non-toxic and soluble in many polar solvents.
[115]

 Some structures of polymers 

used as stabilizing agents in the synthesis of CoNPs are displayed in Figure 18. 

 

Figure 18. Polymers used as stabilizing agents in the synthesis of CoNPs.
[114]

 

Metin et al. reported the synthesis of CoNPs of 7.2 ± 2.1 nm stabilized by 

PVP K-30 by NaBH4 reduction of CoCl2.6H2O in methanol solution.
[116]

 Kou and 

co-workers reported the synthesis of water-soluble Co-NPs (ca. 3-5 nm) stabilized 

by PVPK-30 using Co(OAc)2 as cobalt precursor,  NaBH4 as reducing agent in 

water,
[47c,117]

 or polyethyleneglycol (PEG200)
[118]

 as solvent. The same author also 

prepared CoNPs of ca.15-30 nm by thermal decomposition of Co2(CO)8 using a 
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modified C8-PVP as stabilizer in toluene or squalane.
[47d]

 The synthesis of CoNPs of 

5.3–6.3 nm stabilized by microcrystalline cellulose (MCC) matrix was carried out 

by reduction of Co(AcO)2 and CoSO4 using NaH2PO2 as reducing agents.
[119]

 Co-

NPs were also synthesized by thermal decomposition of Co2(CO)8 in the presence of 

end-functional polystyrene bearing either amine (PSt-NH2), carboxylic acids (PSt-

COOH) or phosphine oxide (PSt-Dioctylphosphine oxide, DOPO) ligating 

moieties.
[120]

 The resulting PSt-CoNPs displayed a wide range of mean diameters 

(between 18 and 43 nm) and showed organization of dipolar colloids into extended 

nanoparticle chains. The formation CoNPs of 13 nm stabilized by block copolymer 

poly-(ethylene glycol)-block-poly(propylene glycol)-block-poly-(ethylene glycol) 

(PEG-b-PPG-b-PEG), a biocompatible amphiphilic polymer, was carried out by 

solvothermal treatment of ethylene glycol solution of CoCl2.
[121]

 These Co-NPs 

could be dispersed in polar and nonpolar solvents. Chaudret and co-workers reported 

the synthesis of Co-NPs by decomposition of [Co(C8H13)(C8H12)] under 3 bar H2 at 

60 ºC. They obtained CoNPs of 1.5–2.0 nm and 4.0 nm using as stabilizers PVP K-

30 and poly(2,6-dimethyl-1,4-phenyleneoxide) (PPO), respectively.
[108]

 

- Ionic liquids 

Dupont and co-workers have reported the synthesis of CoNPs by thermal 

decomposition of Co2(CO)8 dissolved in different imidazolium cations (1-n-butyl-3-

methylimidazolium [BMI], 1-n-decyl-3-methylimidazolium [DMI]) and anions 

(hexafluorophosphate [PF6], N-bis(trifluoromethanesulfonyl)-imidate [NTf2], 

tetrafluoroborate [BF4] and trifluoro-tris-(pentafluoroethane) phosphate [FAP]) as 

stabilizing agents (Figure 19).
[47a,106b]

 The authors observed that using [DMI][NTf2] 

as stabilizing agent, CoNPs with a binomial size distribution were formed (79

± 17 nm and 11±3 nm, respectively).
[47a]

 Using [DMI][FAP], CoNPs of 53±

22 nm were obtained after 5 min and longer reaction times (ca. 300 min) produced 

CoNPs of 5.5 ± 1.1 nm. Interestingly, smaller CoNPs with irregular shape were 

obtained using [DMI][BF4] and [BMI] based ILs associated with NTf2, FAP, and 

BF4 ions.
[106b]
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Figure 19. Structures of ions from ionic liquids used in the synthesis of CoNPs. 

Very recently the same author reported the synthesis of bimetallic Co/Pt-

NPs of 4.4±1.9 nm by reaction of Co(Cp)2 and Pd2(dba)3 complexes in [BMI][PF6] 

at 150 °C under hydrogen (10 bar) for 24 h. They proposed that these bimetallic NPs 

displayed a core–shell like structures in which mainly Pt composes the external shell 

and its concentration decreases in the inner-shells (CoPt3@Pt-like structure).
[47b]

 

Other authors such as Vollmer et al synthesized CoNPs of 5.1, 8.1 and 14 nm by 

decomposition of the Co2(CO)8 in presence of [BMI][BF4] using microwave 

irradiation, photocatalytic treatment and thermal treatment at 100 ºC 

respectively.
[110]

 

- Surfactants 

Water soluble CoNPs of 4 and 7.5–9.0 nm were synthesized by 

NaBH4 reduction of CoCl2 at room temperature in presence of the surfactants, di-

dodecyl-di-methylammonium bromide (DDAB)
[122]

 and of dodecyl-N,N-di-methyl-

3-ammonio-1-propanesulfonate (SB12).
[123]

 CoNPs of 6.4 nm with a polydispersity 

of 21% were formed by NaBH4 reduction at room temperature of [Co(OAT)2] 

(OAT = (2-ethylhexyl)sulfosuccinate). The sodium (2-ehtylhexyl)sulfosuccinate 

formed during the reaction is a surfactant that acts as stabilizing agent.
[124]

 The 

structures of surfactants used in the synthesis of CoNPs are displayed in Figure 20. 
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Figure 20. Surfactants used as stabilizing agents in the synthesis of Co-NPs.
[114]

 

I.3.3.3. FTS catalyzed by colloidal NPs 

Currently,  the control of the selectivity is one of the main goals in FT 

investigation.
[125]

 In this context, the use of unsupported nanoparticles is of high 

interest as they mimic metal surface activation and catalysis at the nanoscale, and 

can shed some light on the role of the support during catalysis.
[126]

  

I.3.3.3.1.   FTS catalyzed by colloidal CoNPs 

Up to date, the research in the field of FTS catalysed by colloidal CoNPs has 

been mostly developed in the groups of Kou and Dupont.
[47b,47c,127]

 The first study 

concerning the application of colloidal CoNPs in the FTS was reported by Kou and 

co-workers and dealt about the one-pot synthesis of 2-alkyl dioxolanes under FT 

conditions.
[117]

 According to this report, colloidal NPs of Ru, Fe, Ni, and Co resulted 

active in the production of a mixture of 2-alkyl-dioxolanes and hydrocarbons when 

FTS was carried out using ethylenglycol as solvent. From these metals, RuNPs 

resulted to be the most active and selective catalyst towards the oxygenated products 

(1.5 molCOmolRu
-1

h
-1

 and 67 wt% oxy-sel.). Although the CoNPs were less active 

than Ru, higher hydrocarbon selectivities were obtained for the former metal (0.07 

molCOmolCo
-1

h
-1

 and 69 wt% HC-sel.). Figure 21 summarises the methodology of 

synthesis of the Co and RuNPs and their corresponding product selectivities 

observed in catalysis.  

Insights into the mechanistic aspect of the reaction were obtained by means 

of experiments consisting in the addition of aldehydes or alkenes to the reaction 

media. With these experiments it was proposed that the hydroformylation of the 

olefin with syngas could be involved in the production of dioxolanes. In relation to 
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this finding, the same author previously demonstrated the hydroformylation of 1-

hexene catalyzed by cobalt nanoparticles also synthesized by a similar synthetic 

route.
[128]

 

 

Figure 21. Preparation of Co and RuNPs for the synthesis of 2-alyl dioxolanes and 

hydrocarbons from ethylenglycol and syngas. 

In a posterior study, Kou reported an activity of 0.12 molCOmolCo
-1

h
-1 

at 

170ºC in the aqueous phase Fischer-Tropsch Synthesis (AFTS) using CoNPs 

synthesized by the same chemical reduction using sodium borohydride in water.
[118]

 

In this case, PVP-K30 was used as stabilizer during the synthesis of the CoNPs, 

however no additional information regarding size of the NPs nor the product 

selectivity in catalysis was given. Recently, Kou and co-workers reported the use of 

cobalt/platinum alloy nanoparticles stabilized by PVP as catalysts of the AFTS 

(Figure 22).
[47c]

 

 

 

 

 

 

Figure 22. Synthesis of bimetallic Pt-Co and monometallic CoNPs and their catalytic 

performances in the AFTS. 

  Selectivity, wt%  

Catalyst Activity  
(molCOmolCo

-1
h

-1
) CO2 CH4 C2+ α 

10% Pt-Co NPs 1.1 2 11 87 0.8 

CoNPs 0.09 5 33 62 0.6 
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According to this report, TOF up to 1.1 molCOmolCo
-1

h
-1

 with a growth factor 

(α) of 0.8 was obtained at 160ºC, in contrast to the lower values observed for the 

monometallic NPs (0.09 and 0.6 respectively). Based on DFT calculations, the 

authors proposed that the outstanding activity in the former case was rationalized by 

the formation of stained Co layers on Pt or Pt-Co alloy NPs. As a result, these 

structures would improve the overall energetics and kinetics by forming favourable 

transition states (TSs) due to the lattice expansion of the supported Co layers. 

More recently, Wang and Kou, tested in the AFTS Co nanoparticles 

prepared by chemical reduction of cobalt salts using two different reducing agents, 

LiBEt3H and NaBH4 (Figure 23).
[129]

 In fact both NPs were completely different 

from the synthetic point of view since not only different reducing agents but also 

different stabilizing agents and solvents where used for the synthesis 

(NaBH4/PVP/water vs. LiBEt3H/THF/SB3-12). Better catalytic performances in 

terms of activity and selectivity were obtained for the NPs synthesized with LiBEt3H 

(0.27 vs. 0.1 molCOmolCo
-1

h
-1

). Analysis of the fresh and used catalysts by XRD, 

TEM and ICP demonstrated relevant differences in size, structure and composition 

of the initial catalyst, suggesting the reconstruction of the NPs during the reaction. 

 

 

 

 

Figure 23. Synthesis of CoNPs using NaBH4 or LiBEt3H as reducing agent, and their 

catalytic performances in the AFTS.  

The differences in activity were interpreted in terms of the B-doping 

occurred during the synthesis of the NPs, which is intrinsic to the use of boron based 

reducing agents. According to the authors, the higher activity observed for Co-

LiBEt3H catalyst resulted from the lower boron content (Co/B atom ratio, 2 vs. 0.2) 

  Selectivity, wt%  

Catalyst Activity  
(molCOmolCo

-1
h

-1
) CO2 CH4 C2+ α 

Co-NaBH4 0.10 7 40 53 0.6 

Co-LiBEt3H 0.27 8 29 63 0.7 
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considering that the presence of boron reduces the activity and reducibility of the 

catalyst. 

The application of other colloidal Co nanocatalysts in FTS have been 

reported in non aqueous solvents such as ionic liquids,
[47a,47b,106b]

 squalane,
[47d]

 and 

polyethyleneglycol,
[118]

 nevertheless in most the cases, low activity and/or 

agglomeration issues were described.  

Dupont and co-workers have reported the synthesis of cobalt nanocubes and 

nanospheres by thermal decomposition of Co2(CO)8 in ionic liquids and evaluated 

their catalytic activity in FTS. The size, shape and structure of the nanomaterials 

varied as a function of the ionic liquid used for the synthesis of the catalysts; cobalt 

nanocubes (54 ± 22 nm, Co ε-phase) or nanospheres (7.7 ± 1.2, Co-fcc) were 

obtained when [DMI][NTf2]
[47a]

 or [BMI][NTf2]
[106b]

 were used as solvent 

respectively. In catalysis, a higuer TOF was observed with the spheric CoNPs in 

comparison to the nanocubes (0.26 vs. 1.17x10
-5

 molCOmolSuf-Co
-1

h
-1

).  

 

Figure 24. Synthesis of cobalt nanocubes and NPs by thermal decomposition of Co2(CO)8 in 

IL and, and their catalytic performances in the AFTS.  

Interestingly, the hydrocarbons formed in the FTS using cobalt nanocubes 

prepared in [DMI][NTf2] showed a monomodal hydrocarbon distribution centered at 

C12, which is quite different from the bimodal distribution (centered at C12 and 
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C21) obtained with cobalt nanoparticles prepared in [BMI][NTf2]. The authors 

speculated that these differences were related not only to the different particle-size 

distribution, but also to the presence of different active sites, that is, the Co-fcc 

phase in [BMI][NTf2] and ε-phase in [DMI][NTf2]. A summary up to date of reports 

concerning colloidal cobalt nanoparticles applied in the FTS is displayed in Table 2. 

 

 

Table 2. Catalytic activity and/or surface-specific activity (TOF) of colloidal Co 

nanocatalysts reported in literature for the liquid phase FT synthesis.  
Catalyst synthesis Size/shape of 

CoNPs 

FT conditions Activity 

(molCOmolCo
-

1h-1) 

α Ref. 

a) CoCl2 , SB3‐12, 

LiBEt3H, THF, rt.  

b) Co(OAc)2, PVP, 

NaBH4, water, rt. 

a) 8.3 ± 2.0 

b) 14 ± 6 nm 

30 bar (CO:H2:Ar = 

32:64:4), 24-48h, 

water, 130-170 ºC 

a) 0.27  

b) 0.10  at 

170ºC 

0.70-

0.62 

[129] 

Co(acac)22H2O , 0.1 

K2PtCl4 , PVP, H2, 

water, 60ºC, 4h 

2.9-3.5 nm 30 bar (H2:CO, 2:1), 

12-36h, water PVP sln 

(PVP:Co, 5:1), 130-170 

ºC 

(1.1 at 160 ºC, 

TOF) 

0.8 [47c] 

Co(OAc)2, PVP, 

NaBH4, water, rt. 

5 nm 30 bar (H2:CO, 2:1), 

12-36h, water PVP sln 

(PVP:Co, 5:1), 130-170 

ºC 

0.08 (130 ºC) 

0.09 (150 ºC) 

0.12 (170 ºC) 

 [118] 

Co(OAc)2, PVP, 

NaBH4, PEG 200, rt. 

 30 bar (H2:CO, 2:1), 

12-36h, PEG 200, 150 

ºC 

0.030  [118] 

Co(OAc)2, PVP, 

NaBH4, water, rt. 

 45 bar (H2:CO, 2:1), 6-

12h, ethyleneglycol, 

130 ºC 

0.070  [117] 

Co2(CO)8, C8-PVP, 

toluene, 110ºC. 

 30 bar (H2:CO, 2:.1), 

12-36h, squalane, 150-

200 ºC 

0.2 (150 ºC) 

0.7 (185 ºC) 

1.3 (200 ºC) 

 [47d] 

Co(Cp)2, Pd2(dba)3, 

H2, heating, 

[BMI][PF6] 

    [47b]
 

Co2(CO)8, 

[DMI][NTf2], 150ºC, 

1h.  

53 ±22 nm, 

nanocubes 

(Co-ε phase) 

20 bar 

(H2:CO, 2:.1), 

[DMI][NTf2], 20h, 

210 ºC 

(1.17x10-5, 

TOF) 

0.75 [47a] 

Co2(CO)8, 

[BMI][NTf2], 150ºC, 

1h.  

7.7 ± 1.2 nm, 

spherical (Co-

fcc) 

20 bar 

(H2:CO, 2:.1), 

[BMI][NTf2], 20h, 

210 ºC 

0.021 0.90 [106b] 
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Very recently, Dupont and co-workers reported the synthesis of bimetallic 

Co/Pt NPs in [BMI][PF6] and its application in the FTS.
[47b]

 The nanoparticles were 

synthesized by an organometallic approach using [bis(cylopentadienyl)cobalt(II)] 

and [tris(dibenzylideneacetone) bisplatinum(0)] as metal precursors and hydrogen as 

reducing agent. The authors proposed for these bimetallic NPs a core–shell like 

structure in which mainly Pt composes the external shell and its concentration 

decreases in the inner shells (CoPt3@Pt-like structure). The isolated bimetallic NPs 

resulted active catalysts for the Fischer–Tropsch Synthesis, with selectivity for 

naphtha products.  

The synthesis of CoNPs by thermal decomposition of Co2(CO)8 was also 

reported by Kou and co-workers but using a modified lipophilic C8-PVP stabilizing 

agent and squalane as solvent.
[47d]

 The resulting CoNPs showed a size of 3.54 ± 1.63 

nm and a FT activity of 0.022 molCOmolCo
-1

h
-1

.  

I.3.3.3.2.   FTS catalyzed by colloidal Ru and FeNPs 

- RuNPs 

The first report of the aqueous phase FT synthesis (AFTS) concerned the use 

of PVP stabilized ruthenium NPs as catalysts.
[130]

 RuNPs were synthesized in water 

by hydrogenation of RuCl3 in presence of PVP-K30 as stabilizing agent. The particle 

size of the RuNPs was modulated between 1.6 and 4.5 nm through the seeded 

growth method, and the series tested in the AFTS (Figure 25). Surprisingly, the Ru 

nanocatalysts with 2.0 nm diameter exhibited the highest activity of the series; 

however, no explanation of this unusual behaviour was given. The structure 

sensitivity of PVP stabilized RuNPs in the AFTS has been also reported by 

Claver
[127]

 and Hensen.
[131]

  

In more recent publications, several parameters such as the nature of the 

reducing agent, the PVP:Ru molar ratio, the effect of ionic additives,
[132]

 the 

temperature,
[133]

 and the effect of the stabilizer
[134]

 have been studied for the 

ruthenium catalytic system. Concerning the reducing agent, more active RuNPs 

were obtained when H2 was used in comparison with those prepared using NaBH4. It 
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was proposed that cleaner surfaces free of ions or deposits (which could potentially 

block active sites) are obtained with the former methodology.
[132]

  

 

Figure 25. Synthesis of variable size RuNPs through the seeded growth method, and their 

catalytic performances in the AFTS.  

Hensen and co-workers studied the effect of the reaction temperature on the 

selectivity in the AFTS catalyzed by RuNPs. According to this report, an 

unprecedented oxygenate selectivity was observed at low temperature (up to 70% at 

125ºC).
[133b]

 The authors proposed that at these temperatures, the termination 

through the CO insertion FT mechanism (See section I.2.2.) becomes important due 

to the higher CO coverage (favored also at low temperatures), thus resulting in a 

higher oxygenate selectivity, particularly aldehydes. Burtron and co-workers 

recently corroborated these observations obtaining high oxygenate selectivity in the 

AFTS catalyzed by RuNPs when operated at low temperature.
[135]

  

The nature of the polymeric stabilizers also influences the catalytic behavior 

of NPs during the AFTS. Recently, the catalytic performance in the AFTS of lignin 

stabilized RuNPs was investigated in our group.
[127]

 It was observed that PVP 

stabilized RuNPs were more active and selective towards hydrocarbons compared to 

those stabilized by lignins, indicating that the nature of the stabilizing polymer does 
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affect the catalytic performance in AFTS and strongly influenced the production of 

CO2 by WGS reaction.  

Hensen and co-workers tested RuNPs (supported on carbon nanotubes) 

stabilized with trimethyl(tetradecyl)ammonium bromide (TTAB), 

polyvinylpyrrolidone (PVP), and sodium 3-mercapto-1-propanesulfonate (SMPS) in 

the AFTS (Figure 13). The activity in the FT reaction increased in the order: Ru-

SMPS≪Ru-PVP<Ru-TTAB<Ru.
[134]

 It was proposed that the activity in catalysis 

was inversely proportional to the interaction strength between the metal surface and 

the ligand. Therefore, a stabilizing agent with an excessive affinity to the metal 

surface could block active sites thus reducing the catalyst activity.  
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Figure 26. Synthesis of Ru/CNF catalyst with deposited stabilizing agents, and their 

catalytic performances in the AFTS.  

- FeNPs 

Although iron is much cheaper and environmentally friendly than ruthenium 

and cobalt, FeNPs are not stable in water.
[136]

 In addition, considering that under 

typical FT conditions, iron is transformed into iron carbide, oxidation of this carbide 
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by water to form Fe3O4 may occur at low water partial pressures.
[18]

 Under these 

considerations, solvents with the proper reduction ability to stabilize metallic state of 

iron nanoparticles (or iron carbide) have been applied such as ethylenglycol
[117]

 and 

polyethylenglycol.
[118]

 Kou and co-workers reported the use of FeNPs dispersed in 

polyethylene glycol (PEG200) in the Fischer-Tropsch Synthesis under mild 

conditions (150 °C, 2.0 MPa H2, 1.0 MPa CO) with an activity as high as 1.5 

molCOmolFe
−1

h
−1

. The hydrocarbon products were insoluble in PEG, making them 

easily separable from the reaction mixture as depicted in Figure 27. 

 

Figure 27. Synthesis of FeNPs in ethylene glycol, and their catalytic performances in the 

FTS in PEG 200. 

In a previous report, the same author also used iron nanoparticle for the one-

step synthesis of 2-alkyl-dioxolanes from ethylene glycol and syngas.
[117]

 The 

catalyst exhibited high activity and selectivity towards dioxolanes (0.58 

molCOmolFe
−1

h
−1

 and 68 wt% sel.).  

In this context the work described in the following chapters deals with the 

study of cobalt nanoparticles prepared by colloidal methods as nanocatalysts of the 

Fischer-Tropsch Synthesis. We investigated the correlation between the size, 

structure, and composition of the CoNPs with the observed performance in catalysis.  
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The aim of this thesis is to study the catalytic performance of cobalt nanoparticles 

prepared by colloidal methods in the Fischer-Tropsch Synthesis. The principal 

objective is to gain understanding on the effect of catalyst modification and reaction 

conditions in order to design more efficient cobalt FT catalysts. The effect of the 

NPs size, solvent and stabilizing polymer, were particularly looked at.  

The specific objectives classified by chapters can be summarized as follows:  

Chapter IV. 

 Evaluation of the catalytic performance of in-situ prepared NPs and isolated 

NPs in the aqueous phase Fischer-Tropsch Synthesis (AFTS).  

 Study of the pH effect of the aqueous media in the activity and selectivity of 

the CoNPs.  

Chapter V. 

 Evaluation of the effect of the addition of co-solvents such as hydrocarbons 

and alcohols in the AFTS catalyzed by colloidal cobalt nanoparticles.  

 Study the effect of the composition of heptane/water mixtures used as 

solvent in the AFTS. 

 Optimization of the hydrocarbon co-solvent in the AFTS from a series of 

linear alkanes.  

 Evaluation of the FTS using linear alcohols as reaction solvent.  

 Study the effect of the composition of ethanol/water mixtures used as 

solvent in the AFTS. 

Chapter VI.  

 Study of particle size effects in the Fischer-Tropsch Synthesis catalyzed by 

cobalt nanoparticles. 

 Comparison between colloidal and supported catalysts to elucidate the 

possible influence of the support on catalysis.  
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Chapter VII.  

 Study of the effect of the polymeric stabilizer on the catalytic performance 

of cobalt nanoparticles in the FTS. 

 Comparison between the colloidal and supported catalysts to elucidate the 

possible influence of the stabilizing polymer in both catalysis systems and 

the possible interaction with the support.  
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III.1. Experimental set-up for catalytic tests using unsupported, colloidal 

catalysts 

III.1.1. Description of the Stirred Tank Reactor (STR)  

The experimental set-up used for the Fischer-Tropsch catalytic experiments 

using unsupported colloidal nanoparticles as catalysts is schematized in Figure 1. 

 

Figure 1. Schematic representation of the experimental set-up. (1) CO, H2 and Ar mass flow 

controllers;(2) Independent gas supply; (3) Gas entry; (4) Stirrer; (5) Shaft; (6) Impeller; (7) 

Liquid sampler; (8) Thermocouple; (9) Heater; (10) Thermostated line; (11) Pressure 

transducer; (12) Electronic pressure valve; (13) Line to GC; (14) Vent; (15) Evacuation 

valve; (16) Autoclave´s vessel; (17) Autoclave´s head; (18) Baffle bar.  

As displayed in Figure 1, the set-up includes a 100 ml stirred tank reactor 

(STR, EZE Seal 100ML, Autoclave Engineers) connected online to a GC-

TCD/MSD (Agilent 7890 MSD 5975). The autoclave was supplied by H2 (99.999 

%), CO (99.997 %) and Ar (99.999 %) by using mass flow controllers (1) (MFCs: 

Bronkhorst F-201CV) connected independently to the corresponding bottle. Argon 

was used for the autoclave’s purge cycles. An additional gas supply (2) was located 
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between the mass flow controllers (MFCs) and the reactor vessel, for the cases when 

independent gas supply were necessary (gas blending of stock gas mixture, gas 

solubility measurements, etc). The gases entered to the autoclave through (3). The 

stirring system was comprised by a Magnedrive
®
 (MAG075) (4) which allowed the 

stirring control from 0-1300 rpm, a shaft (5) and impeller (6) provided with the 

Dispersimax
TM

 technology. According to the specifications, this system allowed the 

gas to be drawn down the superior hollow shaft (Figure 2b) and promote a positive 

flow through the hole in the impeller for dispersion, thus offering an effect of re-

circulating the gas again down the shaft. A liquid sampler (7) was also available. 

The temperature was controlled within the autoclave by communication of the 

internal thermocouple (type K) (8) and the external heater (9). To avoid 

condensation of reaction products during experiments, the tubing that connected the 

autoclave to the pressure valve was thermostated to the reaction temperature (10) 

using a wire resistance. During the catalytic experiments the pressure was 

maintained to the set value through a micrometric electronic pressure valve (12) 

communicated to a pressure transducer (11). The autoclave was connected online to 

a GC through (13) for gas analysis, but normally during reactions the overpressure 

inside the autoclave was released through (14) for extraction in the fumehood. 

Finally, the autoclave contained an evacuation valve (15) directly attached to the 

reactor vessel which allows the manual release of gases. 

All the connections of this set-up used stainless steel tubing of 1/8 o.d. The 

MFCs, the stirring and pressure systems as well as the temperature system were 

controlled by three analogous control units commercialized by PID Eng&Tech. 

These units were also connected to a PC through an Ethernet cable and were 

managed from the control software, Process@ (PID Eng&Tech, Iberfluid). This 

software allowed the continuous acquisition of the different reaction parameters 

(temperature, pressure, stirring rate, MFCs flow) during the experiments. 

A picture of the experimental set-up described above and the internal view 

of the autoclave is displayed in Figure 2a and b respectively.  
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a) 

 

b) 

 

Figure 2. (a) Photograph of the experimental set-up used in the Fischer-Tropsch catalytic 

experiments. (b) Internal view of the autoclave. In arrows indicated the Dispersimax system. 

Numbers referred to Figure 1. 

III.1.2. Fischer-Tropsch catalytic experiments  

Detail of the procedures involved in the performing of a FT experiment will 

be described according to the following sections:  

- Charge of catalytic mixture 

- Purge and charge of gases 

- FT experiment 

- Finish of the experiment and analysis of the gas and liquid phases 

Charge of catalytic mixture 

Fischer-Tropsch reactions using the colloidal catalysts were carried out in a 

100 ml stainless steel autoclave operated in batch mode. A suitable amount of 

isolated CoNPs (ca. 0.60 mg corresponding to ca. 1 mmol of Co) were re-dispersed 

in 66 ml of water, and placed inside a Teflon liner in the autoclave. Then, the 
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autoclave´s vessel (16) is attached to the head (17) by adjusting the hexagonal 

screws (always in crossed order) using a dynamometric ratchet calibrated at 20 Nm.  

Purge and charge of gases 

Since the internal pressure of the autoclave is controlled automatically by 

the Process@ software, before of the autoclave pressurization, the pressure set value 

should be set at a superior value of the total working pressure (30 bar for typical 

catalysis). Then a pressure of 40 bar is set to avoid undesired releases while the 

autoclave is charged with gases, as depicted in Figure 3 by arrows. It is noteworthy 

that the check box of “Manual” (indicated by arrows in the zoom) must be always 

unchecked in concordance with the automatic pressure mode, otherwise the 

autoclave will behave as a completely closed system without regulating the pressure 

to the set value.  

 

Figure 3. View of the Process@ software for the setting of pressure in automatic mode.  

Next, the autoclave purge is performed by closing the evacuation valve (15) 

and opening the gas entry (3), then the Ar-MFC is fully opened (200 μl/min). During 

the purges the autoclave is stirred at 1000 rpm to enhance the exchange of gases 

with the solvent. When the system reached 10 bar, the gas entry (3) is closed and the 

evacuation valve (15) opened to evacuate to a minimal pressure of 1 bar, then the 
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purge and evacuation cycle is repeated two times more to ensure complete purging 

of the system with Ar. During the gas release of the last purge cycle the Ar-MFC 

valve is closed and the evacuation valve (15) is closed too when the Ar pressure 

drop to 1.5 bar.  

Subsequently, the CO-MFC valve is opened and the flow rate set at 500 

μl/min till the pressure increased to 11.5 bar, then the corresponding MFC valve is 

closed. Later, the H2-MFC valve is opened and the flow rate set at 1500 μl/min till 

the pressure increased to 31.5 bar (thus resulting in a H2:CO ratio of 2), then the 

corresponding MFC valve is closed. Finally, the gas entry valve (3) is closed and the 

system leaved some minutes to check the stability of the pressure. The variation of 

the pressure during the purge and charging process is easily followed with the 

acquired pressure values (in blue color) as depicted in Figure 4. In this plot, the 

periods of Ar, CO and H2 flow are indicated by gray, orange and pink color 

respectively. In Figure 4 is appreciated the three initial purge cycles with Ar 

followed by the CO and H2 charge and finally the stabilization time prior to 

catalysis.  

 

Figure 4. View of the Process Value Graph of a typical purge and charge experiment as 

displayed in the ExperimentViewer software.  

FT experiment 

Once the autoclave is charged with the syngas mixture and the pressure 

(31.5 bar) is stable for several minutes, the catalytic experiment can start. For this 

Ar purge x3 CO H2

P
re

s
s

u
re

, 
b

a
r

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



 

CHAPTER III 

62 

 

purpose, several parameters are modified simultaneously to the reaction conditions, 

using a session table. A session table consists in a series of consecutive events 

named “Sessions” executed automatically by the Process@. Each “Session” 

overwrites the values of the control parameters set in previous Session. As displayed 

in a typical Session table used in catalysis (Figure 5), Session 1 set the different 

temperature values for the reactor (T VASIJA=180ºC), the thermostated line (T 

LINEA=180ºC) the heater (ALARMA=273ºC), pressure (PRESION=31.5bar) and 

stirring rate (AGITACION=1000rpm). Session 2, only prolongs during 13h the 

values set in the previous. Session 3, turns off the heating of the autoclave 

(ALARMA=0ºC, T VASIJA=180ºC) and one hour after, Session 4 turn off the 

thermostated line (T LINEA=180ºC). Finally, Session 5 turn off the stirring 

(AGITACION=0).  

 

Figure 5. Session table used for the control of parameters of a typical catalytic experiment. 

Conditions: 0.99 mmol Co, 31.5 bar (H2:CO:Ar = 2:1:0.15), 180 ºC, 12h.  

A typical view of the evolution of the different parameters (pressure and 

temperatures) during a catalytic experiment is displayed in Figure 6. According to 

this, the system requires ca. 1 h to reach the desired temperatures (in red color, T 

VASIJA), for that reason the heating time was set to 13 h, thus resulting in an 

effective time of catalysis of 12 h approximately. Also is appreciated the oscillation 

of the heater temperature (in black color, T ALARMA, also indicated by arrows), in 
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order to adjust the set temperature in the autoclave. It is also noteworthy that the 

pressure drop at the end of the reaction is of ca. 2-3 bar in general for the 

experiments carried out using water as solvent.  

 

Figure 6. View of the Process Value Graph of a typical catalytic experiment as displayed in 

the ExperimentViewer software. Conditions: 31.5 bar (H2:CO:Ar = 2:1:0.15), 180 ºC, 12h. 

End of the experiment and analysis of the gas and liquid phases 

As commented above, after the completion of the reaction, the heating is 

automatically turned off and the system is cooled by the effect of the ambient. Once 

the internal temperature of the autoclave reaches 40 ºC or less the gas phase can be 

injected to the GC-TCD. The values of pressure and temperature of the reactor just 

before the gas analysis are registered for the posterior calculations of the moles of 

gas using the ideal gas law.  

For analysis of the gas phase, firstly the three way valve located after the 

electronic pressure valve must direct the gas flow to the GC. Subsequently, the 

pressure is set to a value inferior to the present value. For instance, the experiments 

in water usually resulted in a pressure of ca. 18 bar, at room temperature after 

catalysis. Then the pressure is set to 10 bar, in consequence the 8 bar of excess are 

released by the electronic pressure valve to the GC. Generally, the tubing which 

communicates the autoclave with the GC is purged a few seconds before the 

injection. The bridge which communicates the autoclave is depicted in Figure 7. 
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Figure 7. Valve array located outside the fumehood used for gas injection to the GC-TCD.  

Following this procedure, the gas phase is analyzed twice to confirm the 

analysis, for instance at 12 and 6 bar. If significant differences are encountered, a 

third injection is carried out.  

After analysis of the gas phase, the autoclave is finally evacuated using (16) 

and opened. The catalytic mixture (ca.66 ml) is transferred to a Erlenmeyer where 

the metal nanoparticles are magnetically decanted to the bottom, and the supernatant 

is transferred to a separatory funnel. Separately, 10 ml of dichloromethane (for 

experiments in water) or cyclohexane (for experiments in alcohols) are mixed with 5 

μl of bicyclohexyl. The organic solution is passed through the shaft to collect the 

reaction products as quantitatively as possible. Additional washing of the shaft and 

the autoclave vessel with water are performed, and all the washings (organic and 

aqueous) are passed through the Erlenmeyer with the NPs and the supernatant added 

to the funnel. The separatory funnel is shake vigorously and the mixture is leaved to 

separate during several minutes. For the cases when alcohols and cyclohexane were 

mixed, it was necessary the addition of NaCl to induce destabilization of the 

emulsion and phase separation. Finally, the organic phase is collected with the 

reaction products and analyzed immediately by GC-MSD.  

From

fumehood

To GC
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III.1.3. Chromatographic analysis 

III.1.3.1.Analysis of the gas phase 

The components of the gas phase (CO, H2, O2, N2, Ar, CO2, and C1-C8 

hydrocarbons) were analyzed by GC-TCD on an Agilent 7890A GC using a system 

including several isolation valves and three columns: Hayesep Q (3ft x 1/8 in), HP-

Molsieve (30m x 0.320 mm x 12 µm) and HP-Plot/Q (30m x 0.320 mm x 20 µm) 

using helium as carrier gas. HP-Molsieve column was used for the separation of 

permanent gases, CO, H2, O2, N2, Ar, and methane. The combination of an HP-

PLOT Q column and isolation valves was used for the separation of CO2 from the 

other gases. Higher hydrocarbons (C2-C8) were also separated with the HP-PLOT Q. 

The chromatographic method consisted basically in an initial isotherm at 50 ºC 

during 5 min followed by a ramp of 20 ºC/min up to 260 ºC, and finally a hold time 

of 10 min. Helium was used as carrier gas to allow the analysis of H2.  

The quantification of all gas components (CO, H2, O2, N2, Ar, CO2, and C1-

C8 hydrocarbons) was carried out using calibration curves for each component 

prepared by gas blending of a commercial standard (Calibration mixture, Abello 

Linde, Nº 312896). For the case of CO and H2, a wide calibration covering the 

whole range of molar percentages was performed by blending of the same gases 

used in synthesis. Gas blending was carried out directly in the reactor vessel by 

diluting the corresponding gases (calibration mixture diluted with H2) and analyzed 

by GC-TCD over identical conditions that a typical catalysis. In all the cases, Ar 

purge was performed before gas blending, leaving a 5 mol%. 

Table 1, summarizes the composition of the calibration mixture used for the 

analysis of the gas phase. The chromatogram of this mixture acquired using the 

standard method of gas analysis and injected directly to the GC, is displayed in 

Figure 8 with the corresponding peaks identity. As can be appreciated in Figure 8, 

the hydrogen peak is negative due to the lower thermal conductivity of this 

component in relation to the carrier gas, helium. For those cases in which not 

complete resolution of the peaks could be obtained (e.g. C4, C5), the medium point 

was used to separate the peak integration.  
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Table 1. Composition of calibration mixture used for the analysis of the gas phase. 

E Compound Mass %
a
 mol % 

1 Methane 4.698 3.031 

2 Ethane 10.070 3.467 

3 Ethene 0.905 0.334 

4 Propane 4.991 1.172 

5 Propene 0.939 0.231 

6 Isobutane 10.470 1.865 

7 Butene 9.980 1.841 

8 tras-2-butene 5.000 0.923 

9 Butane 4.960 0.915 

10 Pentene  2.004 0.288 

11 Pentane 1.043 0.150 

12 CO 4.933 1.823 

13 CO2 5.433 1.278 

14 Nitrogen 19.800 6.833 

15 Hydrogen 14.770 75.851 
a 

Values provided by the standard supplier, Abello Linde Nº 312896 (27/09/2010) Lot. Nº: 

7155 

 

 

Figure 8. Chromatogram of the calibration mixture using the standard method of gas 

analysis.  

Figure 9a displays the amplification of the ethane and ethane peaks region of 

the chromatograms obtained after dilution of the calibration mixture by factors of 

2.5, 7, 12, 31 and 157 respectively.  
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Figure 9. (a) Chromatograms obtained after dilution of the calibration mixture. 

Amplification of the ethane and ethane peaks. (b) Calibration curve for the percentage range 

of 0.02-0.50 mol% obtained for ethane.  

Calibration curves for each component were prepared by plotting the area of 

the component (Ai) vs. the corresponding molar percentage (Xi), Equation (1).  

 

          Ai : area of the component i 

Xi : molar percentage of i  
(1) 

 

Straight lines with R
2
 values over 0.99 were obtained in all the cases, as 

exemplified in Figure 9b for the case of ethane (R
2
 = 0.999). The same approach was 

applied to H2 and CO, but covering a wider range of molar percentages, as can be 

appreciated in Figure 10a and b respectively. According to the corresponding 

calibration curves (Figure 11), linearity between the component percentage and the 

detector response were obtained for H2 in the range of 20-85 mol% (R
2
 = 993), and 

for CO in the range of 5-60 mol% (R
2
 = 0.995). As was mentioned before, the 

response of H2 is negative due to the lower thermal conductivity of this gas in 

comparison to helium which is the carrier gas.  
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a) 

 

b) 

 

Figure 10. Chromatograms obtained at variable percentages of (a) H2 and (b) CO.  
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Figure 11. Calibration curves for H2 and CO.  

Quantification of the components contained in the gas phase (after catalytic 

experiments) was carried out by extrapolation of the obtained areas in the 

corresponding calibration curve. For the case of C6, C7 and C8 hydrocarbons which 

were not present in the calibration mixture, the trend in the response factors of the 

preceding hydrocarbons (C3-C5) as a function of the carbon number were used to 

estimate the calibration curves for these components.  
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The chromatogram of the gas phase analysis of a typical Fischer-Tropsch 

experiment carried out in water (Conditions: 0.99 mmol Co, 31.5 bar (H2:CO:Ar = 

2:1:0.15), 180 ºC, 12h) is displayed in Figure 12. Under these conditions, 

compounds such as of CO2, CH4, and the series of n-alkanes and n-alkenes from C2-

C8 were obtained. It can be also appreciated the presence of an important peak at 

7.10 min corresponding to Ar, as well as unreacted H2, CO and small amounts of N2.  

 

Figure 12. Chromatogram of the gas phase of a typical Fischer-Tropsch experiment carried 

out in water. Conditions: 0.99 mmol Co, 31.5 bar (H2:CO:Ar = 2:1:0.15), 180 ºC, 12h) 

The sequence of operations employed for the calculation of the catalyst 

activity and the products selectivity are described with the following equations: 

 

          

 

   
      

 
 

Ai : Area of the product i 

Xi : Molar percentage of i  
(2) 

∑      

 

 

 
i=0 to n: represent all the FT products (3) 
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nTot : total mol of gases in gas phase. 

p: final pressure after catalysis. 

v: gas volume (36.2 ml) 

R: 0.082 atm L K
-1

mol
-1

 

T: temperature of reactor (rt) 

ni : mol of product i 

(4) 

  
         Cn: carbon number of product i. 

  
  : mol of CO by mol of product i 

(5) 

    
   ∑  

  

 

 

 
    

  :total mol of CO converted to products 

of catalysis. 
(6) 

       
    

  

     
 

Co_TY: cobalt time-yield (activity) in 

molCOmolCoh
-1

 

nCo: mol of cobalt (generally 0.93 mmol) 

t: reaction time (12 h) 

(7) 

           Wi: weight of product i 

MWi: molecular weight of product i 

(8) 

    
  

∑   
 
 

     

 

      
∑   

 
 

∑   
 
 

     

Si: selectivity of product i (in wt%) 

Si-k: selectivity of fraction of products i-k 
(9) 

 

Equation (2) represents the calculation of the molar percentage (Xi) using the 

linear equation of the corresponding calibration curve. Subsequently, the total moles 

of gas present in the gas phase (nTot) are calculated using the ideal gas law at the 

analysis conditions, Equation (4); while the moles of a product i (ni) are calculated 

from computing the total moles and the molar percentage of such a product i. Later, 

the moles of product i are converted to the equivalent moles of CO according 

Equation (5), considering the number of carbons (Cn) of the hydrocarbon chain.  

The cobalt time-yield or activity (Co_TY), which is defined as the moles of 

CO converted per moles of catalysts, per unit of time, are calculated using Equation 

(7) and (6). The calculation of the activity in those catalysis that contained product 

in both the gas and the liquid phase, included the contributions of the liquid products 

in terms to moles of CO to the total moles of CO (nTot) according to Equation (6). 
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Finally the selectivities reported in the present work are calculated as a 

weight basis (wt %), for that reason, the weight of a product i is calculated by 

computing the moles (ni) by its corresponding molar weight (MWi), Equation (8). 

Then, the selectivity of a product i or a fraction of products i-k is calculated using 

the expressions described in Equation (9).  

The whole quantification of the different parameters of the catalytic 

experiments (activity, selectivities, alpha, etc) was carried out automatically using an 

excel file which required the manual entry of the summary of GC analysis (the 

areas) as well as the conditions of the autoclave after the reaction (pressure and 

temperature) which will be the conditions of the CG analysis. A copy of this excel 

file and the files of the different calibration curves (calibration mixture and H2/CO) 

is provided in the Electronic Supplementary Material which accompany this work. 

III.1.3.1.Analysis of the liquid phase 

The products and the internal standard (bicyclohexyl) contained in the 

organic phase (either, dichloromethane or cyclohexane) after the extraction 

procedure were analyzed by GC-MS. These analyses were performed on a 7890A 

GC/9575C MSD system (Agilent) using a HP-Innowax capillary column (30m x 

0.250 mm x 0.15 µm), and helium as carrier gas. The chromatographic method 

consisted basically in an initial isotherm at 34 ºC during 10 min, followed by a ramp 

of 10 ºC/min up to 260 ºC, and a final hold time of 10 min. The identification of 

products was performed using the mass spectra and by comparison with standards. 

The quantification was carried out using the corresponding calibration curve for 

each compound. 

Stock solutions for each family of compounds (alkanes, alkenes, aldehydes 

and alcohols) were prepared by mixing standards for each compound and diluted in 

dichloromethane (for alkenes, aldehydes and alcohols) or purchased for the case of 

the series of linear alkanes (Aldrich, C7-C30 Saturated Alkanes, 1000 μg/mL each 

component in hexane). In most of the cases, the analytical standards were purchased 

from Aldrich.  
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The chromatograms of the stock solutions for the four families of 

compounds (alkanes, alkenes, aldehydes and alcohols) are displayed in Figure 13. 

As can be observed, in most of the cases the peak of the IS (bicyclohexyl) that 

appears at ca.12.5 min does not interfere with other compounds under this 

chromatographic method.  

Calibration curves for each compound were obtained using dilution of the 

stock solution of the corresponding family of compounds in dichloromethane. In all 

the cases bicyclohexyl was present as internal standard in a concentration of 2.59 

mM.  

Due to the chromatographic complexity of the reaction products of the 

Fischer-Tropsch synthesis, a methodology of ion extraction was implemented for 

each family of compounds in order to simplify the analysis and to maximize the 

sensibility of detection according to the properties of the MS detector. The ion 

extraction was particularly helpful for the identification of trace amounts of products 

obtained for catalytic systems with low activity or low selectivity towards liquid 

products (for instance, using water as solvent).  
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Figure 13. Chromatograms of the stock solutions of linear n-alkanes, n-alkenes, n-aldehydes 

and n-alcohols.  
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Figure 14 displays the ion extracted chromatograms obtained after dilution 

of the corresponding stock solutions for each family of compounds, amplifying the 

region of the closer peaks to the IS (bicyclohexyl). The ions used for the analysis of 

n-alkanes, n-alkenes, n-aldehydes and n-alcohols (57, 55, 41 and 56 respectively) 

were selected according to their high abundance in the mass spectra of the respective 

family of compounds (in order to obtain the maximal sensibility) and trying to be as 

selective as possible avoiding the interference with ions of compounds from other 

families. It is noteworthy that for the case of the n-alkanes, and n-alcohols, the 

selected ions were so selective that no signal of the IS was appreciated in the 

chromatograms. The ion selected for the analysis of the IS was 82.  
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Figure 14. Chromatograms for each family of compounds obtained after dilution of the 

corresponding stock solutions, amplifying the region of the peaks closer to the IS and 

calibration curves for compounds indicated in the corresponding chromatograms.   

Calibration curves for each once of the analyzed compounds were prepared 

by plotting the relation of areas (rAi) between the component (Ai) and the IS (AIS) vs. 

the molar concentration (Ci), Equation (10). Good linearity with R
2
 values over 0.99 

were obtained, as exemplified in Figure 14 for the case of n-tetradecane (R
2
 = 

0.998), n-tridecene (R
2
 = 0.995), n-nonaldehyde (R

2
 = 0.998) and n-heptanol (R

2
 = 

0.998).  
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rAi : relation of areas  

Ai : area of the component i 

AIS : area of the component i 

Ci : molar concentration of i in mM 

(10) 

 

a) 

 

b) 

 

Figure 15. (a) Chromatogram of the liquid phase analysis of a typical Fischer-Tropsch 

experiment carried out in 50% heptane/water mixture. (b) Amplification of the dotted region 

in a. Conditions: 0.99 mmol Co, 31.5 bar (H2:CO:Ar = 2:1:0.15), 180 ºC, 12h) 
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The compendium of all the calibration curves for each family of compounds 

is provided in the Electronic Supplementary Information. The chromatogram of the 

liquid phase analysis of a typical Fischer-Tropsch experiment carried out in a 

mixture of 50% heptane/water (Conditions: 0.93 mmol Co, 31.5 bar (H2:CO:Ar = 

2:1:0.15), 180 ºC, 12h) is displayed in Figure 15. Under these conditions, a series of 

linear n-alkanes, n-alkenes and n-aldehydes were obtained in the range of C10-C30.  

The sequence of operations employed for the calculation of the moles of CO 

transformed to liquid products follows an analogous approach to the used whit the 

components of the gas phase. The used equations are described below:  

 

           

   
       

 
 

rAi : relation of areas 

Ai : area of the component i 

AIS : area of the component i 

Ci : molar concentration of i in mM 

(11) 

          ni: moles of product i 

vl: volume of extraction solvent (10 ml) 
(12) 

  
            

  : mol of CO by mol of product i 

Cn: carbon number of product i. 

 

(13) 

 

Equation (11) represents the calculation of the molar concentration (Ci) 

using the linear equation of the corresponding calibration curve. Subsequently, the 

moles of product are obtained by multiplying this concentration by the volume of 

the extraction solvent, Equation (12). The moles of CO converted to a product i are 

calculated using Equation (13) by considering the number of carbons contained in 

the hydrocarbon chain of that product. Finally, the moles of CO converted to liquid 

products are introduced in Equation (7) for the calculation of the cobalt time-yield 

(activity) and in Equation (9) for the calculation of the selectivity.  

The distribution of the hydrocarbon products was analyzed using the 

Anderson–Schulz–Flory (ASF) equation, Equation (14). The alpha value (α) 

represents the chain growth probability.  
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   (
  

  

)              

 

Wi: weight of product i 

Cn: carbon number of product i. 

Ai : area of the component i 

Xi : molar percentage of i in mol%  

α: chain growth probability 

(14) 

       (for linear function) 

 

      

 

     

 (15) 

 

According to Equation (14), the chain growth probability (α) of a FT 

experiment was calculated by plotting the natural logarithm of the relation between 

the weight fraction of a product i and the corresponding carbon number (Cn) vs. the 

carbon number (Cn). A typical ASF distribution of the products obtained in a 

catalysis carried out in water is displayed in Figure 16. Finally, the alpha value is 

extracted from the slope of the linear regression of this plot according to Equation 

(15), as depicted also in Figure 16.  

 

a) 

0 2 4 6 8

-6

-4

-2

0

 

 

m = Ln

= 0.59

 L
n

 (
W

n
/n

)

Carbon number (C
n
)

 

b) 

10 12 14 16 18 20 22 24 26 28

-8

-6

-4

-2

 

 

m = Ln

= 0.90

 L
n

 (
W

n
/n

)

Carbon number (C
n
)

 

Figure 16. ASF distributions of the products obtained in a typical FT experiment carried 

out in (a) water and (b) 50% heptane/water mixture. Conditions: 0.99 mmol Co, 31.5 bar 

(H2:CO:Ar = 2:1:0.15), 180 ºC, 12h. 
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III.2. Numerical and experimental modelization of the two-phase mixing in a 

small scale stirred vessel 

The group of Dr. Vernet at the Mechanical Enginery Department in the 

Universitat Rovira i Virgili developed a project which consisted in the experimental 

and numerical Modelization of the two phase mixing in the stirred tank reactor used 

in this thesis. We acknowledge with thanks the work performed by Dr. Vernet´s 

group since the data obtained in his laboratories is valuable for the understanding of 

the current setup. 

The main objective of this project was the prediction using numerical 

simulations, of the mass transfer rate of gas components within the liquid phase in 

the STR. To reach this objective experiments have been conducted in a transparent 

model of the reactor equipped with the stirrer used in the normal operation of the 

reactor. The visualization of the air-water two-phase flow in the model at different 

rotation rates of the stirrer allowed the determination of the size and number of the 

air bubbles, as well as the flow regime. This experimental information has been used 

in the numerical simulations to predict the mass transfer rates of gas components 

from the gas phase to the liquid phase. In particular simulations of the distribution of 

the liquid and gas phases at the operating conditions of the reactor were carried out 

and bubbles with the experimentally measured diameter were numerically tracked to 

determine the particle Reynolds number, which is an important parameter, together 

with the Schmidt number, to determine the mass transfer rates. The mass transfer 

rates of the gas components to the liquid phase were estimated using conventional 

mass transfer correlations. 

As conclusions of the experimental modeling, it was experimentally 

determined that the amount of bubbles inside the reactor increases with the rotation 

rate (Ω), while the bubble size decreases. Typical bubble diameters range from 0.2 

mm to 0.7 mm. Experimentally, three flow regimes have been observed. At low 

rotation rates bubbles are not observed and the liquid phase and the gas phase are 

separated by a well-defined interphase which is deformed vertically by rotation. At 

larger rotation rates gas bubbles are observed within the liquid phase. An emulsion 
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is formed for rotation rates between 1000 and 1400 rpm for the unbaffled 

configuration, while bubbly flow is observed for the baffled configuration in the 

whole range of rotation rates studied (up to 1721 rpm). In general at the same 

rotation rate the number of bubbles is smaller in the baffled configuration than in the 

unbaffled configuration. 

Some experiments were conducted for three phase flows (air-water-heptane) 

and the flow behavior was analyzed. Different compositions of the liquid mixture 

and rotation rates were studied. The three-phase system shows different behaviors 

depending on the composition and rotation rate. At Ω=606 rpm, for the pure fluids 

(heptane or water) no air bubbles are observed in the liquid phases. At this rotation 

rate and for a 15/85 water/heptane mixture water drops can be seen within the 

heptane. A liquid-liquid emulsion is formed for 50/50 and 85/15 water/heptane 

mixtures. At Ω=1371 rpm and pure composition of the liquid phase air bubbles are 

observed. The mean diameter of the air bubbles depends on the composition, 

ranging from 1.114±0.052 mm for pure heptane to 0.479±0.017 mm for pure water. 

In the case of mixtures it is not clear if air bubbles are distributed within the liquid 

phases since the visualization cannot differentiate between air bubbles or water 

drops. 

Numerical simulations with the multiple reference frame technique were 

conducted. The simulations predicted correctly the shape of the interphase observed 

experimentally. Bubbles with the experimentally measured diameter were tracked 

numerically to determine the particle Reynolds number. Mass transfer rates of 

hydrogen and carbon monoxide were estimated with conventional mass transfer 

correlations for particles using the computed particle Reynolds number.  

For the reactor with the baffle the emulsion is not observed in the range of 

rotation rates considered. In this case predictions indicate that the mass transfer rates 

of hydrogen and carbon monoxide from the gas phase to the liquid phase increase 

with the rotation rate. For example the increase of the rotation rate from 1000 rpm to 

2500 rpm increases the mass transfer coefficient of H2 or CO by a factor of 3.3. 

Curiously, for the unbaffled configuration there is a reduction, of about 65%, of the 

mass transfer rates from the bubble regime at 1000 rpm to the emulsion at 1400 rpm. 
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Further increase of the rotation rate from 1500 rpm to 2500 rpm resulted in the in the 

increase of the mass transfer rate by a factor of 2.7. 

Finally, is important to consider that the direct quantitative extrapolation of 

these conclusions to the real operating conditions of the reactor has to be made with 

care. It is noteworthy that the simulations have been performed with the physical 

properties of the fluids used in the real operation of the actual reactor but the sizes 

and amount of bubbles are obtained from experiments performed with air and water 

 

Details of the procedures and results obtained in this work are also available 

as an appendix in format of a full report written by Vernet´s Group.  
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IV.1. Abstract 

Small and well dispersed cobalt nanoparticles were synthesized in water 

using NaBH4 as the reducing agent and PVP as stabilizer. Cobalt nanoparticles from 

1.7 to 3.1 nm were obtained varying the PVP:Co ratio from 80 to 10. These NPs 

were fully characterized using various techniques (TEM, HRTEM, XRD, XPS, 

TGA) and their catalytic performances evaluated in the aqueous phase Fischer-

Tropsch Synthesis (AFTS). The pH of the catalytic mixture was shown to affect 

both the activity and selectivity of the AFTS reaction since side reactions such as 

WGS and formation of carbonates and formates were favored at basic pH. The 

modification of the syngas composition under such conditions favors the methane 

production and the formation formates from CO2.  

Keywords: Fischer-Tropsch, cobalt nanoparticles, aqueous phase, pH effect. 

IV.2. Introduction 

The increasing worldwide energy demand has made major companies to 

consider alternative feedstocks such as natural gas, coal and biomass to replace 

fossil fuels.
[1]

 In this context, the Fischer-Tropsch Synthesis (FTS) has been 

considered a key process of the biomass-to-liquid (BTL), gas-to-liquid (GTL) and 

solid-to-liquid technologies (STL)
[2]

 since through this catalytic reaction, syngas can 

be transformed into high quality synthetic fuels (Scheme 1).
[3]

 FTS is catalyzed by 

several transition metals including Ru, Co and Fe. However, Co-catalysts are more 

attractive from an industrial point of view due to their higher hydrocarbon 

productivity, good stability and commercial availability.
[1]

 

 

Scheme 1. Fischer-Tropsch synthesis catalyzed by metal nanoparticles 
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Metal supported and unsupported catalysts have been widely investigated 

over the last 80 years or more.
[4]

 Alumina, silica, titania, magnesia, carbon, and 

zeolites among others as well as the microporous version of these materials have 

been extensively studied as supports for these metal catalysts.
[5]

 With the aim to 

enhance the productivity of the process, many efforts have been dedicated to the 

preparation of ultrafine particle catalysts and the study of their interactions with the 

supports.
[6]

 Currently, the control of the selectivity is one of the main goals in FT 

investigation.
[7]

 In this context, the use of unsupported nanoparticles is of high 

interest as they mimic metal surface activation and catalysis at the nanoscale, and 

shed some light on the effect of the support on catalysis.
[8]

 The first report of the 

aqueous phase FT synthesis (AFTS) was reported using ruthenium nanoclusters 

stabilized with poly(N-vinyl-2-pyrrolidone) (PVP) as catalysts.
[9]

 The effect of the 

RuNPs size was investigated, and the highest activity was achieved for nanoparticles 

of 2.0 ± 0.2 nm. In more recent publications, several parameters such as the nature 

of the reducing agent, the PVP:Ru molar ratio, the effect of ionic additives,
[10]

 the 

temperature,
[11]

 and the effect of the stabilizer
[12]

 have been studied with this 

ruthenium catalytic system. Recently, the effect of the polymer stabilizer was also 

studied in our group in the AFTS catalysed by RuNPs.
[13]

 It was observed that PVP 

stabilized RuNPs were more active and selective towards hydrocarbons compared to 

those stabilized by lignins, indicating that the nature of the stabilizing polymer does 

affect the catalytic performance in AFTS, influencing strongly the production of 

CO2 by Water Gas Shift (WGS) reaction.  

One of the earliest studies on colloidal cobalt nanocatalysts applied in the 

AFTS was published by Kou and co-workers who reported activity of 

0.12molCOmolCo
-1

h
-1 

at 170ºC. In this study, the CoNPs were synthesized by 

chemical reduction using sodium borohydride as reducing agent in water.
[14]

 More 

recently, the same author compared Co nanoparticles reduced by LiBEt3H and 

NaBH4, in the aqueous-phase Fischer-Tropsch synthesis.
[15]

 Higher catalytic 

performance was observed for the former case, and comparing the particle size 

distribution of the catalysts before and after reaction, it was suggested that catalyst 

reconstruction occurs during the reaction. In addition the authors proposed that B-
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doping could affect the catalytic performance of these NPs. They also reported the 

use of cobalt/platinum alloy nanoparticles stabilized by PVP as catalysts of the 

AFTS.
[16]

 According to this report, activity up to 1.1 molCOmolSuf-Co
-1

h
-1

 with a 

growth factor (α) of 0.8 was obtained at 160ºC. This outstanding activity was 

rationalized by the formation of Co overlayer structures on Pt NPs or Pt-Co alloy 

NPs. Finally, the synthesis of CoNPs by thermal decomposition of Co2(CO)8 was 

also reported using a modified lipophilic C8-PVP stabilizing agent and squalane as 

solvent.
[17]

 The resulting CoNPs showed a size of 3.54 ± 1.63 nm and a FT activity 

of 0.022 molCOmolCo
-1

h
-1 

. 

Other colloidal Co nanocatalysts for FTS were reported in ionic liquids
[18]

 

and squalane
[17]

 although in these cases, low activity and agglomeration issues were 

described. Dupont and co-workers reported the synthesis of Co nanocubes of 54 ± 

22 nm by thermal decomposition of Co2(CO)8 in [DMI][NTf2] as solvent. The 

obtained Co nanocubes were evaluated in the FT synthesis with an average TOF of 

1.17x10
-5

 molCOmolSuf-Co
-1

h
-1

.
[18a]

 In a second report, the same authors used a distinct 

ionic liquid, namely [BMI][NTf2], and obtained spherical nanoparticles of 7.7 ± 1.2 

nm which were active in the FT synthesis (average TOF of 0.26 molCOmolSuf-Co
-1

h
-

1
).

[18b]
 Very recently, Dupont and co-workers reported the synthesis of bimetallic 

Co/Pt NPs in [BMI][PF6] and its application in the FTS.
[19]

 The nanoparticles were 

synthesized via an organometallic approach using [bis(cylopentadienyl)cobalt(II)] 

and [tris(dibenzylideneacetone) bisplatinum(0)] as metal precursors and hydrogen as 

reducing agent. The authors proposed for these bimetallic NPs a core–shell like 

structure in which mainly Pt composes the external shell. The isolated bimetallic 

NPs resulted active catalysts for the Fischer–Tropsch synthesis and selective for 

naphtha products.  

 In the present work, we describe the synthesis and characterization of 

colloidal CoNPs stabilized with poly(N-vinyl-2-pyrrolidone) and their evaluation as 

nanocatalysts in the aqueous phase FT synthesis. Some parameters such as the 

PVP:Co ratio, the pH and the possible effect of the size of the nanocatalysts are 

discussed. 
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IV.3. Results and Discussion 

IV.3.1. Synthesis and characterization of CoNPs 

CoNPs were synthesized by chemical reduction of cobalt chloride in the 

presence of polyvinylpyrrolidone (PVP) as stabilizer and sodium borohydride as 

reducing agent (Scheme 2). Four sets of CoNPs, Co1-4 were obtained by the 

variation of the PVP:Co ratio (10, 20, 40 and 80, respectively).  

 

Scheme 2. Synthesis of CoNPs Co1-4 by chemical reduction method. 

The TEM micrographs and size histograms of Co1-4 displayed in Figure 1 

showed the formation of spherical cobalt nanoparticles with diameters in the range 

1.7-3.1 nm. The variations in particle size as a function of the PVP:Co ratio are 

summarized in Table 1.  

When a PVP:Co ratio of 10 was used (PVP:Co ratio based on mol of 

monomer units per mol of Co), the NPs Co1 with a mean size of 3.13 ± 1.58 nm 

were obtained. The broad size distribution was attributed to the poor stabilization of 

the NPs due to the low PVP concentration during their synthesis. For the Co2-4 

NPs, when the PVP:Co ratio was increased to 20, 40 and 80, smaller NPs with 

sharper distributions were obtained (Figure 1 and Table 1). 

The variation of the stabilizer amount is a method widely applied for the 

synthesis of size controlled metal nanoparticles.
[20]

 For instance, Lu et al. reported 

the tuning of the size of the spherical cobalt nanoparticles between 2–7.5 nm by 

varying the concentration of the polymer stabilizer (end-functionalized 

poly(methacrylic acid).
[21]

 The decreasing size of the cobalt nanoparticles agrees 

with a slower growth relative to nucleation when higher concentration of PVP are 

used.
[22]
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Table 1. Mean diameters of Co1-4 synthesized by chemical reduction method.
a
   

Entry NPs PVP:Co D(nm) 

1 Co1 10 3.13 ± 1.58 

2 Co2 20 2.64 ± 0.92 

3 Co3 40 2.11 ± 0.41 

4 Co4 80 1.71 ± 0.73 
a
 Conditions: 0.93 mmol of CoCl2.6H2O; PVP K-30; 9.31mmol NaBH4; water; quantitative 

yield. 
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Figure 1. Size histograms and TEM micrographs of Co1-4. 

The fine structure of the CoNPs Co2 was also studied by high-resolution 

transmission electron microscopy (HR-TEM). The HR-TEM micrograph of Co2 is 

displayed in Figure 2 and the inset corresponds to the selected area electron (SAED) 
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diffraction pattern. In the micrograph, single particles of ca. 2.6 nm size were 

observed, in agreement with the size previously obtained by TEM (2.64 ± 0.92 nm). 

Analysis of the diffraction pattern revealed the presence of crystalline CoO-fcc and 

Co3O4-fcc. However, no crystalline metallic cobalt phase was identified. The diffuse 

rings present in the diffraction pattern of the Co2 suggest an amorphous structure, in 

agreement with previously reported synthesis of amorphous CoNPs through similar 

colloidal methods.
[23]

 

 

Figure 2. HRTEM image of Co2 NPs and electron diffraction pattern. 

Analysis of the XRD patterns obtained for Co1-4 revealed in all cases the 

presence of at least three broad bands centred at 34º, 45º and 60º (Figure 3), which 

could not be unambiguously attributed to a specific metallic or oxide phase. Similar 

XRD patterns have been reported in the literature for CoNPs synthesized by 

chemical reduction using NaBH4 as reducing agent.
[23c,24]

 For instance, Torres et al. 

reported the synthesis of CoNPs of ca. 1 nm exhibiting XRD patterns with broad 

bands and attributed this effect to the small size of the CoNPs.
[24]

 However, Pileni 

and co-workers attributed the broadness of XRD patterns of 7 nm CoNPs (also 

synthesized by chemical reduction) to their amorphous structure.
[23c]

 Therefore, in 

view of these reports, the broad bands observed here could arise from the amorphous 

structure and/or due to the small size of the CoNPs.  
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Figure 3. XRD patterns of cobalt nanocatalysts prepared under different PVP:Co ratios: (1) 

Co1, PVP:Co = 10; (2) Co2, PVP:Co = 20; (3) Co3, PVP:Co = 40 and (4) Co4, PVP:Co = 

80. 

Other authors ascribed a similar broad band centered at 45º to the 

amorphous structure of Co2B also synthesized from chemical reduction of cobalt 

salts using sodium borohydride as reducing agent.
[23b,25]

 The chemistry of the 

reaction between aqueous cobalt and sodium borohydride is quite complex, partly 

because metals such as Co catalyze the BH4
-
 hydrolysis (Scheme 3).

[26]
 For this 

reason the addition of a borohydride excess is usually required to completely reduce 

the metal salt. 

 

Scheme 3. Borohydride hydrolysis catalyzed by metal ions or metal nanoparticles.
[27]

 

Glavee et al. reported that in aqueous solutions, the reduction of Co
2+

 with 

NaBH4 yields Co2B as the primary product if the two reagents are rapidly mixed and 

the product is handled under anaerobic conditions, while the Co2B is converted to 
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metallic Co particles and boron oxide under aerobic conditions (Scheme 4a and b 

respectively).
[27-28]

  

 

Scheme 4. Formation of (a) Co2B or (b) CoNPs depending on the handling atmosphere 

during the synthesis.
[27]

  

The same authors reported an experimental procedure to determine the 

nature of this type of materials through the thermal treatment of the NPs under inert 

atmosphere followed by the analysis of the crystalline structure of the resulting 

species since this treatment forces the crystallization of the NPs.
[28a]

  

To clarify any ambiguity about the nature of the materials obtained in this 

work, the procedure described by Glavee et al. was applied on Co2. For this 

purpose, Co2 was brought to 500 ºC within 2-5 min under argon flow and kept at 

this temperature for 2 h, after which the solid was allowed to rapidly cool to ambient 

temperature (5-10 min). The diffraction pattern of the thermal treated sample 

exhibited only fcc and hcp cobalt crystalline phases together with a defined pattern 

of B(OH)3 (Figure 4). It was therefore concluded that Co1-4 correspond to a mixture 

of cobalt, cobalt oxide and B(OH)3 amorphous phases.  

Surface analysis of the CoNPs synthesized in this study was performed by 

X-ray photoelectron spectroscopy (XPS). The full XPS spectra of Co1-4 revealed 

the presence of Na, Co, O, N, C and B, according to the peaks observed at their 

characteristic binding energies (1071.6; 781.5; 530.9; 399.2; 284.5 and 191.1 eV 

respectively). The Co 2p XPS spectrum of the series Co1-4 exhibits two sets of 

peaks at ca. 777-794 and 795-806 eV readily assigned to Co 2p3/2 and Co 2p1/2, 

respectively. Each region was readily deconvoluted in three bands corresponding to 
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metallic cobalt, Co
2+

 (CoO) and a prominent shake-up satellite located at around 785 

or 801 eV (Figure 5).
[29]
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Figure 4. XRD patterns of Co2 before (1) and after (2) thermal treatment at 500 ºC for 2h 

under argon.  

The fractions of Co
0
 and Co

2+ 
resulting from the deconvolution of the Co 

2p3/2 spin orbit peaks are displayed in Table 2. According to these data, the content 

of Co
0
 increases from 23 to 38% when the PVP:Co ratio was increased from 10 to 

80. This observation agrees with previous reports which suggested that NPs 

synthesized at higher PVP:metal ratios are less susceptible to water or oxygen 

oxidation due to the protective effect of a larger polymer shell.
[20a]

 

Furthermore, the B 1s XPS spectra of the series Co1-4 were similar and 

exhibited the presence of two bands at 187.97 and 191.6. These bands were assigned 

to elemental boron and borates respectively according to reported data (BO2
-
 BE= 

191.8 eV
[30]

).
[31]

  

Quantification of the content of cobalt and boron in Co1-4 was performed 

by ICP (Table 3). The Co/B atom ratio for the series of CoNPs was in the range 

between 2.5-2.9. Curiously, Kou and co-workers reported Co/B values of ca. 0.2 for 

CoNPs of 14 ± 6 nm synthesized using NaBH4 as reducing agent in water. Such low 

values suggest a considerably higher boron content in comparison to the observed in 
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Co1-4, which can be attributed, according to Glavee’s report, to the anaerobic 

conditions used by Kou et al. for the synthesis of the CoNPs.
[15]

 

820 810 800 790 780 770 760

-30000

-20000

-10000

0

10000

20000

 

 
C

o
u

n
ts

, 
a

.u
.

Binding energy, eV

Co4

Co3

Co2

Co1
Co


Co



-25000

-20000

-15000

-10000

-5000

0

5000

10000

15000

20000

25000

30000

35000

-10000

-5000

0

5000

10000

15000

20000

25000

30000

35000

40000

10000

20000

30000

40000

50000

 

Figure 5. Co 2p XPS spectra of Co1-4 NPs. 

 

Table 2. Percentage of Co species in colloidal NPs from XPS spectra decomposition.
a
 

Entry NPs PVP:Co Co
0
 Co

2+
 

1 Co1 10 23 77 

2 Co2 20 37 63 

3 Co3 40 31 69 

4 Co4 80 38 62 
a
 Percentages corresponding to the Co 2p3/2 spin orbit peaks. 

b
 Co2 NPs after FTS using 

water as solvent 

 

Recently, Demirci and Miele reviewed the cobalt based catalysts for the 

hydrolysis of NaBH4 and NH3BH3.
[32]

 They discussed the different catalytic active 

phase of cobalt reported in previous literature and proposed a structure based on a 

core of cobalt covered by cobalt oxides and an outer shell of polyborates, 

Co@BαOβ(OH)γ.
[33]

  

Raman spectroscopy is frequently used for the characterization of cobalt 

oxide species present in cobalt or cobalt supported catalysts for FT.
[29]

 The Raman 

spectra of the series Co1-4 were all similar and displayed shifts at 196, 450, 492, 
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586 and 666 cm
-1

 that were assigned to cobalt oxide species (CoO) based on 

literature data.
[34]

 This observation confirmed the high valent state of cobalt in these 

NPs. Interestingly, no signals for polymer could be detected.  

 

Table 3. ICP data of Co1-4 catalysts 

Entry NPs PVP:Co Co/B (atom ratio)
a
 

1 Co1 10 2.62 

2 Co2 20 2.79 

3 Co3 40 2.52 

4 Co4 80 2.90 

 

Next, the presence of PVP at the surface of these CoNPs was investigated by 

FTIR spectroscopy. For the whole series of CoNPs, no band corresponding to either 

free or bound PVP could be detected. Apparently, the successive washing of the NPs 

by water could remove completely the PVP from the metal surface. This was 

confirmed by thermogravimetric analysis, which did not exhibit any weight loss in 

the range of temperatures corresponding to PVP decomposition (see Supporting 

Information, Figure S7). It was therefore concluded that no PVP is present at the 

surface of the isolated CoNPs Co1-Co4. 

To summarize, CoNPs of sizes between 1.7 to 3.1 nm were synthesized 

using various PVP:Co ratios. These CoNPs contained both an amorphous structure 

of metallic cobalt and a crystalline cobalt oxide phase. No PVP was detected at the 

NPs surface by IR and TGA, independently of the PVP:Co ratio. Analysis of the 

composition of the CoNPs also revealed the presence of boron from the reducing 

agent.  

IV.3.2. Fischer-Tropsch catalytic experiments 

IV.3.2.1. Effect of the PVP:Co ratio using in-situ formed and isolated CoNPs 

First, the CoNPs Co1-4 were used following a reported procedure for 

RuNPs catalysed AFTS, which includes the in-situ synthesis of these nanocatalysts 

within the autoclave and the use of the synthetic mixture directly in catalysis using a 

H2:CO= 2.
[9,13]

 The results are summarized in Figure 6.  
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With all catalysts, FT activities of ca. 0.03 molCOmolCo
-1

h
-1

 were measured, 

indicating that the PVP/Co ratio used during the synthesis of the NPs had little 

influence on their activity (Figure 6a). In terms of selectivity, high CO2 selectivity 

(up to 68%) was observed, with similar values for CH4 (up to 20%) and C2+ (up to 

30%). It should be mentioned that the hydrocarbons produced under these conditions 

were in the C2-12 range with typical chain growth probability (α) values around 0.5 

and olefin to paraffin ratios (O/P) of 0.6. No clear trends could be deduced for 

product selectivity as a function of the PVP:Co ratio.  

Interestingly, at the end of the reactions, analysis of the gas phase revealed 

an increase in the ratio H2:CO > 3. Such a variation of the syngas composition 

during catalysis suggested that an additional process was occurring with these 

catalytic systems and explained the low O/P ratio observed in the hydrocarbon 

products (0.6), in agreement with a hydrogen rich gas mixture. 
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Figure 6. (a) Activity in molCO.molCo
-1

.h
-1

 and (b) product selectivity in wt% of Co1-4 in-

situ CoNPs. Conditions: 0.949 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66 ml water, 1000 

rpm, 180 ºC, 12h 

For the following experiments, the Co1-4 NPs were isolated and re-

dispersed in water prior to FT catalysis. The activity and product selectivity in FT 

for this series of CoNPs are displayed in Figure 7. Using Co1 as catalyst (PVP:Co 

ratio of 10) activity of 0.016 molCOmolCo
-1

h
-1 

was obtained. However, for the CoNPs 

synthesized in the presence of higher PVP:Co ratios (Co2-4), the activity increased 
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up to 0.025 molCOmolCo
-1

h
-1

, similarly to those obtained with the in-situ formed 

CoNPs (Figure 6). 

In terms of product selectivity, however, the FT products C2+ were mainly 

formed under these conditions, with constant selectivity of ca. 50% for the series 

(Figure 7b). No clear difference was observed in CH4 selectivity, although a slight 

increase at higher PVP:Co ratio was observed (from 18 to 25%). In contrast, the CO2 

selectivity was ca. 20% and remained unchanged across the series. When compared 

to the values obtained with in-situ formed NPs (Figure 6), a decrease in CO2 

selectivity and increase in C2+ products were detected and associated to the isolation 

of the NPs prior to catalysis. Additionally, the alpha value obtained in general for 

the series of NPs was in the range of 0.61-0.67 with O/P ratios of 0.9. It is 

noteworthy that under these conditions, analysis of the gas phase at the end of the 

reactions showed that the final H2:CO ratio was this time ca. 2.  
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Figure 7. (a) Activity in molCO.molCo

-1
.h

-1
 and (b) product selectivity in wt% of Co1-4 

isolated CoNPs. Conditions: 0.949 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66 ml water, 1000 

rpm, 180 ºC, 12h   

When compared to the results reported by Kou and co-workers, similar 

activities and product distributions were observed, although significant differences 

were evidenced in terms of selectivity: CH4 (40 vs. 25%), CO2 (7 vs. 25%) and O/P 

ratio (0.6 vs. 0.9). Such variations were attributed to the differences in CoNPs size, 

structure (CoBx or metallic cobalt phase) and composition (boron content).  
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The variations in size of the nanocatalysts before and after catalysis were 

monitored by TEM microscopy. However, no drastic changes in the size of Co1-4 

were observed after catalysis, suggesting that these catalysts are stable under these 

conditions. Furthermore, XRD analysis of the used catalysts also demonstrated no 

significant variations in their diffraction pattern compared with those of the fresh 

catalysts (Supporting Information, Figure S4). In contrast, Kou and co-workers 

reported a decreased of the CoNPs size from 14 ± 6 nm to 3.1 ± 1 nm after AFTS.  

To conclude, large differences were observed in the product selectivity and 

final H2:CO ratio comparing the in-situ formed CoNPs and the isolated CoNPs. 

Since the two series of NPs exhibit the same size, it was concluded that the presence 

of excess PVP and the products from NaBH4 hydrolysis in solution during catalysis 

must be responsible for such variations 

IV.3.2.2. Effect of the addition of PVP 

First, we hypothesized that the large amounts of PVP remaining in solution 

from the synthesis when in-situ NPs were used as catalysts could be responsible for 

the selectivity variations described previously in this paper (Figure 6 vs. Figure 7). 

To corroborate this hypothesis, a series of solutions containing various 

concentrations of PVP were added over the isolated NPs Co2 prior to catalysis. The 

amounts of PVP were adjusted to obtain PVP:Co ratio of 10, 20, 40 or 80 and the 

catalytic results compared with those obtained with isolated Co2 without added PVP 

(Figure 8).  

As shown in Figure 8, both the activity and selectivity remained constant 

when these PVP solutions were added. However, when a concentrated PVP solution 

corresponding to PVP:Co ratio of 80 was added, a decrease in activity was observed 

to ca. 0.02, together with an increase of CO2 selectivity up to 46% and a decrease in 

C2+ selectivity down to 37%. This latter result could be explained by the increase of 

the viscosity of the reaction mixture at high concentration of PVP that would lower 

the diffusion of gases and result in a decrease in catalytic activity. A similar 

observation was reported for AFTS catalyzed by RuNPs.
[10a]
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It was therefore concluded that the presence of additional PVP during 

catalysis does not affect significantly the performance of the cobalt nanoparticles 

and could not explain the variations previously observed between in situ and isolated 

catalysts. 
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Figure 8. (a) Activity in molCO.molCo-1.h-1 and (b) product selectivity in wt% of isolated 

Co1-4 NPs with addition of extra PVP. Conditions: 0.949 mmol Co, 30 bar H2/CO/Ar 

(2:1:0,15); 66 ml water, 1000 rpm, 180 ºC, 12h. 

IV.3.2.3. Effect of the pH 

During the syntheses of the CoNPs Co1-4 by chemical reduction using 

NaBH4, an increase of the pH of the solution from 7 to 10 was observed. The 

amount of base present in solution after synthesis of the CoNPs was quantified by 

potentiometric titration of the remaining solution after magnetic decantation of the 

CoNPs. It was determined that 8 equivalents of base per mol of Co used in synthesis 

were produced (Supporting Information, Figure S6). Therefore, it was thought that 

the variation of pH of the catalytic medium could be responsible for the differences 

in the catalytic performance of in-situ formed CoNPs and isolated CoNPs. A series 

of experiments at different pHs were therefore carried out using in-situ formed NPs, 

but adjusting the pH to values comprised between 2.6 and 13 via the addition of 

aqueous solutions of HCl or NaOH.  

The Figure 9a and 9b represent the activity and product selectivity obtained 

as a function of the pH using Co2 as catalyst. The activity exhibited a volcano shape 
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behavior with maxima at pH around 12.6. It is noteworthy that this high activity at 

pH=12.6 (0.195 molCOmolCo
-1

h-
1
) is ca. six times higher than the typical values 

obtained for these CoNPs (at pH=10).  

The C2+ selectivity remained constant from pH=2.6 until 8.6 (50%), but at 

more basic pH, this selectivity decreased to 9% (Figure 9b). The CH4 selectivity 

remained almost constant (ca. 30%) for pH values between 2 and 12, but exhibited 

an exponential increase for pH > 12. The CO2 selectivity initially increased from 12 

to 38% when the pH increases from 2 to 12.  

 

a) 

0 2 4 6 8 10 12 14 16
0,00

0,05

0,10

0,15

0,20

A
c
ti

v
it

y
 (

m
o

l C
O
m

o
l-1 C

o
h

-1
)

 Activity

 pH (final)

pH (initial)

A
c
ti

v
it

y
 (

m
o

l C
O
m

o
l-1 C

o
h

-1
)

4

6

8

10

12

p
H

 (
fi

n
a

l)

 

b) 

0 2 4 6 8 10 12 14 16
0

20

40

60

80

100  CO
2

 CH
4

 C
2+

S
el

ec
ti

v
it

y
, 
W

t%

pH (initial)

 

                               c) 

0 2 4 6 8 10 12 14 16
0

2

4

6

8

10

H
2
:C

O
 r

a
ti

o
 (

fi
n

a
l)

pH (initial)  

Figure 9. (a) Activity in molCO.molCo
-1

.h
-1

 and (b) product selectivity in wt% and (c) H2:CO 

ratio after catalysis of in-situ Co2 tested at different pHs. Conditions: 0.949 mmol Co, 30 bar 

H2/CO/Ar (2:1:0,15); 66 ml water, 1000 rpm, 180 ºC, 12h. 
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Surprisingly, at higher pH values, complete suppression of the CO2 was 

observed. Figure 9c displays the final H2:CO ratio measured after 12h of catalysis as 

a function of the pH. Curiously, the final H2:CO ratio was observed to be 

independent of the pH for values <8 (ca. 2) but increased exponentially at higher 

pHs and reached a maximum of ca. 8 at pH 12. 

Interestingly, when a control experiment involving PVP (in the absence of 

Co catalyst) in water at pH=12 under FT conditions (180 °C, 30 bar syngas) during 

12h, the H2:CO ratio increased up to 3.4 at the end of the experiment and GC-

analysis of the liquid phase showed the presence of large amounts of PVP 

decomposition products such as 1-ethylpyrrolidin-2-one and acetaldehyde (Scheme 

5a). In contrast, when this experiment was repeated at pH=6, the syngas composition 

remained constant at ca. 2 (Scheme 5b).  

 

Scheme 5. PVP decomposition products detected in the organic phase during control 

experiments. 

In this case, traces of 2-pyrrolidone and butyrolactone were also observed 

due to the decomposition of PVP under the reaction conditions. 

It was therefore concluded that under catalytic conditions, the basic medium 

promotes the increase in H2:CO ratio via decomposition of the PVP present in 

solution and that the Co nanocatalysts are not involved in this variation of syngas 
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composition. The decomposition of polymers such as cellulose has been reported to 

release H2 during its hydrothermal gasification in presence of sodium hydroxide.
[35]

  

The higher methane selectivity at basic pH, and consequently lower 

C2+production, could thus be rationalized by the increase of the H2:CO ratio during 

catalysis.
[36]

 To investigate the possible effect of the presence of base in the reaction 

media without the interference of undesired side reactions, a series of experiments 

were carried out at different pH using previously isolated Co2.  

Figure 10a and b describe the activity and the product selectivity obtained 

using Co2 nanocatalyst as a function of the initial pH. Since the effect of acidic pH 

resulted negligible in the catalytic performance of this catalyst, only basic pHs were 

tested in this section (7-13.3). According to Figure 10a, the activity resulted constant 

from pH 7 to 12.6. For higher pHs, an exponential increase up to pH 13.2 was 

observed (0.186 molCOmolCo
-1

h-
1
, corresponding to an addition of 11.8 eq. of NaOH 

vs Co), although increasing the pH to 13.3 resulted in a loss of activity (0.100 

molCOmolCo
-1

h-
1
). In terms of hydrocarbon selectivity, the C2+ selectivity decreased 

from 57 to 10% while the pH increased from 7 to 13.3. In contrast, the increase of 

pH from 7 to 13.1 resulted in the increase of the CO2 selectivity from 23 to 68%. 

Curiously, for slightly higher pH (13.2 and 13.3), the CO2 formation was completely 

suppressed. The methane selectivity remained constant within the range of pH 7 -

13.1, but suddenly increased up to 90% for higher pHs. Analysis of the gas phase 

after catalysis demonstrated that the H2:CO ratio remained constant during catalysis 

in the range between pH 7 and 12.6, but increased up to 12 at pH 13.3 (Figure 10c).  

To summarize, the increase in pH caused an increase in H2:CO ratio during 

catalysis. An increase in CO2 selectivity was also observed up to pH= 13.1 but was 

totally suppressed at higher pH while an increase in CH4 selectivity was also 

observed. The higher WGS activity under basic conditions was previously reported 

in the literature
[37]

 and could explain the initial increase in H2 and CO2 

concentration. However, the suppression of CO2 selectivity suggested that this 

product was transformed under very basic conditions.
[38]

 The increase in CH4 

selectivity was related to the increase in H2:CO ratio during the reaction, which was 

reported to favor the methane formation.
[36]
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Figure 10. (a) Activity in molCO.molCo
-1

.h
-1

, (b) product selectivity in wt% and (c) H2:CO 

ratio after catalysis of isolated Co2 tested at different pHs. Conditions: 0.949 mmol Co, 30 

bar H2/CO/Ar (2:1:0,15); 66 ml water, 1000 rpm, 180 ºC, 12h   

Analysis of the liquid phase after catalysis under basic conditions by 
13

C 

NMR revealed the presence of formate HCO2
- 

but carbonate species were not 

detected. This observation suggested the possibility of hydrogenation of the 

carbonate species into formate under FT conditions. To investigate the potential role 

of the CoNPs as catalysts for this transformation, the direct hydrogenation of HCO3
-
 

to formate was tested in presence of the CoNPs under basic FT conditions (15 mol% 

CoNPs; 5.40 mmol NaHCO3 10.80 mmol NaOH) and full conversion of HCO3
- 
to 

HCO2
-
 was observed according to 

13
C NMR analysis of the resulting solution. To the 

best of our knowledge, this is the first example of carbonate hydrogenation to 
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formate catalyzed by CoNPs. This catalytic transformation has been mainly 

documented through homogenous organometallic catalysis
[39]

 but there are some 

reports employing heterogeneous catalysts based on Pd.
[40]

 In this study, the 

molecular / heterogenous nature of the catalyst was not investigated.  

It is well known that the addition of sodium has a severe effect on FT 

performances and usually causes significant decrease of the catalytic activity, 

although no strong effect on the selectivity was reported.
[41]

 Since the base used for 

these studies was NaOH, the possible influence of sodium on the colloidal catalyst 

Co2 was evaluated through the use of a non-alkaline base and a catalytic experiment 

was performed under typical FT conditions at pH 11.3 using NH4OH as the base. 

Using this base, similar results to those with NaOH were obtained and it was 

concluded that the presence of Na
+
 in these experiments did not affect the catalytic 

performances of the CoNPs.  

It was therefore concluded that the CO2 produced by WGS reacted with 

hydroxyl groups under basic conditions to form carbonate which is in turn reduced 

to formate through hydrogenation catalysed by the CoNPs, as summarized in 

Scheme 6. Reaction (a) corresponds to the WGS reaction. Path (b) corresponds to 

the reaction between CO and hydroxide to yield sodium formate.
[42]

 In (c) the CO2 

formed from WGS reaction reacts with hydroxide to form carbonate species HCO3
-
 

or CO3
-
.
[43]

 Finally (d) the carbonate species are hydrogenated into formate in the 

presence of the CoNPs.  

 

Scheme 6. Possible reaction pathways involved in the Co-catalyzed aqueous FTS performed 

under basic conditions. 
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IV.4. Conclusions 

Small and well defined cobalt nanoparticles were synthesized in water using 

PVP as stabilizer and NaBH4 as reducing agent. Small variations in the particle size 

between 1.7 and 3.1 nm were observed when the PVP:Co ratio varied from 10 to 80. 

Surface analysis of the CoNPs by XPS indicated that the oxidation degree of 

the CoNPs depends on the PVP:Co ratio with a higher content in metallic cobalt 

when high PVP:Co ratios are used during the synthesis. Analysis by FTIR and TGA 

demonstrated that after work-up, no PVP remained at the surface of the CoNPs.  

Relevant differences in activity and product selectivity were observed when 

in-situ or isolated CoNPs were tested in the AFTS. In this study, we showed that the 

pH increased during the NPs synthesis, which consequently affected the catalytic 

performance of the CoNPs. Indeed, at basic pH, the WGS activity was enhanced 

thus producing high amounts of H2 and CO2. The increase in H2 partial pressure 

resulted in higher selectivity for methane while CO2 reacts with hydroxide to form 

carbonate which is subsequently hydrogenated in the presence of CoNPs to form the 

corresponding formate. To the best of our knowledge, this is the first example of 

carbonate hydrogenation to formate catalyzed by CoNPs. This result opens the 

possibility to employ cobalt nanoparticles in the catalytic reduction of CO2, a 

reaction of interest in current scientific research. 

IV.5. Experimental Section 

Synthesis of cobalt nanoparticles by chemical reduction method (Co1-4) 

As a standard procedure, the cobalt salt was dissolved in H2O containing the 

polymer (PVP-K30). Then, a solution of NaBH4 (10 eq. NaBH4/ eq. metal) in H2O 

was added at room temperature during 5 minutes. The solution was maintained 

under a vigorous mechanical stirring for 2 h. Then, 100 µl of the colloidal solution 

was centrifuged, washed with water and re-dispersed by sonication. Three drops of 

the obtained colloidal solution were deposited on a Cu-formvar or holey carbon 

grids for TEM or HR-TEM analysis. Additional spectroscopic and crystallographic 

characterization of the CoNPs was performed using isolated NPs. For this purpose 
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the freshly prepared CoNPs were initially precipitated by a strong magnetic field 

(using a neodymium magnet) and the supernatant was decanted. Then, the decanted 

NPs were washed with 3 x 10ml of water, 3 x 10ml of absolute ethanol and 3 x 10 

ml of hexane. The resulted CoNPs were finally dried overnight under vacuum and 

kept in the dry box prior to the respective analysis. 

 Co1: was synthesized according to the general procedure using CoCl26H2O 

(0.226 g, 0.931 mmol) in presence of PVP-K30 (1.033 g, PVP:Co=10, based in 

monomers per cobalt) dissolved in 50 ml of deionized water ([Co] = 0.018 M). 

NaBH4 (0.358 g, 9.369 mmol) was dissolved in 16.6 ml ([NaBH4] = 0.550 M). 

TEM: D = 3.13 ± 1.58 nm. 

XRD: 45, 35 and 60º 

XPS: Co
0
, 23%; Co

2+
, 77%. 

TGA: Temperature ºC/Δ wt. % (attribution); 72/-3.5 (solvent), 246/-3.7 

(polymer), 360/-0.13 (polymer), 900end/+1.16 

ICP: Co, 74.8 wt%, B, 5.7 wt%; Co/B atom ratio, 2.62 

FTIR: 3478, 1620, 1430 cm
-1

. 

RAMAN: 653, 585, 491, 447 cm
-1

. 

 Co2: was synthesized according to the general procedure using CoCl26H2O 

(0.226 g, 0.931 mmol) in presence of PVP-K30 (2.066 g, PVP:Co=20) 

dissolved in 50 ml of deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 

mmol) was dissolved in 16.6 ml ([NaBH4] = 0.550 M). 

TEM: D = 2.64 ± 0.92 nm. 

HR-TEM: ca. 2.6 nm; detection of CoO-fcc and Co3O4-fcc. 

XRD: 45, 35 and 60º 

XPS: Co
0
, 37%; Co

2+
, 63%. 

TGA: Temperature ºC/Δ wt. % (attribution); 70/-3.5 (solvent), 244/-3.7 

(polymer), 900end/+0.92. 

ICP: Co, 82.4 wt%, B, 5.9 wt%; Co/B atom ratio, 2.79 

FTIR: 3477, 1644, 1425 cm
-1

.  

RAMAN: 666, 586, 492, 450, 196 cm
-1

. 
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 Co3: was synthesized according to the general procedure using CoCl26H2O 

(0.226 g, 0.931 mmol) in presence of PVP-K30 (4.132 g, PVP:Co=40) 

dissolved in 50 ml of deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 

mmol) was dissolved in 16.6 ml ([NaBH4] = 0.550 M). 

TEM: D = 2.11 ± 0.41 nm. 

XRD: 45, 34 and 60º 

XPS: Co
0
, 31%; Co

2+
, 69%. 

TGA: Temperature ºC/Δ wt. % (attribution); 81/-3.3 (solvent), 238/-2.9 

(polymer), 900end/+0.9. 

ICP: Co, 79.0 wt%, B, 6.3 wt%; Co/B atom ratio, 2.52 

FTIR: 3465, 1644, 1425 cm
-1

.  

RAMAN: 665, 593, 502, 454, 173 cm
-1

. 

 Co4: was synthesized according to the general procedure using CoCl26H2O 

(0.226 g, 0.931 mmol) in presence of PVP-K30 (8.264 g, PVP:Co=80) 

dissolved in 50 ml of deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 

mmol) was dissolved in 16.6 ml ([NaBH4] = 0.550 M).  

TEM: D = 1.71 ± 0.73 nm. 

XRD: 45, 34 and 60º 

XPS: Co
0
, 38%; Co

2+
, 62%. 

TGA: Temperature ºC/Δ wt. % (attribution); 72/-0.9 (solvent), 198/-1.7 

(polymer), 446/-0.25 (polymer), 900end/+1.25. 

ICP: Co, 82.7 wt%, B, 5.7 wt%; Co/B atom ratio, 2.9 

FTIR: 3447, 1639, 1421 cm
-1

. 

RAMAN: 666, 600, 506, 464, 186 cm
-1

. 

Fischer-Tropsch catalytic experiments 

The FT experiments were performed according to reported methods.
[9,44]

 For 

the catalytic experiments, two methodologies were used: 

- For the experiments using “in-situ” prepared nanoparticles. 

In a typical experiment, after the synthesis of the Co-NPs (from 0.93 mmol 

CoCl2) within the autoclave, the system was purged three times with Ar, and sealed 
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at a pressure of 1.5 bar. 10 bar CO and 20 bar H2 were then added providing a final 

pressure of 31.5 bar (H2:CO:Ar = 2:1:0.15) and the autoclave was heated at 180 ºC 

under mechanical stirring at 1000 rpm during 12h. At this point, the autoclave was 

cooled to room temperature prior to gas analysis. All the components contained in 

the gas phase (CO, H2, Ar, CO2, and C1-C8 hydrocarbons) were analyzed by GC-

TCD and quantified using calibration curves for each component. The compounds 

present in the aqueous phase were extracted with dichloromethane (10 ml) 

containing 1 µl of bicyclohexyl as internal standard. The organic phase containing 

the hydrocarbon and oxygenated products were analyzed by GC-MS. The 

identification and quantification of products was performed by comparison with 

standards using calibration curves for each compound.  

- For the FT experiments using “isolated” nanoparticles: 

Freshly synthesized Co-NPs (0.93 mmol Co, as described above) were 

magnetically decanted and washed three times with water and then re-dispersed in 

66 ml of water. The obtained suspension of CoNPs was finally transferred to the 

autoclave using a Teflon liner. The autoclave was then purged with Ar and charged 

with a mixture of Ar (1.5 bar) and syngas (30 bar, H2:CO= 2:1) and the catalytic 

experiment carried out following the procedure described above. 
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Materials and Methods 

All syntheses of CoNPs were carried under aerobic conditions using a mechanical 

stirrer. Milli-Q water was used for all the experiments. Solvents were purchased from Merck 

and used as received. CoCl2·6H2O, NaBH4 and PVP K-30 and were purchased from Sigma-

Aldrich. Hydrogen (5.0) was purchased from Air Liquide and CO (4.7) and argon (5.0) from 

Carburos Metálicos.  

Transmission electron microscopy (TEM) measurements were performed at the “Unitat 

de Microscopia dels Serveis Cientificotècnics de la Universitat Rovira I Virgili” in 

Tarragona with Zeiss 10 CA electron microscope operated at 100 kV with resolution of 3 Å. 

High resolution electron microscopy (HRTEM) measurements were performed at the 

“Centres Científics i Tecnològics de la UB” in Barcelona with a JEOL 2011(FEG) electron 

microscope operated at 200 kV with a point resolution of 2 Å. 

FTIR spectra were acquired from KBr discs on a Bruker Equinox 55 Spectrometer 

using Opus software. Raman spectra was acquired by scattering of a 514nm Ar lamp on a 

Renishaw InVia Raman microscope using a x50LW objective, 60s of exposition time and 

100% of laser intensity.   

XPS experiments were performed in a PHI 5500 Multitechnique System (from Physical 

Electronics) with a monochromatic X-ray source (Aluminium Kalfa line of 1486.6 eV energy 

and 350 W), placed perpendicular to the analyzer axis and calibrated using the 3d5/2 line of 

Ag with a full width at half maximum (FWHM) of 0.8 eV. The analized area was a circle of 

0.8 mm diameter, and the selected resolution for the spectra was 187.5eV of Pass Energy and 

0.8 eV/step for the general spectra and 23.5 eV of Pass Energy and 0.1 eV/step for the 

spectra of the different elements in the depth profile spectra. A low energy electron gun (less 

than 10 eV) was used in order to discharge the surface when necessary. All Measurements 

were made in a ultra high vacuum (UHV) chamber pressure between 5x10
-9

 and 2x10
-8

 torr. 

XRD measurements were made using a Siemens D5000 diffractometer (Bragg-

Brentano parafocusing geometry and vertical θ-θ goniometer) fitted with a curved graphite 

diffracted-beam monochromator, incident and diffracted -beam Soller slits, a 0.06º receiving 

slit and scintillation counter as a detector. The angular 2θ diffraction range was between 25 

and 120º. The data were collected with an angular step of 0.05º at 16s per step and sample 

rotation. A low background Si(510) wafer was used as sample holder. Cukα radiation was 

obtained from a copper X-ray tube operated at 40 kV and 30 mA. 
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GC-TCD analyses were carried out on an Agilent 7890A GC using a system with three 

columns: Hayesep Q (3ft x 1/8 in), HP-Molesieve (30m x 0.320 mm x 12 µm) and HP-

Plot/Q (30m x 0.320 mm x 20 µm) using helium as carrier gas. GC-MS analyses were 

performed on a 9575C MSD system (Agilent) using a HP-Innowax capillary column (30m x 

0.250 mm x 0.15 µm), using helium as carrier gas. Standard reference of gases (CO, CO2, 

H2, N2) and hydrocarbons (C1-C5) was purchased from Avello Linde.  

Thermogravimetric analysis (TGA) were performed at the “Centres Científics i 

Tecnològics de la UB” in Barcelona with a thermobalance (Mettler TGA/SDTA851e) 

equipped with a gas flow system. A 2-6 mg sample was heated in an alumina crisol in a flow 

of nitrogen. Then the catalyst was heated under a 50 ml/min of nitrogen flow from 30 ºC to 

900 ºC (heat rate: 10 ºC/min).  

Product analysis 

All the hydrocarbon products were identified by comparison with reference samples.  

The components contained in the gas phase (CO, H2, Ar, CO2, and C1-C8 hydrocarbons) 

were analysed on a Agilent 7890A GC using a system of three columns: Hayesep Q (3ft x 

1/8 in), HP-Molesieve (30m x 0.320 mm x 12 µm) and HP-Plot/Q (30m x 0.320 mm x 20 

µm) using helium as carrier gas. The quantification was carried out using calibration curves 

for each gas. Mixtures at different concentration of gases were prepared by gas blending 

from a standard reference of gases (Avello Linde).  

The compounds present in the aqueous phase were extracted with dichloromethane (10 

ml) containing 1 µl of bicyclohexyl as internal standard. The bottom organic phase 

containing the hydrocarbon and oxygenated products were analyzed immediately by GC-MS 

on a 9575C MSD system using a using a HP-Innowax capillary column (30m x 0.250 mm x 

0.15 µm), and helium as carrier gas.  

The identification and quantification of products was performed by comparison with 

standards using calibration curves for each compound.  

Activity and Selectivity Calculations  

The activity and selectivity was calculated based on the number of moles of carbon 

being formed as products according to the following formulas: 
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Figure S1. TEM micrographs and size distribution of Co1-4  NPs: a) Co1, PVP:Co = 10, D 

= 3.13 ± 1.58 nm; b) Co1, PVP:Co = 10 after catalysis, D = 3.54 ± 1.41 nm; c) Co2 , 

PVP:Co = 20, D = 2.64 ± 0.92 nm; d) Co2, PVP:Co = 20 after catalysis, D = 3.28 ± 1.17 nm; 

e) Co3, PVP:Co = 40, D = 2.11 ± 0.41 nm; f) Co3, PVP:Co = 40 after catalysis, D = 2.55 ± 

0.98 nm; g) Co4, PVP:Co = 80, D = 1.71 ± 0.73 nm; h) Co4, PVP:Co = 80 after catalysis, D 

= 2.67 ± 0.81 nm. 

a) Co1, PVP:Co = 10 before 

catalysis 

 
 

D  = 3.13 ± 1.58 nm.

0 1 2 3 4 5 6 7 8 9 10
0.00

0.05

0.10

0.15

0.20

0.25

D
is

tr
ib

u
ti

o
n

Diameter / nm

 

b) Co1, PVP:Co = 10 after catalysis 
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c) Co2 , PVP:Co = 20 before 

catalysis 

 

D = 2.64 ± 0.92 nm.
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d) Co2, PVP:Co = 20 after catalysis  

 

D = 3.28 ± 1.17 nm.  
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e) Co3, PVP:Co = 40 before 

catalysis 
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f) Co3, PVP:Co = 40 after catalysis  

 

D = 2.55 ± 0.98 nm. 
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g) Co4, PVP:Co = 80 before 

catalysis 

 

D = 1.71 ± 0.73 nm.
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h) Co4, PVP:Co = 80 after catalysis  

 

D = 2.67 ± 0.81 nm.
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Table S1. Size of CoNPs before and after catalysis  

Entry NP PVP:Co Before, D(nm) After, D(nm) 

1 Co1 10 3.13 ± 1.58 3.54 ± 1.41 

2 Co2 20 2.64 ± 0.92 3.28 ± 1.17 

3 Co3 40 2.11 ± 0.41 2.55 ± 0.98 

4 Co4 80 1.71 ± 0.73 2.67 ± 0.81 

[a] Conditions: 0.93 mmol of CoCl2.6H2O; PVP (K-30); 9.31mmol NaBH4. 

 

Figure S2. (a) Full XPS spectra of CoNPs: (1) Co1, PVP:Co = 10; (2) Co2, PVP:Co = 20; 

(3) Co3, PVP:Co = 40 and (4) Co4, PVP:Co = 80. (b) Co 2p XPS spectra of (1) Co2 freshly 

synthesized; (2) Co2 oxidized under air during 3 months and (3) Co2 after FTS using water 

as solvent. (c) C1s XPS spectra of Co2 (1) before and (2) after catalysis. (d) B1s XPS spectra 

of Co2 (1) before and (2) after catalysis. 
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Table S2. Chemical composition analysis of CoNPs by XPS . 

 
Quantification regions (%Atom)  

Name PVP:Co Na 1s C 1s N 1s O 1s Co 2p B 1s Co/B 

Co1 10 0.9 17.8 0.8 52.5 15.5 12.5 1.2 

Co2 20  20.9  48.6 18.0 12.5 1.4 

Co3 40 0.9 26.8 1.9 46.1 13.2 11.1 1.2 

Co4 80 1.1 19.7 0.2 53.4 15.0 10.5 1.4 

Co2
a
 20  54.9 2.4 31.6 9.0 2.1 4.3 

a
 Analysis of Co2 NPs after catalysis. 

 

 

Table S3. Microanalysis by Energy-dispersive X-ray spectroscopy, EDX  (%Atom) of Co1-

4 

 Element/ shell 

Name PVP:Co C K O K Co K 

Co1 10 14.6 35.2 50.1 

Co2 20 36.5 33.1 30.5 

Co3 40 52.8 32.8 14.4 

Co4 80 60.4 30.2 9.4 

 

Scheme S1. Reaction of formation of CoNPs by reduction of CoCl2 using NaBH4 as 

reducing agent. 
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Figure S3. Raman  spectra of (1) Co1, PVP:Co = 10; (2) Co2, PVP:Co = 20; (3) Co3, 

PVP:Co = 40 and (4) Co4, PVP:Co = 80. Spectra acquired by scattering of a 514 nm Ar 

lamp. 
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Figure S4. XRD analysis of Co2 before (1) and after (2) catalysis. 
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Figure S5. FTIR spectra of (1) Co1, PVP:Co = 10; (2) Co2, PVP:Co = 20; (3) Co3, PVP:Co 

= 40 and (4) Co4, PVP:Co = 80. 
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Figure S6. Potentiometric titration of the synthesis solution of Co2 using HCl solution 

(2.007 M). 
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Figure S7. (a) TGA thermogram of PVP and Co2; (b) TGA thermograms of CoNPs 

synthesized by chemical reduction in presence of different PVP:Co ratios: (1) Co1, PVP:Co 

= 10; (2) Co2, PVP:Co = 20; (3) Co3, PVP:Co = 40 and (4) Co4, PVP:Co = 80 (c) TGA 

thermograms of Co2 carried out under nitrogen or air flux. 
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Figure S8. 
13

C NMR in D2O of solid residue obtained from reactions: (1) FT experiment at 

pH 13.1 and (2) Hydrogenation of NaHCO3 by Co2. 
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V.1. Abstract 

Colloidal cobalt nanoparticles with well-defined particle size (ca. 2.7 nm) 

were synthesized, characterized and tested in Fischer-Tropsch Synthesis (FTS) using 

water and binary mixtures as solvent. The catalytic results revealed that activity and 

selectivity strongly depend on the nature and composition of the solvent mixture: the 

tests in pure water produced light hydrocarbons (C2-C4), while the addition of 

organic co-solvents increased the activity and shifted the selectivity to higher 

hydrocarbons (C13-C30). The observed variations in activity and selectivity were 

correlated to syngas solubility in the medium used for catalysis. Under the tested 

conditions, ethanol/water (93/7 v/v) appeared to be the optimum binary solvent in 

terms of FT activity.  

Keywords: Fischer-Tropsch, cobalt nanoparticles, solvent effect, product 

distribution.  

V.2. Introduction 

Due to the recent crude oil crisis, the Fischer-Tropsch synthesis has gained 

renewed scientific interest because of its potential capacity to produce high quality 

synthetic fuels.
[1]

 Through this reaction, synthesis gas (a mixture of carbon 

monoxide and hydrogen) is transformed into a series of linear hydrocarbon 

products.
[2]

 At the same time, synthesis gas can be produced from alternative 

feedstocks such as coal, natural gas, and more recently biomass, making of this 

transformation a key process of the solid-to-liquid technologies (STL), gas-to-liquid 

(GTL) and biomass-to-liquid (BTL).
[3]

  

Currently, one of the main challenges in FT research is the design of not 

only active and stable catalysts but also highly selective active phases that provide 

hydrocarbons with narrow chain length distributions.
[4] 

Among the parameters that 

were shown to affect the selectivity of FT catalysts,
 
the conditions used (T, P, H2/CO 

ratio), the particle size of the catalysts and the presence of additives at the catalyst 

surface are probably the most relevant.
[5]

 The presence of the FT products (water and 
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hydrocarbons) at the catalysts surface was also reported to influence the output of 

the reaction.
[6] 

For instance,
 
Van Steen and Claeys reported the effect of the presence 

of water during Fischer–Tropsch synthesis using a supported ruthenium catalyst.
[6b]

 

This study showed that the addition of water during catalysis led to a significant 

increase in product formation rates and to relevant variations in hydrocarbon 

selectivity, in particular lower methane selectivity and improved chain growth.  

The effect of other solvents in Fischer-Tropsch synthesis was also identified 

in several reports as a key parameter to enhance the catalytic performance of the 

catalysts. Fujimoto and co-workers studied the influence of additional linear 

hydrocarbons on the selectivity to α-olefin products in FTS using a supported Co 

catalyst in a fixed-bed reactor system.
[7]

 With these solvents, no relevant effect on 

the catalytic activity nor the chain growth probability (α-value) was observed, 

although a significant decrease in selectivity to α-olefins was described when long 

chain hydrocarbon solvents such as hexadecane were used. The same group reported 

the effect of solvent on the selectivity to long chain linear α-olefins over cobalt 

Fischer-Tropsch catalysts.
[8]

 Interestingly, ca. 40% selectivity to α-olefins was 

obtained in the presence of n-decane, in comparison to ca. 2% in the presence of n-

hexane and it was concluded that hydrogenation of α-olefins is more efficient in n-

hexane.
[5]

 According to the authors, this phenomenon indicates that the primary α-

olefin products can be more effectively removed from the catalyst bed in n-decane 

due to the higher affinity for heavy aliphatic hydrocarbons expected for this solvent 

according to the longer carbon chain in comparison to n-hexane.  

Burton and co-workers also investigated the effect of solvent on the 

performance of supported cobalt-based catalysts in Fischer–Tropsch synthesis using 

a continuously stirred tank reactor.
[9]

 They observed an increase in conversion when 

the molecular weight of the solvent decreased. According to the authors, the 

decrease in conversion with time is likely to be a result of pore filling with solvent 

into the interior of the catalyst, which increases with increasing molecular weight of 

the start-up solvent.  

For the study of solvent effects in FTS, the use of unsupported nanoparticles 

is of high interest due to the suppression of support-related issues such as internal 
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mass transport. Moreover, the synthesis of nanocatalysts by colloidal methods 

provides a better control of their size and shape compared to that of classical 

supported heterogeneous catalysts. The first example of colloidal nanoparticles 

applied as catalysts in the Aqueous FT Synthesis (AFTS) was reported by Kou, who 

used ruthenium nanoclusters stabilized by poly(N-vinyl-2-pyrrolidone) (PVP).
[10]

 

Using these nanocatalysts, they described a 35-fold increase in activity over 

traditional supported Ru catalysts. The smaller size and high dispersion, and the 

three-dimensional freedom of the particles in water were discussed as the key factors 

for such increase of the catalytic activity at 180°C. In addition, as the products of 

FTS are insoluble in water, they can be easily separated from the reaction 

mixture.
[11]

 The same authors later reported the effect of ionic additives on the 

performance of these colloidal catalysts.
[12]

 The same catalyst was also tested by van 

Santen and co-workers in the low temperature AFTS and high selectivity to 

oxygenates were obtained. The authors attributed this effect to a higher CO coverage 

at the NP surface under these conditions.
[13]

 Recently, our research group reported 

the catalytic performance of colloidal Ru-NPs stabilised by various polymers such 

as PVP and lignins and showed that the nature of the NPs stabilisers influence the 

selectivity of Ru catalysts in AFTS.
[14]

  

Concerning cobalt catalysts, Kou and co-workers recently reported the use 

of cobalt/platinum alloy nanoparticles stabilized by PVP as catalysts of the AFTS.
[11]

 

According to this report, activity up to 1.1 molCOmolSuf-Co
-1

h
-1

 with a growth factor 

(α) of 0.8 was obtained at 160ºC. This outstanding activity was rationalized by the 

formation of Co overlayer structures on Pt NPs or Pt-Co alloy NPs. The same author 

tested Co nanoparticles reduced by LiBEt3H and NaBH4, in the aqueous-phase 

Fischer-Tropsch synthesis.
[15]

 Better catalytic performance was observed for the 

former case, and comparing the particle size distribution of the catalysts before and 

after reaction, it was suggested that catalyst reconstruction occurs during the 

reaction. In addition it was proposed the B-doping could affect the catalytic 

performance of these NPs. In a previous study, Kou and co-workers reported an 

activity of 0.12molCOmolCo
-1

h
-1 

at 170ºC in the AFTS for CoNPs synthesized by 

chemical reduction using sodium borohydride as reducing agent in water.
[16]

 Other 
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colloidal Co nanocatalysts for FTS were reported in ionic liquids
[17]

 and squalane
[18]

 

although in these cases generally low activity and agglomeration issues were 

described. Dupont and co-workers reported the synthesis of Co nanocubes (54 ± 22 

nm)
[17a]

 and nanospheres (7.7 ± 1.2 nm)
[17b]

 by thermal decomposition of Co2(CO)8 

in [DMI][NTf2] and [BMI][NTf2], respectively. The obtained materials resulted 

active in the FTS. Very recently, the same author reported the synthesis of bimetallic 

Co/Pt NPs in [BMI][PF6], this time through an organometallic approach.
[19]

 The 

isolated bimetallic NPs resulted active catalysts for the Fischer–Tropsch synthesis, 

with selectivity for naphtha products.  

Nowadays, while the activity of FT catalysts can be efficiently tuned by 

several parameters such as the type of support or the addition of promoters, etc… the 

control of the selectivity for a selected hydrocarbon fraction is less documented and 

remains a challenge.
[20] 

The study of parameters that could shift the product 

distribution in FT is therefore of high interest for the rational design of catalytic 

systems providing selectively diesel or gasoline fractions, for instance. 

Here, we describe the synthesis and characterization of monometallic 

CoNPs stabilized with poly(N-vinyl-2-pyrrolidone) and their application as 

nanocatalysts in FTS. The effect of solvent composition on the catalytic 

performance of these NPs was investigated. Varying the composition of the solvent 

caused striking effects on the product distribution of the reaction from light to 

heavier hydrocarbons, which were correlated to the relative CO and H2 solubility 

under these reaction conditions. 

V.3. Results and Discussion 

V.3.1. Synthesis and characterization of CoNPs 

The cobalt nanoparticles Co1 were synthesized in water by chemical 

reduction of CoCl2.6H2O in the presence of NaBH4 using PVP as stabilizer (PVP:Co 

= 20) while Co2 were produced by thermal decomposition of Co2(CO)8 in butylether 

at 150 °C in the presence of 10 equivalents of PVP. In this latter case, the amount of 
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PVP was lower than for the chemical reduction method due to solubility issues. Both 

methodologies are schematically represented in Scheme 1.  

 

Scheme 1. Methodologies used for the synthesis of CoNPs Co1-Co2  

According to the TEM micrographs and size histograms of Co1 and Co2 

displayed in Figure 1, both methodologies resulted in the formation of spherical 

CoNPs of similar sizes ca. 2.7 nm (Co1: 2.64 ± 0.92 nm; Co2: 2.78 ± 0.71 nm).  
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Co2, 2.78 ± 0.71 nm. 
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Figure 1. Size histograms and TEM micrographs of Co1 and Co2. 

The fine structure of the CoNPs Co1 and Co2 was studied by high-

resolution transmission electron microscopy (HR-TEM). The corresponding 

micrographs are displayed in Figure 2, where the insets represent the electron 

diffraction of the NPs. In the micrograph of Co1 (Figure 2, left), single particles of 
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ca. 2.6 nm diameter were observed, in agreement with TEM measurements. 

Analysis of the diffraction pattern revealed the presence of crystalline Co3O4-fcc 

(space group Fd3m(227)). Curiously, no crystalline metallic cobalt phase was 

identified .The diffuse rings present in the diffraction pattern of these NPs (Co1) 

suggest an amorphous structure for the cobalt faces, in agreement with previously 

reported synthesis of amorphous CoNPs via similar synthetic methods.
[21]

 

 

Figure 2. HRTEM image of Co1 (left) and Co2 (right) NPs and their corresponding electron 

diffraction pattern. 

In contrast, the analysis of the diffraction pattern of Co2 revealed the 

presence of crystalline Co-hcp (space group P63/mmc) while crystalline cobalt 

oxides were not detected in this case.  

When the crystalline structure of the CoNPs was studied using X-ray 

diffraction (XRD) technique, the XRD pattern of Co1 revealed the presence of two 

broad bands centred at 34º and 45º which cannot be attributed to any defined 

crystalline pattern unambiguously (Figure 3). In contrast, in the diffractogram of 

Co2, low intensity peaks were observed at 42, 45, 47 and 76º which were readily 

attributed to Co-hcp and Co-fcc crystalline phases. Additionally, a broad feature 

centred at 20º was also observed corresponding to large amounts of amorphous PVP 

at NPs surface. These results therefore indicated that the synthetic method used for 

the formation of NPs affects their crystalline structure and the oxidation state of Co.  
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Figure 3. XRD patterns of (1) Co1 and (2) Co2. 

Surface analysis of the CoNPs Co1 and Co2 was performed by X-ray 

photoelectron spectroscopy (XPS). The full XPS spectra of Co1 revealed the 

presence of Na, Co, O, N, C and B, according to the peaks observed at their 

characteristic binding energies (1071.6; 781.5; 530.9; 399.2; 284.5 and 191.1 eV 

respectively). The Co XPS spectrum of Co1 exhibits two prominent peaks at 779.7 

and 795.6 eV corresponding to Co 2p3/2 and Co 2p1/2, respectively. A low intensity 

shoulder detected at 777.9 eV can also be distinguished and suggests the presence of 

cobalt metal phase in low abundance (ca. 37% of Co
0
 according to deconvolution of 

the Co XPS spectra). In contrast, for Co2, only characteristic peaks of PVP (O, N 

and C) were detected in the full XPS spectra, suggesting again the abundant 

coverage of Co2 by PVP, and subsequently no information about the reduction state 

of cobalt at the metal surface could be obtained from this technique.  Further 

analysis of Co1 by ICP revealed a boron content of 5.9 wt%, which corresponded to 

a Co/B ratio of 2.8. 

The presence of PVP at the surface of these CoNPs was also investigated by 

FTIR, TGA and ICP-OES techniques. The IR spectra of Co1 didn´t exhibited 

absorption bands of PVP whereas for the case of Co2, characteristic absorption 

bands of PVP at 3460, 2955 and 1663 cm
-1

 were detected. To quantify the exact 

cobalt content of these NPs, ICP-OES analyses were performed, obtaining 82.4 and 
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5.8 wt % for Co1 and Co2, respectively, in agreement with the weight losses 

observed by TGA. These results therefore confirmed that the coverage of the surface 

of these NPs by PVP is also affected by the synthetic method used for their 

formation, and is much more important in the case of Co2 than in that of Co1. Due 

to the large excess of PVP remaining at the surface of Co2, a sample was washed 

with water and subsequently analyzed by FTIR and TGA (Supporting Information, 

Figure S6 and Figure S8). Characteristic signals of PVP were still present in the IR 

spectra of the washed sample. Additionally, a weight loss of 13% of PVP was 

determined by TGA thus demonstrating the coordination of PVP at the surface of 

Co2 after the suspension in water.  

In summary, the characterization of Co1 and Co2 NPs revealed that the 

composition and structure of these CoNPs depend strongly on the synthetic 

methodology used for their formation. Despite that both Co1 and Co2 show similar 

particle size (ca. 2.6 nm), Co1 are constituted of metal cobalt and cobalt oxide with 

an amorphous structure, while Co2 is reduced cobalt with hcp and fcc crystalline 

phases. Furthermore, relevant differences in PVP coverage were observed and 

showed that Co1 is poorly wrapped by PVP compared to Co2. 

V.3.2. Fischer-Tropsch catalytic experiments 

The synthesized Co NPs (Co1 and Co2) were tested in the Fischer-Tropsch 

synthesis using various solvents (mono-component or binary mixtures) in order to 

study the effect of solvent on the activity and selectivity of the CoNPs.  

V.3.2.1. Catalysis in water 

The synthesized NPs Co1 were first tested in AFTS using water as solvent 

at 150, 180 and 210°C under 30 bar of syngas (Table 1). Activity increased from 

0.012 to 0.097 molCOmolCo
-1

h-
1
 as the temperature increased from 150 to 210 ºC 

(note: CO2 was not considered for the activity calculation). Methane selectivity 

steadily increased from 8 to 25 wt% as temperature increased, whereas C2+ 

selectivity initially increased from 48 w% at 150°C to 57% at 180 °C, but decreased 

to 21% when temperature was further increased to 210 °C. The rise in temperature 
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also caused a considerable shortening of the hydrocarbon chain (decrease of the α 

value from 0.60 to 0.50), and favored the methanation reaction, in agreement with 

trends previously reported for cobalt catalysts.
[5]

.  

For Co2, activity of 0.205 molCOmolCo
-1

h-
1 

was observed at 180°C with 

selectivity of 27% for methane and 50% for C2+. The activity of Co2 resulted ca. 10 

times higher than that of Co1 at this temperature, and was attributed to the higher 

reduction degree of Co2. In contrast, the product selectivities observed for Co1 and 

Co2 were quite similar at 180 °C, indicating that under these conditions, the 

differences in structure and composition of these CoNPs do not affect significantly 

the selectivity of the reaction. The obtained activities for Co1 and Co2 are 

comparable to those recently reported by Kou and co-workers in the AFTS catalyzed 

by CoNPs (0.27 and 0.1 molCOmolCo
-1

h
-1 

corresponding to NPs prepared by chemical 

reduction using NaBH4).
[15]

 The hydrocarbon selectivities as well as the α values 

observed in water were also comparable. In contrast, the CH4 and CO2 selectivities 

obtained in this study were 20 and 23 wt% differently to the reported by Kou, 40 

and 7 wt% respectively. These differences could be attributed no only to variations 

in the structure of the catalysts but also to the composition (extent of B-doping, etc).  

 

Table 1. Fischer-Tropsch synthesis catalyzed by Co1 and Co2 using water as solvent.
a
 

   Selectivity, Wt%  HC selectivity, Wt%  

E.
b
 

Temp. 

(°C) 
Activity

c
 CO2 CH4 C2+  C2-4 C5-12 C13-30 α 

1 150 0.012 44 8 48  41 45 0 0.60 

2 180 0.026 23 20 57  43 31 0 0.59 

3 210 0.097 54 25 21  30 16 0 0.50 

4
 d
 180 0.205 23 27 50  41 24 0 0.57 

a
 Reaction conditions: 30 bar H2/CO/Ar (2:1:0,15); 66 mL water, 1000 rpm, 180 ºC, 12h; 

b 

Co1 (0.93 mmol Co) ; 
c
 Activity without CO2 in molCOmolCo

-1
h-

1
;
 d 

Co2 (0.93 mmol Co). 

 

It is noteworthy that in these catalytic experiments, most of the hydrocarbon 

products were in the C1-4 fraction and no products longer than C12 were obtained. 

Usually, the range of α for Co-catalysed FTS is ca. 0.70–0.80 depending on the 

reaction conditions and catalyst type. 
[22]

 Here, using water as solvent, α values of 

0.50-0.60 were obtained in all cases. This significant difference in selectivity may 
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indicate that water is responsible for the shortening of the hydrocarbon chain, 

possibly due to the low solubility of syngas in water.
[23]

  

V.3.2.2. Catalysis in mixtures of water and organic co-solvent 

In view of these results, it was thought that the addition of an organic co-

solvent could exert a direct effect on the selectivity of AFTS. Therefore catalytic 

experiments using mixtures of water and a series of organic solvents (15% v/v) were 

carried out (Table 2). The organic co-solvents were selected on the basis of their 

boiling point (similar to that of water), to minimize vapor pressure effects during 

catalysis. For this initial screening, aliphatic (linear and cyclic), aromatic and 

perfluorinated hydrocarbons and alcohols were tested.  

When a 15% v/v of heptane/water was used as the solvent mixture, the 

activity of the Co1 NPs at 180°C increased up to 0.067 molCOmolCo
-1

h-
1 

(x 2.5 

compared to that obtained in pure water) with a clear shift of the hydrocarbon 

selectivity from C2-4 to C13-30 (Table 2, Entry 2 versus entry 1). Furthermore, a 

significant decrease of the methane and CO2 selectivities, to 11% and 23 % 

respectively, was also observed (Table 2, Entry 2). In methylcyclohexane and 

toluene (Entries 3 and 4), similar results were obtained with activities of ca. 0.06-

0.07 molCOmolCo
-1

h-
1
, together with high selectivities to C13-30 and low selectivities 

to methane and CO2.  

 

 

Table 2. Screening of mixtures of organic solvents with water (15%) in the Fischer-Tropsch 

synthesis catalyzed by Co1.
a
 

   Selectivity, Wt%  HC sel., Wt%  

E.b Solvent (% v/v) 
b.p 

,ºC 

Activity
c CO2 CH4 C2+  C2-4 C5-12 C13-30 α 

1 Water (100%) 100 0.026 23 20 57 
 

43 31 0 0.59 

2 Heptane (15%) 99 0.067 23 11 66 7 19 59 0.92 

3 Methylcyclohex.(15%) 101 0.058 19 15 66  11 22 49 0.92 

4 Toluene (15%) 111 0.071 20 12 68  10 22 53 0.91 

5 Perfluorooctane (15%) 103 0.076 10 10 80  11 21 57 0.91 

6 Propanol (15%) 98 0.052 19 18 63  37 28 13 0.79 
a Conditions: 0.93 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66mL total volume, 1000rpm, 180 ºC, 12h  ;  
b Co1 (0.93 mmol Co) ; c Activity without CO2: molCOmolCo

-1h-1 

 

Hydrogenation of toluene was not observed when the FT catalysis was 

performed in this aromatic solvent. The catalysis in perfluorooctane (Entry 5) gave 
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the highest activity of the series, up to 0.076 molCOmolCo
-1

h
-1

, the highest C2+ 

selectivity (80%) and the lowest CO2 and CH4 selectivities (10% for both). Long 

chain hydrocarbons (C13+) were again the main reaction products under these 

conditions. 

When the catalysis was performed in 15% v/v of propanol/water (entry 6), 

intermediate results between those in water and heptane (15% v/v) were obtained. It 

is noteworthy that the hydrocarbon selectivity increased in the order water < heptane 

< perfluorooctane (57 < 66 < 80%), which suggested that these variations could be 

caused by the increasing solubility of H2 and CO in these solvents.
[23-24]

 

To summarize, when the catalysis was performed in water the growth of the 

hydrocarbon chain was restricted to C1-12 products whereas upon addition of 15% of 

an organic co-solvent such as heptane, catalytic activity increased and chain 

lengthening was observed (C13-C30). 

In view of the results obtained with this series of co-solvents, and since 

water and hydrocarbons are products of the FTS reaction, the composition of the 

water/heptane mixture was optimized.  

V.3.2.3. Optimization of the composition of water/heptane mixtures 

To further investigate the effect of the co-solvent, the water/heptane mixture 

was investigated at various heptane contents.  

In these experiments, rising the heptane content resulted in an increase in 

activity of Co1 (Figure 4, solid line) up to a maximum of 0.095 molCOmolCo
-1

h
-1 

at 

v/v 50%; however
 
the activity decreased down to 0.009 molCOmolCo

-1
h

-1
 as heptane 

content was further increased. The same behavior was observed for Co2 (Figure 4, 

dotted line) although much higher activities (up to 0.27 molCOmolCo
-1

h
-1

) than those 

for Co1 were measured. The higher activity of Co2 can be attributed to the higher 

reduction degree of the Co2 catalyst, as previously indicated.  

On the other hand, at high heptane content, important agglomeration of Co1 

and Co2 was observed by TEM analysis performed after the catalytic tests. The low 

activity observed for both catalysts at high heptane content was therefore explained 

by the agglomeration of the nanocatalysts in such an apolar solvent (Figure 5).  
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Figure 4. Activity in molCO.molCo
-1

.h
-1

 of Co1 and Co2 NPs as a function of the % heptane 

in water. Conditions: 0.949 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66 ml water, 1000 rpm, 

180 ºC, 12h  

 

a) 

 

b) 

 

Figure 5. TEM micrographs of (a) Co1 and (b) Co2 after catalysis performed in heptane as 

the solvent.  

The selectivity was also strongly affected by the composition of the solvent. 

The selectivity profiles for Co1 as a function of the heptane/water ratio are displayed 

in Figure 6a. The hydrocarbon selectivity (C2+) increased up to 82% when the 

heptane content was increased to 50%. Simultaneously, the CO2 and CH4 selectivity 

decreased from 23 to 11% and from 20 to 7%, respectively. At higher heptane 

contents, C2+ selectivity decreased down to 21% while CO2 and CH4 both increased 

to 45 and 34%, respectively. In 50/50 heptane/water mixture, the use of Co2 as 
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catalyst provided slightly higher selectivities to hydrocarbons (84%, Suppl. 

Information).  

The hydrocarbon product distribution was also considerably affected when 

the heptane content in the solvent mixture was varied (Figure 6b). The variation of 

solvent composition from pure water to a water/heptane mixture of 85/15 caused a 

strong shift of the product distribution from C2-C12 towards the heavy fraction C13-30 

(Figure 6b), which is reflected in the increase of α value from 0.59 to ca. 0.90. This 

level of selectivity remained constant at heptane contents between 15 and 93% and 

dropped drastically when pure heptane was used as solvent.  
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Figure 6. Selectivity (a) and hydrocarbon selectivity (b) in wt% of Co1 NPs as a function of 

the heptane content in the solvent used for catalysis. Conditions: 0.949 mmol Co, 30 bar 

H2/CO/Ar (2:1:0,15); 66 ml water, 1000 rpm, 180 ºC, 12h 

The selectivity drop observed for pure heptane was attributed to the 

agglomeration of the NPs described above (Figure 5). It is also noteworthy that no 

C30+ products were detected in these experiments. Similar trends were observed for 

Co2 (see Suppl. Information). 

The dependence of the activity on the percentage of heptane in water can be 

rationalized by the variation of the solubilities of hydrogen and carbon monoxide in 

the different solvent mixtures. According to literature data, the solubility of 

hydrogen is higher in decane than in water by a factor of ca. 7 (3.348 mLH2/L 
[25]

 vs. 

0.488 mLH2/L
[23]

) under reaction conditions (180ºC and 20 bar of H2). A higher 
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solubility in heptane would represent a higher coverage of the metal surface by both 

gases, resulting in an increase in activity when the heptane content increases from 0 

to 50%. The shift in product distribution from C2-4 to C13+ could also be explained by 

the increase solubility of syngas.  

To confirm this hypothesis, the solubilities of H2 and CO were measured in 

various heptane/water mixtures at room temperature using the method described by 

Deimling et al.
[26]

 The results are displayed in Figure 6a. Solubility of both gases 

increased linearly as the heptane content increased. In all cases, CO solubility was 

higher than that of H2 and the H2:CO solubilities ratio (Figure 7a) decreased at 

higher heptane content. Interestingly, an inverse correlation was observed between 

the variation in H2:CO solubility ratio and the chain growth probability of the FT 

products (Figure 7b). Indeed, when the heptane content is increased from 0 to 15%, 

a drastic drop in H2:CO ratio is observed, and concomitantly, an increase in the α 

value was measured. At higher heptane content, the H2:CO solubilities ratio is less 

affected, which is reflected in an almost constant α value. From these results, it was 

concluded that the variations observed in hydrocarbon product distribution were 

mainly controlled by the H2:CO ratio in solution. At low H2:CO solubilities ratio, 

long chain hydrocarbons are formed (C13+) while at higher ratios, lighter 

hydrocarbons are preferably produced. These results are in agreement with previous 

reports which described that variations of the syngas composition affect the product 

distribution in FTS.
[5]

 

These results therefore indicated that the presence of water and hydrocarbon 

at the surface of cobalt nanocatalysts produced by FTS strongly influences their 

subsequent selectivity by affecting the solubility of syngas and the CO coverage of 

these catalysts. The results described here suggest that the presence of water at the 

NP surface shortens the chain of the hydrocarbon products. 

Next, to investigate the effect of the carbon chain length of the co-solvent on 

the selectivity, a series of mixture of hydrocarbons and water was tested in the 

Fischer-Tropsch reaction.  
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Figure 7. (a) Solubility of H2 and CO at 20 and 10 bar respectively and r.t. in heptane/water 

mixtures (b) Measured H2:CO solubility ratio and α values obtained in catalysis using 

different heptane/water mixtures.   

V.3.2.4. Screening of hydrocarbons as co-solvents (50% v/v) 

In view of the results obtained with the 50% v/v heptane/water mixture, the 

effect of the hydrocarbon chain length was studied with solvent mixtures composed 

by water and n-octane, n-decane and n-hexadecane in the same proportions     

(Figure 8).  
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Figure 8. Activity and selectivity (a) and hydrocarbon selectivity (b) in wt% of Co1 NPs as a 

function of the carbon chain length of the alkane co-solvent. Conditions: 0.949 mmol Co, 30 

bar H2/CO/Ar (2:1:0,15); 66 ml water, 1000 rpm, 180 ºC, 12h 
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The catalytic tests using heptane or octane in 50% v/v showed similar 

activity; however, activity decreased as chain length further increased in the series 

from octane to hexadecane.  The activity observed for hexadecane was half (0.045 

molCOmolCo
-1

h
-1

) of that observed for heptane (0.095 molCOmolCo
-1

h
-1

). 

Agglomeration was not observed in any case, and TEM images showed that 

dispersion of the CoNPs was similar independently of the co-solvent. This decrease 

in activity was therefore attributed to the lower solubility of syngas in heavier n-

alkanes, as previously reported.
[25]

  

In terms of selectivity, the amount of methane and CO2 formed during the 

reactions slightly increased with longer chain co-solvents. Simultaneously, only a 

small shift towards lighter products was observed for octane and hexadecane, 

although it became more relevant for hexadecane. These small variations in 

selectivity could be attributed to the expected similarity of the H2/CO ratio in these 

media. Interestingly, these trends are in contrast with those previously reported for 

supported CoNPs on SiO2, for which no changes in activity nor in chain growth 

probability were observed when the same series of solvents were tested in slurry-

type FT systems.
[7]

 

V.3.2.5. Screening of alcohols as solvents for FTS 

According to the initial screening of solvents (Table 2), the extent of chain 

growth in propanol/water mixture was somewhat intermediate between those 

obtained in water and heptane/water, according to their α values (0.79, 0.59 and 0.92 

respectively). This suggested that performing the catalytic reaction in alcohols could 

be of interest for the modulation of the product distribution. Moreover, alcohols 

have the capacity to disperse efficiently CoNPs such as Co1 and Co2, even in the 

absence of water. 

It was therefore decided to investigate the effect of various alcohols and 

catalytic experiments using the series methanol, ethanol, 1-propanol, 1-butanol and 

1-pentanol were performed (Table 3). The results of these experiments showed that 

when the FT reaction is performed in pure alcohols (>C1), three types of products 

are formed (Scheme 2): a) FT products, b) FT-acetal products formed by reaction of 
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FT intermediate species with 2 molecules of solvent and c) Cn-acetals formed from 3 

molecules of solvent and where Cn is the carbon number contained in the alcohol 

structure. The formation of FT-acetal products was previously observed by Kou and 

co-workers under FT conditions using ethylene glycol as solvent with the formation 

of a series of dioxolanes.
[27]

 Here, the detection of two types of acetals were 

produced: those involving the reaction of a product formed by FT reaction with two 

molecules of solvent (route b, Scheme 2) and those formed by reaction of 3 

molecules of solvents (route b, Scheme 2). It is noteworthy that these acetal products 

corresponded to less than 1% in alcohol conversion in all cases. 

 

Scheme 2. Products formed under FT conditions using Co1 as catalyst and alcohols as 

solvent. 

The selectivities obtained in these reactions are summarized in Table 3. It 

should be noted that these selectivities were obtained by integration of the 

corresponding GC-MS peaks, since no calibration could be performed on these 

compounds. 
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Table 3. Fischer-Tropsch synthesis catalyzed by Co1 in different n-alcohols.
a
 

  Selectivity (%)
b
  

Entry Alcohol
 

FT-products FT-acetals Cn acetal 
Final 

H2/CO 

1 Methanol 100 0 0 1.3 

2 Ethanol 69 13 18 1.8 

3 1-Propanol 35 35 30 2.1 

4 1-Butanol 2 44 54 2.7 

5 1-Pentanol 1 27 73 2.5 
a
 Conditions: 0.93 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66ml total volume, 1000rpm, 180 

ºC, 12h; 
b
 Selectivity calculated from GC-MS data by peak integration.

 

 

Interestingly, among the series of alcohols used, only the FT experiments 

carried out in methanol produced selectively FT products since no acetals were 

detected (Entry 1). When the solvent was ethanol, ca. 15% of FT-acetals and Cn-

acetals were detected (Entry 2) while the FT products were still mainly formed. 

However, when longer chain alcohols were used, an increasing amount of Cn-acetals 

was produced up to 73%  in 1-pentanol with the FT products only detected as traces 

(Entry 5).  

The classical mechanism of formation of acetals involves the reaction of one 

molecule of aldehyde with two molecules of alcohol under acidic conditions with 

elimination of one equivalent of water.
[28] 

Recently,
 

Milstein and co-workers 

reported the use of an homogeneous alcohol dehydrogenation Ru catalyst for the 

formation of acetals in pure alcohols.
[29]

 In the present case, the role of Co in the Cn-

acetal formation was confirmed when a blank experiment was performed: when 

alcohols were heated under the same conditions but in absence of Co catalyst, no 

acetals were formed. The generation of aldehyde thus requires the presence of Co, 

and it is proposed that oxidation of one equivalent of alcohol to the corresponding 

aldehyde proceeds via the concomitant reduction of a cobalt centre. The oxidation of 

the alcohols with H2 release is supported by the observation of an increase in H2:CO 

ratio in the gas phase when higher amounts of Cn-acetals are formed. Furthermore, it 

was previously reported that Co-hydride species present an acidic character and 

could therefore catalyze the formation of the Cn-acetals.
[30]

  

The higher selectivity to Cn-acetals in long chain alcohols can be explained 

by the lower free Gibbs energy of formation for long chain aldehydes from the 
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corresponding alcohols.
[31]

 Interestingly, when the selectivity to Cn-acetals was 

plotted against the free Gibbs energy of formation of the aldehyde, a linear 

relationship was obtained (see Suppl. Info). 

These results therefore indicate that when FTS is completed in alcohols as 

solvents, a competition between the hydrocarbon and acetals formation is observed 

and depends on the chain length of the alcoholic solvent. This effect is remarkable 

since in MeOH, hydrocarbons are mainly formed while in 1-pentanol, acetals are 

selectively produced. 

The detailed distributions of FT products formed during these catalytic 

experiments are described in Table 4. 

 

Table 4. Fischer-Tropsch synthesis catalyzed by Co1 using n-alcohols as solvent.
a
 

   Selectivity, Wt%  HC selectivity, Wt%  

E. Alcohol Activity 
b 

CO2 CH4 C2+  C2-4 C5-12 C13-30 
Final 

H2/CO 

1 Methanol 0.046 7 8 84  2 21 66 1.3 

2 Ethanol 0.189 3 5 92  2 26 67 1.8 

3 1-Propanol 0.053 7 12 80  5 40 42 2.1 

4 1-Butanol 0.027 13 31 56  14 1
c
 49 2.7 

5 1-Pentanol 0.043 11 32 56  16 1
c
 46 2.5 

a
 Conditions: 0.93 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66mL total volume, 1000rpm, 180 

ºC, 12h; 
b
 Activity without CO2: molCOmolCo

-1
h-

1
;
 c

 C5-12 hydrocarbons overlapped by the 

solvent peak in GC spectra.  

 

Among the tested solvents, the highest activity was achieved in ethanol (up 

to 0.189 molCOmolCo
-1

h
-1 

) while for the other alcohols, FT activities between 0.027 – 

0.053 molCOmolCo
-1

h
-1 

were obtained. The results in longer alcohols could be 

explained by the competitive coordination of syngas and alcohols at the NPs surface, 

since high selectivity to acetals was observed in these solvents (Table 4).  

The product selectivity was also affected by the chain length of the alcoholic 

solvents with high selectivity to C2+ when methanol, ethanol and propanol were used 

with a maximum of 92% in ethanol. In contrast for longer chain alcohols, the 

selectivity decreased considerably (down to 56%) while the methane selectivity 

increased to ca. 30%. In all solvent, low CO2 selectivity was observed, indicating 

low WGS activity under these conditions. Similarly, the hydrocarbon distribution 
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showed high selectivity to C13+ in short chain alcohols, namely methanol and ethanol 

with a maximum of 67% in this latter solvent. For longer chain alcohols (Table 4, 

Entry 3-5), this selectivity was lower (ca. 45%) with a shift to lighter products. 

These results can be correlated with the H2:CO ratio measured in the gas phase at the 

end of the catalytic experiments, which increases with heavier alcohols due to acetal 

formation (Table 4). In light alcohols (Entry 1 and 2), lower H2:CO ratios were 

observed, resulting in low methane selectivity and high C13+ selectivity. In heavier 

alcohols, higher values were obtained, explaining the higher methane selectivity and 

the formation of short chain hydrocarbon products (Table 4, entry 4 and 5). In 

propanol, somewhat intermediate H2:CO ratio and selectivity results were measured. 

Interestingly, the catalysis in methanol exhibited a high olefin selectivity 

(65%) which decreased when the chain length of the alcohol increased, which was 

attributed to the lower H2/CO ratio in the shorter alcohols that is in turn related to 

the lower amounts of acetals formed in these solvents.  

As a conclusion, when alcohols are used as solvent for FTS, the formation 

of acetals catalysed by CoNPs is observed together with hydrocarbon products. 

When the chain length of the alcoholic solvent increases, the formation of acetal 

progressively becomes the major process. In the case of short alcohols such as 

ethanol, however, high FT activity (up to 0.189 molCOmolCo
-1

h-
1
)

 
was observed with 

excellent product selectivity (80% hydrocarbons). 

V.3.2.6. Optimization of the composition of ethanol/water mixtures 

In view of the excellent results obtained using ethanol as the solvent, the 

influence of water was tested through a series of catalytic FT experiments in several 

water / ethanol mixtures using Co1 as catalyst. The results in terms of activity are 

summarized in Figure 9a.  

Comparing the activity obtained in pure water as the solvent, the increase in 

ethanol content from 0 to 93% resulted in a significant increase of the activity from 

0.026 to 0.278 molCOmolCo
-1

h-
1
. These results can be correlated to the increased 

solubility of syngas at higher ethanol content (Figure 9b). 
[32]

 At higher ethanol 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



 Correlation Between Hydrocarbon Products Distribution and  

Solvent Composition in the Colloidal Co-catalyzed Fischer-Tropsch Synthesis 

147 
 

content, a decrease of the activity was observed down to 0.189 molCOmolCo
-1

h
-1 

due 

to the competitive formation of FT-acetals.  
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Figure 9. (a) Activity in molCO.molCo

-1
.h

-1
 of Co1 and Co2 NPs as a function of the % 

ethanol. Conditions: 0.949 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66 ml water, 1000 rpm, 

180 ºC, 12h. (b) Solubility of H2 and CO at 20 and 10 bar respectively and r.t. in 

heptane/water mixtures.  

Importantly, in these experiments, acetal products (FT-acetals and Cn-

acetals) were only detected when the content of water was ≤3%, which indicated 

that rapid hydrolysis of the acetals occurred at higher water content. To the best of 

our knowledge the activity observed for Co1 when using 93% ethanol/water mixture 

(0.278 molCOmolCo
-1

h-
1
) is the highest reported up to date for an aqueous colloidal 

FT system using CoNPs synthesized by a chemical reduction method. This result 

highlights the possibility to enhance the catalytic activity of a catalyst through the 

modification of their environment.   

When Co2 was used as the catalyst, similar activities were obtained in pure 

water and in 93% ethanol/water mixture. As previously mentioned, the higher 

activities observed for Co2 in water and hydrocarbon/water mixtures were attributed 

to its higher content in metallic cobalt when compared to Co1. In alcohols, however, 

similar activities were observed for both catalysts. As the reduction of cobalt salts 

was previously reported in alcohols at similar temperature,
[33]

 it was concluded that 

the similar activities observed for both catalysts could be explained by the in situ 
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reduction of Co1 under these reaction conditions. In terms of selectivity (Figure 

10a), the increase in ethanol content from 0 to ca. 90% led to a progressive increase 

in hydrocarbon selectivity from 57 to ca. 90% while the CO2 and CH4 selectivities 

decreased from 23 to 5% and from 20 to 5%, respectively. At higher ethanol content, 

these selectivities remained unchanged. It is noteworthy that in heptane/water 

mixtures, the increase in hydrocarbon selectivity was more accentuated than in 

ethanol/water mixtures, which can be explained by the rapid increase in syngas 

solubility when heptane is introduced compared to ethanol (Figure 7a vs. Figure 9a). 

The hydrocarbon products distribution (Figure 10b) was also clearly 

affected by the composition of the solvent. When the ethanol content was increased 

from 0 to 15%, no changes in selectivity were observed. However, at higher ethanol 

content, the product distribution was progressively shifted from short chain (C2-4) to 

long chain hydrocarbons (C13-30) with variation in selectivity from 40% to 0% and 

from 0% to 73%, respectively. Further increase in ethanol content did not affect 

these selectivities. Interestingly, while the solvent composition clearly affected the 

C2-4 and C13-30 selectivities, the relative amount of C5-12 hydrocarbon remained 

unchanged at ca. 25%. When Co2 was used as the catalyst, the same selectivity 

trends were observed (See Supporting Information). 
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Figure 10. Selectivity (a) and hydrocarbon distribution (b) in wt% of FT experiments 

catalysed by Co1 NPs as a function of the % ethanol. Conditions: 0.949 mmol Co, 30 bar 

H2/CO/Ar (2:1:0,15); 66 ml water, 1000 rpm, 180 ºC, 12h 
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These variations in product distribution, reflected in the variations in chain 

growth probability, can be rationalized by the changes in H2:CO solubility ratio as a 

function of the ethanol content (Figure 11). Indeed, at ethanol contents up to 15%, 

an increase in H2:CO solubility ratio was measured, resulting in the lowering of the 

α value and the formation of light products (C2-4 and C5-12). At higher ethanol 

content, the H2:CO solubility ratio decreased linearly, resulting in a concomitant 

increase of the chain growth probability and thus, in a higher C13+ selectivity. These 

results again indicated that the main parameter governing the FT product 

distribution is the relative solubilities of H2 and Co in these solvents. 
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Figure 11. (a) Solubility of H2 and CO at 20 and 10 bar respectively and r.t. in heptane/water 

mixtures (b) Measured H2:CO solubility ratio and corresponding α values obtained for 

catalysis using different heptane/water mixtures.   

Finally, from the comparison of Co1 and Co2 in the different solvent 

systems it is notheworthy that the presence of boron in Co1 did not exhibit a clear 

effect in its catalytic performance.  

V.4. Conclusions 

The results described here show that the addition of co-solvents such as 

hydrocarbons and alcohols in AFTS strongly affects the selectivity and the FT 

product distribution. It was shown that the hydrocarbon distribution mainly depends 
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on the solubility of syngas and on the H2:CO ratio, and can be tuned from light to 

heavy hydrocarbons with the selection of the appropriate aqueous solvent mixture.  

In hydrocarbon/water mixtures, a compromise between the higher solubility 

of syngas in hydrocarbons and the better dispersion of the catalyst in water revealed 

to be crucial to reach high activity and selectivity to C13+ hydrocarbons. No effect of 

the chain length (C7-C16) of the hydrocarbon co-solvents was observed on the 

selectivity of FTS while the activity was slightly affected. This also indicates that 

the presence of water and hydrocarbons at the surface of such Co nanocatalysts 

directly influence their selectivity in FTS by affecting their H2/CO coverage. These 

results also suggest that the presence of water can significantly shorten the chain 

length of the hydrocarbons produced by FTS. 

In alcohols, significant effect was also observed; when the chain length of 

the alcoholic solvent increases, the formation of FT-acetal products progressively 

becomes the major process. In the case of short alcohols such as ethanol, however, 

high FT activity (up to 0.189 molCOmolCo
-1

h-
1
)

 
was observed with excellent product 

selectivity (80% hydrocarbons). 

V.5. Experimental Section 

Synthesis of cobalt nanoparticles by chemical reduction method (Co1) 

Co1 was synthesized by chemical reduction of cobalt(II) chloride in the 

presence of polyvinylpyrrolidone (PVP) as stabilizer (PVP:Co ratio of 20) using 

sodium borohydride as reducing agent. As a standard procedure, 0.226 g of 

CoCl2.6H2O (0.93 mmol) was dissolved in 50 mL of H2O containing the 2.066 g of 

PVPK30 (18.6 mmol based on monomer units, PVP:Co ratio of 20). Then, a 

solution of 0.358 g of NaBH4 (9.30 mmol) in 16 mL of H2O was added at room 

temperature during 5 minutes. The solution was maintained under vigorous 

mechanical stirring for 2 h. Then 100 µl of the colloidal solution was centrifuged, 

washed with water and re-dispersed by sonication. Three drops of the obtained 

colloidal solution were deposited on a Cu-formvar or holey carbon grids for TEM 

and HR-TEM analysis. For the isolation of the CoNPs, the freshly prepared NPs 
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were initially precipitated by a strong magnetic field (using a neodymium magnet) 

and the supernatant was decanted. Then, the precipitated NPs were washed with 

water to remove the excess of salts and PVP. The decantation and washing process 

was repeated three times with water, then three times with ethanol and three times 

with hexane. The resulted CoNPs were finally dried under vacuum and stored in a 

glove-box. 

TEM: D = 2.64 ± 0.92 nm. 

HR-TEM: ca. 2.6 nm; detection of CoO-fcc and Co3O4-fcc. 

XRD: 45, 35 and 60º 

XPS: Co
0
, 37%; Co

2+
, 63%. 

TGA: Temperature ºC/Δ wt. % (attribution); 70/-3.5 (solvent), 244/-3.7 (polymer), 

900end/+0.92. 

ICP: Co, 82.4 wt%, B, 5.9 wt%; Co/B atom ratio, 2.79 

FTIR: 3478, 1614 cm
-1

.  

RAMAN: 666, 586, 492, 450, 196 cm
-1

. 

 

Synthesis of cobalt nanoparticles by thermal decomposition method (Co2)  

Co2 was synthesized by thermal decomposition of Co2(CO)8 in presence of 

the PVP (PVP:Co ratio of 10) using butylether as solvent. As a standard procedure, 

0.352 g of Co2(CO)8 (1.86 mmol) and 2.066 g of PVP (18.6 mmol based on 

monomer units, PVP:Co ratio of 10) were placed in a 500 mL Fischer-Porter and 

dissolved with 130 mL of butyl ether. The Fischer-Porter bottle was closed and then 

heated at 150ºC during 2h to give a black suspension. The CoNPs were then 

precipitated using a strong magnet and the solvent was decanted. The CoNPs were 

washed with with butylether, followed by THF and hexane and finally dried under 

vacuum and stored in glove box. For characterization purposes, a part of the isolated 

NPs was washed with water in order to remove any PVP excess, followed by 

ethanol and hexane washing prior to vacuum drying and storage in the glove box. 

Samples of Co2 was centrifuged, washed with water and re-dispersed by sonication 

several times. Three drops of the obtained colloidal solution were deposited on a Cu-

formvar or holey carbon grids for TEM and HR-TEM analysis. 
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TEM: D = 2.78 ± 0.71 nm. 

HR-TEM: ca. 2.8 nm; detection of Co-hcp. 

XRD: 41.5, 44.6, 46.7 and 75.8º 

XPS: For fresh NPs, presence of C, N and O and absence of Co signal due to large 

PVP coverage of the CoNPs.  

TGA: Temperature ºC/Δ wt. % (attribution); For fresh NPs, 150/-6.4 (solvent); 

433/-75.1 (polymer); 900end/-4.8. For water washed NPs, 76/-3.6 (solvent); 219/-

4.74 (polymer); 361/-8.3 (polymer); 900end/+5.20;  

ICP: Fresh NPs, Co
0
, 5.8%; water washed NPs, Co

2+
, 39.0%. 

FTIR: 3460, 2955, 1663 cm
-1

.  

General method for Fischer-Tropsch catalytic experiments 

In a typical catalytic experiment, freshly prepared  CoNPs  (0.931 mmol of 

Co) were re-dispersed in the desired solvent and the suspension placed in a Teflon 

liner within a 100 mL stainless steel autoclave which was purged three times with 

Ar, and pressurized at an Ar pressure of 1.5 bar. Additional 10 bar CO and 20 bar H2 

were further added giving a final pressure of 31.5 bar (H2:CO:Ar = 2:1:0.15). The 

autoclave was then heated to 180 ºC under mechanical stirring at 1000 rpm during 

12h. At this point, the autoclave was cooled to room temperature prior to gas 

analysis. All the components contained in the gas phase (CO, H2, Ar, CO2, and C1-

C8 hydrocarbons) were analyzed by GC-TCD and the quantification was performed 

using calibration curves for each component. The compounds present in the liquid 

phase were analyzed directly from the hydrocarbon phase or extracted with 

cyclohexane (10 mL) containing 1 µl of bicyclohexyl as internal standard. The 

organic phase containing the hydrocarbon and oxygenated products were analyzed 

by GC-MS. The identification and quantification of products was performed by 

comparison with standards using calibration curves for each compound. 
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Materials and Methods 

Solvents were purchased from Merck or Sigma-Aldrich and used as received. 

CoCl2·6H2O, Co2(CO)8, NaBH4 and PVP K-30 were purchased from Sigma-Aldrich. 

Hydrogen (5.0) was purchased from Air Liquide and CO (4.7) and argon (5.0) from Carburos 

Metálicos.  

The syntheses of CoNPs by chemical reduction were carried under aerobic conditions 

using a mechanical stirrer while the syntheses of CoNPs by thermal decomposition were 

carried out under inert conditions using Fischer-Porter bottles. Milli-Q water was used for all 

the experiments.  

Transmission electron microscopy (TEM) measurements were performed at the “Unitat 

de Microscopia dels Serveis Cientificotècnics de la Universitat Rovira I Virgili” in 

Tarragona with Zeiss 10 CA electron microscope operated at 100 kV with resolution of 3 Å. 

High resolution electron microscopy (HRTEM) measurements were performed at the 

“Centres Científics i Tecnològics de la UB” in Barcelona with a JEOL 2011(FEG) electron 

microscope operated at 200 kV with a point resolution of 2 Å. FTIR spectra were acquired 

from KBr discs on a Bruker Equinox 55 Spectrometer using Opus software. XPS 

experiments were performed in a PHI 5500 Multitechnique System (from Physical 

Electronics) with a monochromatic X-ray source (Aluminium Kalfa line of 1486.6 eV energy 

and 350 W), placed perpendicular to the analyzer axis and calibrated using the 3d5/2 line of 

Ag with a full width at half maximum (FWHM) of 0.8 eV. The analyzed area was a circle of 

0.8 mm diameter, and the selected resolution for the spectra was 187.5eV of Pass Energy and 

0.8 eV/step for the general spectra and 23.5 eV of Pass Energy and 0.1 eV/step for the 

spectra of the different elements in the depth profile spectra. A low energy electron gun (less 

than 10 eV) was used in order to discharge the surface when necessary. All Measurements 

were made in a ultra high vacuum (UHV) chamber pressure between 5x10
-9

 and 2x10
-8

 torr. 

XRD measurements were made using a Siemens D5000 diffractometer (Bragg-Brentano 

parafocusing geometry and vertical θ-θ goniometer) fitted with a curved graphite diffracted-

beam monochromator, incident and diffracted -beam Soller slits, a 0.06º receiving slit and 

scintillation counter as a detector. The angular 2θ diffraction range was between 25 and 120º. 

The data were collected with an angular step of 0.05º at 16s per step and sample rotation. A 

low background Si(510) wafer was used as sample holder. Cukα radiation was obtained from 

a copper X-ray tube operated at 40 kV and 30 mA. Thermogravimetric analysis (TGA) were 

performed with a thermobalance (Mettler TGA/SDTA851e) equipped with a gas flow 
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system. A 2-6 mg sample was heated in a 70 ul alumina crisol in a flow of nitrogen. Then the 

catalyst was heated under a 50 mL/min of nitrogen flow from 30 ºC to 900 ºC (heat rate: 10 

ºC/min). The analysis resulted from the subtraction of a blank run under the same conditions. 

Analysis of cobalt were performed by inductively coupled plasma optical emission 

spectrometry (ICP-OES) with a Spectro Arcos FHS-16 spectrometer at the Servei 

Cientificotècnics de la Universitat Rovira i Virgili in Tarragona 

The catalytic experiments were carried out using a 100mL stirred tank reactor operated 

in batch mode (Autoclave Engineers EZE-Seal-100ML). Analysis of the gas phase was 

performed using a GC-TCD connected online to the autoclave. 

GC-TCD analyses were carried out on a Agilent 7890A GC using a system of three 

columns: Hayesep Q (3ft x 1/8 in), HP-Molesieve (30m x 0.320mm x 12µm) and HP-Plot/Q 

(30m x 0.320mm x 20µm) using helium as carrier gas. GC-MS analyses were performed on 

a 9575C MSD system (Agilent) using a HP-Innowax capillary column (30m x0.250 mm 

x0.15 µm), using helium as carrier gas. Standard reference of gases (CO, CO2, H2, N2) and 

hydrocarbons (C1-C5) was purchased from Abello Linde.  

Product analysis 

All the hydrocarbon products were identified by comparison with reference samples.  

The components contained in the gas phase (CO, H2, Ar, CO2, and C1-C8 hydrocarbons) 

were analysed on a Agilent 7890A GC using a system of three columns: Hayesep Q (3ft x 

1/8 in), HP-Molesieve (30m x 0.320 mm x 12 µm) and HP-Plot/Q (30m x 0.320 mm x 20 

µm) using helium as carrier gas. The quantification was carried out using calibration curves 

for each gas. Mixtures at different concentration of gases were prepared by gas blending 

from a standard reference of gases (Avello Linde).  

The compounds present in the aqueous phase were extracted with cyclohexane (10 ml) 

containing 1µl of bicyclohexyl as internal standard. The organic phase containing the 

hydrocarbon and oxygenated products were analyzed immediately by GC-MS on a 9575C 

MSD system using a using a HP-Innowax capillary column (30m x 0.250 mm x 0.15 µm), 

and helium as carrier gas.  

The identification and quantification of products was performed by comparison with 

standards using calibration curves for each compound.  
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Activity and Selectivity Calculations  

The activity and selectivity was calculated based on the number of moles of carbon 

being formed as products according to the following formulas: 
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Figure S1. Size histograms and TEM micrographs of Co1 and Co2 after catalysis using 50% 

heptane/water mixture as solvent. 

 

Co1, 3.86 ± 0.95 nm. 
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Co2, 2.74 ± 0.90 nm. 
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Figure S2. Typical GC-MS spectrum of hydrocarbon products contained in the liquid phase 

after FT synthesis catalysed by Co1 and Co2. Reaction conditions: 0.931 mmol of Co; 30 bar 

H2:CO:Ar (2:1:0.15); 180 ºC; 12h. 
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Figure S3. (a) XRD patterns of Co1 (1) fresh catalyst and (2) after catalysis in water. (b) 

XRD pattern of Co2 (1) fresh catalyst, (2) washed with water and (3) after catalysis in water.  
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Figure S4. Full XPS spectra of CoNPs: (1) Co1 and (2) Co2. 
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Figure S5. Co 2p and C 1s XPS spectra of (1) Co1 and (2) Co2   
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Figure S6. IR spectra of (1) PVP ; (2) Co1; (3) Co2 in KBr disks. 
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Figure S7. IR spectra of (1) PVP and Co1 or Co2 NPs before (2) and after (3) catalysis 

using water as solvent.  
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Figure S8. (a) TGA thermograms over N2 flow of (1) Co1 (2) Co2 and (3) PVP. (b) TGA 

thermograms over N2 flow of (1) Co2 after water washing and (2) fresh Co2.  
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Figure S9. (a) Selectivity in wt% and (b) hydrocarbon selectivity in wt% of Co2 as a 

function of the % heptane.  
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Figure S10. (a) Selectivity in wt% and (b) hydrocarbon selectivity in wt% of Co2 as a 

function of the % ethanol. 
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Measurement of H2 and CO solubility in different solvent mixtures 

 

The experimental set-up used for the solubility measurements was the same stirred tank 

rector used for the FT catalytic experiments. The experimental technique was the reported by 

Deimling et al.
[26]

 and involves batch gas absorption (by surface aeration) in a liquid. The 

pressure of the enclosed gas phase in the reactor decreases with time because of the 

absorption. This decrease in pressure with time allows the estimation of mass transfer rate 

and the volumetric mass transfer coefficient (kLa). The total pressure decrease until 

equilibrium is reached gives the equilibrium solubility C*. 

 

Experimental procedure 

The autoclave was filled with 66 ml of the corresponding solvent, sealed and totally 

degassed by evacuation using a vacuum pump. The reactor was then pressurized with the gas 

which is to be absorbed. A pressure step of about 10 bar was established for satisfactory 

operation as recommended in the literature.
[26]

  The stirrer was then set motion as soon as the 

reactor was filled with gas. The pressure decrease in the reactor during the absorption 

process was followed with a pressure transducer and recorded with the reactor software. The 

equilibrium pressure after absorption is the pressure of pre-saturation for the next 

experiment. The pressure in the vessel can then be increased to the next higher pressure 

level. The procedure was be repeated until the whole pressure range of interest was covered 

(7-36 bar). This procedure was repeated separately for H2 and CO, using different liquids and 

liquid mixtures.  
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Figure S11. Solubility of H2 and CO in heptane/water mixtures (a) and ethanol/water 

mixtures (b). Conditions for the measurement of gas solubilities: 100ml STR, 1000 rpm, r.t, 

Vl= 66.6 ml, Vg= 36.2 ml. 
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VI.1. Abstract 

Small cobalt nanoparticles were synthesized in water using sodium 

borohydride as reducing agent and polyvinylpyrrolidone as stabilizer. Modulation of 

the particle size in the range of 1.7-7 nm was possible by varying the concentration 

of the borohydride solution. The colloidal NPs were immobilized on TiO2 yielding 

10 wt% Co/TiO2 catalysts. Both colloidal and TiO2 supported NPs were 

characterized by TEM, XRD, HRTEM, XPS, TGA, ICP techniques and their 

catalytic performance in the FTS were evaluated. As a general trend, an increase of 

the activity was observed when the particle size decreased. These results were 

rationalized based on several interconnected parameters: size effect, reduction 

degree of cobalt and the presence of boron species.  

Keywords: Fischer-Tropsch synthesis, cobalt nanoparticles, size effect, 

polyvinylpyrrolidone. 

VI.2. Introduction 

The increasing worldwide energy demand has made major companies to 

consider alternative feedstocks such as natural gas, coal and biomass to replace 

fossil fuels.
[1]

 In this context, the Fischer-Tropsch Synthesis (FTS) has been 

considered a key process of the biomass-to-liquid (BTL), gas-to-liquid (GTL) and 

solid-to-liquid technologies (STL)
[2]

 since through this catalytic reaction, syngas can 

be transformed into high quality synthetic fuels (Scheme 1).
[3]

 FTS is catalyzed by 

several transition metals including Ru, Co and Fe. However, cobalt based catalysts 

are more attractive from an industrial point of view due to their higher hydrocarbon 

productivity, good stability and commercial availability.
[1]

 

 

Scheme 1. Fischer-Tropsch synthesis catalyzed by metal nanoparticles 
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Currently, one of the main challenges in FTS research is the design of not 

only active and stable catalysts but also highly selective active phases that provide 

hydrocarbons with narrow chain length distributions.
[4] 

Among the parameters that 

were shown to affect the selectivity of FTS catalysts such as
 
the conditions used (T, 

P, H2/CO ratio), the particle size of the catalysts is probably one of the most 

relevant.
[5]

 The activity of the cobalt catalysts in FTS depends upon the number of 

active sites on the surface,
[6]

 which is determined by the cobalt crystal size, loading 

amount, reduction degree and support-cobalt interactions.
[7]

 Iglesia et al. reported a 

large increase in the FTS activity when the cobalt particle size was decreased from 

200 to 9 nm.
[8]

 On the other hand, small metal particles are highly susceptible to 

metal-support interaction, leading to the formation of difficultly reducible cobalt 

species.
[9]

 Hence the synthesis of catalysts with uniform size and homogeneous 

distribution of metal is important for the FTS activity.  

During the last decades, many efforts have been has been dedicated to study 

the cobalt particle size effects in the FTS.
[6,10]

 Although many of these studies 

pointed that cobalt nanoparticles (CoNPs) below 10-6 nm resulted in less active 

catalysts compared to cobalt particles of larger sizes, there are some reports showing 

the opposite trend. 

J. P. den Breejen et al. applied a Steady-State Isotopic Transient Kinetic 

Analysis (SSITKA) to provide information on surface residence times and coverage 

of reaction intermediates as a function of the cobalt particles size (2-16 nm).
[10i]

 

They concluded that the lower TOF measured for small cobalt particles (<6 nm) 

compared to larger ones is the result of a significant increase in the CHx residence 

time combined with a decrease of the CHx coverage. Yun-Jo Lee and co-workers 

studied the Co particle size effect in the range of 3-16 nm on catalytic activity, 

selectivity and stability.
[6]

 They reported an increase of the CO conversion and TOF 

values as the crystal size increases from 4.8 to 9.3 nm. However for larger CoNPs, 

lower TOF were measured, indicating that under these conditions, the optimal size 

was ca. 9 nm in terms of activity. In another report, de Jong and co-workers using 

carbon nanofiber supported catalysts
[10b]

 described that the turnover frequency 

decreased when the particle size was decreased from 6 to 2.6 nm. In this case, the 
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cobalt particle size effect was ascribed as a combination of CO-induced surface 

reconstruction and non-classical structure sensitivity. Among the different views on 

the origin of the cobalt particle size effect, numerous publications reported that 

oxidation of cobalt crystallites in the presence of water during FTS will also depend 

on the NPs size, which in return will affect the catalytic performance.
[11]

 van Steen 

and co-workers concluded that the stability of nanosized crystallites is governed by 

the contribution of the surface energy to the overall energy of the system from a 

thermodynamic analysis of oxidation and re-reduction of cobalt in water/hydrogen 

mixtures.
[11b]

 Small metal cobalt crystallites exposed to a water/hydrogen 

atmosphere as experienced during FTS were shown to be oxidized to Co(II)O 

depending on the crystallite size, morphology, the starting crystal phase, and the 

ratio of the partial pressure of water relative to the partial pressure of hydrogen.  

However, the surface dependent activity of cobalt nanoclusters also has been 

reported in the FTS. Kikuchi et al. observed an increase of the CO conversion from 

10 to 40 % when the cobalt particle size decreased from 54.8 to 20.1 nm 

respectively. The CoNPs used in this stidu were prepared by chemical reduction of 

cobalt salts using NaBH4 as reducing agent.
[10e]

 The observed behavior in catalysis 

was rationalized due to the contamination by sodium, more significant with lager 

particles. More recently, a similar trend in the FTS activity as a function of the 

particle size has been reported.
[12]

  JinLin and co-workers studied the effect of 

catalyst confinement and pore size on FTS over CoNPs supported on carbon 

nanotubes (CNTs).
[12b]

 Cobalt particle sizes of 4.2, 6.3 and 9.4nm were obtained for 

the catalysts prepared on the CNTs with average pore size of 5, 11 and 17 nm 

respectively. TPR analysis indicated that the reducibility of cobalt oxide particles 

inside the CNTs decreased with the increasing of the particle size. In catalysis, 

CNTs of smaller pore size (resulting in smaller cobalt particle size) appeared to 

enhance the FTS activity due to little interaction between the cobalt oxide and 

carbon and the electron shift on the non-planar carbon tube surface. In a different 

report, Housaindokht and Pour used also CNTs as support of cobalt nanoparticles to 

study the cobalt particle size effect in FTS. In catalysis it was observed that the 

cobalt time yields increases substantially (from 2.9 to 3.5 x10
-3

 molCOmolCo
-1

s
-1
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while the site-time yield (TOF) decreased when decreasing of cobalt particle 

size.
[12a]

  

With the aim to enhance the productivity of the process, many efforts have 

been dedicated to the preparation of ultrafine particle catalyst and the study of their 

interactions with the supports.
[10c,13]

 Currently,  the control of the selectivity is one of 

the main goals in FTS investigation.
[14]

 In this context, the use of unsupported 

nanoparticles is of high interest as they mimic metal surface activation and catalysis 

at the nanoscale, and shed some light on the role of the support during catalysis.
[15]

 

The first report of the aqueous phase Fischer-Tropsch Synthesis (AFTS) was 

reported using ruthenium nanoparticles (RuNPs) stabilized with poly(N-vinyl-2-

pyrrolidone) (PVP) as catalysts.
[16]

 In this study, the particle size of the RuNPs was 

modulated between 1.6 and 4.5 nm through the seeded growth method (Chapter I), 

and the series tested in the AFTS. Surprisingly, the Ru nanocatalyst of 2.0 nm 

exhibited the highest activity of the series; however no explanation of this unusual 

behaviour was given.
[16]

 The structure sensitivity of PVP stabilized RuNPs in the 

AFTS has been also reported by Claver and co-workers
[17]

 and Quek et al.
[18]

 

Recently, the effect of the polymer stabilizer was studied in our group in the 

AFTS catalysed by RuNPs.
[17]

 It was observed that PVP stabilized RuNPs were 

more active and selective towards hydrocarbons compared to those stabilized by 

lignins, indicating that the nature of the stabilizing polymer does affect the catalytic 

performance in AFTS influencing strongly the production of CO2 by WGS reaction.  

Concerning cobalt catalysts, Kou and co-workers recently reported the use 

of cobalt/platinum alloy nanoparticles stabilized by PVP as catalysts of the AFTS.
[19]

 

According to this report, activity up to 1.1 molCOmolSuf-Co
-1

h
-1

 with a growth factor 

(α) of 0.8 was obtained at 160ºC. This outstanding activity was rationalized by the 

formation of Co overlayer structures on Pt NPs or Pt-Co alloy NPs. The same author 

tested Co nanoparticles reduced by LiBEt3H and NaBH4, in the AFTS, obtaining a 

better catalytic performance in the former case.
[20]

 It was suggested that catalyst 

reconstruction occurs during the reaction by comparing the particle size distribution 

of the catalysts before and after reaction. In addition it was proposed the B-doping 

could affect the catalytic performance of these NPs, however, no detailed study of 
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the nanoparticle structure or cobalt-boron interaction was given. The same author 

previously reported the synthesis of CoNPs by a chemical reduction method using 

sodium borohydride as reducing agent in water. The resulted NPs were active in the 

AFTS (0.12molCOmolSuf-Co
-1

h
-1 

at 170ºC).
[21]

 

In the present work, the easy synthesis of reproducible and well size defined 

cobalt nanoparticles by chemical reduction using sodium borohydride in aqueous 

media is described. The aim of this investigation firstly is to understand the 

structure, composition and possible cobalt-boron interactions involved in these B-

doped cobalt nanoparticles and secondly, to evaluate its catalytic performance in the 

FTS at the lower limit of the nanoscale (1-10 nm). The colloidal NPs were 

additionally immobilized on TiO2 support, to allow the comparison between two 

catalytic systems: the classical FTS in fixed bed reactors and the AFTS using 

colloidal catalysts. This approach allowed us to give insights in the real parameters 

affecting the catalytic performance of these NPs and to clarify the possible 

interaction of the metal particles with the support. 

VI.3. Results and Discussion 

VI.3.1. Synthesis and characterization of CoNPs 

The cobalt nanoparticles synthesized in this work were prepared by 

chemical reduction of CoCl2 in water using NaBH4 as reductant and PVP as 

stabilizer. CoNPs with distinct size were obtained varying the concentration of the 

NaBH4 solutions as depicted in Scheme 2. 

 

Scheme 2. Preparation of variable size CoNPs by chemical reduction method, varying the 

concentration of the NaBH4 solution. 
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The TEM micrographs and size histograms of Co1-4 are displayed in  

Figure 1. According to TEM analysis spherical cobalt nanoparticles of diameters 

between 1.7 to 7.0 nm were obtained respectively.  

As a general trend, it was found that increasing the concentrations of both 

NaBH4 and CoCl2/PVP solutions, resulted in a decrease of the CoNPs size. Figure 2 

summarises the size of Co1-4 as a function of the concentration of the NaBH4 and 

CoCl2/PVP solutions.  
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Figure 1. Size histograms and TEM micrographs of Co1-4. 

The formation of smaller particles under high NaBH4 concentrations is 

explained in terms of the higher nucleation rate, which is the responsible of the 
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formation of a large number of cobalt seeds, in comparison to the growth rate 

(Figure 2).  

A similar relation between the concentration of NaBH4 with the cobalt 

particle size was noticed by Wang et al. who reported the synthesis of 1-2 nm cobalt 

nanoparticles by using a high concentration of NaBH4 aqueous solution (10 M), 

while lower concentrations resulted in the formation of larger particles (>10 nm).
[22]
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Figure 2. Variation of the particle size of the CoNPs as a function of NaBH4 concentration 

during the synthesis. 

The size and the fine structure of Co2 were also studied by high-resolution 

transmission electron microscopy (Supporting Information, Figure S2). With this 

technique, single particles of 2.6 nm diameter were observed, in agreement with 

previous TEM analysis (2.64 ± 0.92 nm). Analysis of the diffraction pattern on these 

NPs revealed the presence of crystalline CoO-fcc and Co3O4-fcc. 

The XRD pattern of the smallest CoNPs (Co1, 1.7 nm) revealed the 

presence of a single broad band centred at 45º and such band became sharper when 

the particle size increased up to 7.0 nm (Figure 3). The largest NPs of the series, 

(Co4, 7.0 nm) exhibited at least two additional small bands at 34 and 60º. However, 

these bands could not be unambiguously attributed to either cobalt or cobalt oxide 
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phases. The broadening of XRD lines is frequently related to the decrease of the 

crystallite size but also to the presence of strained and imperfect crystals. Similar 

XRD patterns have been reported in the literature for CoNPs synthesized by 

chemical reduction using NaBH4 as reducing agent.
[23]

 For instance, Torres et al. 

reported the synthesis of CoNPs of 1 nm exhibiting XRD patterns with broad bands 

and attributed this effect to the small size of the CoNPs.
[23a]

 However, Pileni and co-

workers attributed the broadness of XRD patterns of 7 nm CoNPs (also synthesized 

by chemical reduction) to their amorphous structure.
[23b]

 Therefore, in view of these 

reports, the broad bands observed here could arise from the amorphous structure 

and/or due to the small size of the CoNPs.  
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Figure 3. XRD patterns of Co1-4 NPs.  

Other authors reported a similar diffraction pattern for amorphous Co-B 

alloys also synthesized by chemical reduction of cobalt salts using NaBH4.
[24]

 The 

identity of the CoNPs was described previously (Chapter 3) using a methodology 

reported by Glavee et al. which consisted in the thermal treatment of the CoNPs 

under Ar atmosphere. (Supporting Information, Figure S3 b).
[25]

 As displayed in 

Figure 4, this procedure forced the crystallization of the CoNPs thus elucidating the 

presence of a defined crystalline pattern of metallic cobalt phases (fcc and hcp), 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



 Particle Size Effects in the Fischer-Tropsch Synthesis  

Over Cobalt Nanoparticles Prepared by Sodium Borohydride Reduction 

177 
 

together with a defined pattern of B(OH)3 located at 28º. Particularly, Co1 exhibited 

additional peaks corresponding to Co2B-bct, which did not appear in the other 

samples. As a general trend, it was observed that the broad band located at 45º 

decayed in the series Co1-4, which could suggest the progressive decrease of the 

Co2B content as the particle size of the CoNPs decrease.
[25-26]

 It was therefore 

concluded that Co1-4 correspond to a mixture of cobalt, cobalt oxide, B(OH)3 and 

Co2B amorphous phases and presumably, the proportion vary with the particle size.  
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Figure 4. XRD patterns of Co1-4 treated at 500 ºC for 2h under argon. 

Surface analysis of the CoNPs synthesised in this study was performed by 

X-ray photoelectron spectroscopy (XPS). The full XPS spectra of Co1-4 revealed 

the presence of Na, Co, O, N, C and B, according to the peaks observed at their 

characteristic binding energies (1071.6; 781.5; 530.9; 399.2; 284.5 and 191.1 eV 

respectively). The Co 2p XPS spectrum of the series Co1-4 exhibited two prominent 

sets of peaks at ca. 777-794 and 795-806 eV readily assigned to Co 2p3/2 and Co 

2p1/2, respectively. Each region was deconvoluted into three bands corresponding to 

metallic cobalt, Co
2+

 (CoO) and a prominent shake-up satellite located at higher 

binding energy (Figure 5a).
[27]

  

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



 

CHAPTER VI 

178 
 

The fractions of Co
0
 and Co

2+ 
extracted from the decomposition of the Co 

2p3/2 spin orbit peaks are displayed in Table 1. It is noteworthy that the fraction of 

metallic cobalt decreases from 38 to 12% in the series Co1-4, according to the 

increase of the particle size from 1.7 to 7 nm. The low content of metallic cobalt 

suggests the presence of important amounts of cobalt oxide in agreement with the 

observed by Raman spectroscopy (Supporting Information, Figure S5).  

The B 1s XPS spectra of the series Co1-4 revealed the presence of two 

bands at 187.97 and 191.5 eV (Supporting Information, Figure S4 d) which were 

assigned to elemental boron (or CoxB) and borates respectively according to 

reported data.
[28]

 Deconvolution of the B 1s XPS revealed the abundance of the high 

valent boron species in comparison to the elemental one (>70 %).  
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Figure 5. Co 2p XPS spectra of Co1-4 NPs.  

 

Table 1. Percentage of Co and B species in colloidal NPs from XPS spectra decomposition.
a
 

Catalyst Size, nm Co
0
 Co

2+
 B

0
 B

δ+
 

Co1 1.75 ± 0.42 38 62 23 77 

Co2 2.64 ± 0.92 37 63 15 85 

Co3 5.18 ± 2.05 33 67   

Co4 7.02 ± 1.19 12 88 14 86 
a
 Percentages corresponding to the Co 2p3/2 and B 1b spin orbit peaks. 
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Quantification of the content of cobalt and boron of Co1-4 was performed 

by ICP (Table S1) The Co/B atom ratio for the series of CoNPs was in the range 

between 2.1-2.8 according to ICP analysis. Many studies have enlightened the 

dependence of the final composition of the cobalt nanoparticles
[29]

 and cobalt 

amorphous borides
[30]

 on the reaction temperature,
[31]

 the pH, and the borohydride 

concentration or ratio versus the cobalt source.
[22,31-32]

 For instance, Glavee et al. 

reported that the boron content in Co-B amorphous alloys increased with the BH4
-
 

concentration.
[25]

 From ICP analysis it was therefore concluded that boron is present 

in the series of NPs Co1-4, and the atomic Co/B ratios resulted to be ca. 2.3 

according to ICP analysis, however, there is not a clear dependence of the content of 

boron with the particle size of the CoNPs. 

The presence of PVP and the thermal stability of Co1-4 were examined by 

thermogravimetric analysis. The thermograms of Co1-4 exhibited a first weight loss 

in the region of 90-110ºC (-5 wt% aprox. attributed to the loss of adsorbed solvent) 

followed by almost depreciable weigh loses at higher temperature (near -2 wt% 

aprox.) however no weight loss was observed at the decomposition temperature of 

PVP (430 ºC). In addition, no characteristic signals of PVP were detected by FTIR 

in the CoNPs. With these observations was therefore concluded that there is no 

evidence of presence of PVP in the series Co1-4.  

To summarize, CoNPs of sizes between 1.7 to 7.0 nm were synthesized by 

controlling the concentration of the NaBH4 solution. Structural analysis by HR-TEM 

revealed the presence of CoO-fcc and Co3O4-fcc crystalline phases in Co2, a 

representative CoNPs, while the diffraction pattern observed by XRD, suggested the 

amorphous structure and the small size of the NPs. The surface analysis by XPS 

indicated the considerable oxidation degree of the NPs and its dependence with the 

size: more reduced CoNPs were obtained at smaller sizes. Finally, the analysis by 

FTIR and TGA demonstrated that no PVP is present on these NPs after the work-up.  

 

Characterization of TiO2 supported catalysts (Co1-4/TiO2) 

Supported Co/TiO2 catalysts were prepared by direct immobilization of the 

colloidal CoNPs by mixing suspensions of both the CoNPs and the TiO2 support in 
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hexane. After immobilization of Co1-4 on TiO2, the particle size of the nanoclusters 

was maintained the same as the initial colloidal NPs as displayed in Figure 6. 

According to the TEM micrographs of the supported catalysts, the CoNPs were 

dispersed on TiO2 crystals of ca. 10-60 nm (Aeroxide
® 

P25).  

 

Co1/TiO2, 1.75 ± 0.42 nm. 
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Co2/TiO2, 2.64 ± 0.92 nm. 
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Co3/TiO2, 5.18 ± 2.05 nm. 
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Co4/TiO2, 7.02 ± 1.19 nm. 
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Figure 6. Size histograms and TEM micrographs of Co1-4/TiO2 

According to the HR-TEM micrograph of Co2/TiO2 catalyst displayed in 

Figure 7, the CoNPs are located at the borders of a TiO2 crystal as indicated by 

arrows, however the distinction of the metal particles and the solid support is quite 

difficult in bright field analysis. The fine structure of the support is appreciated and 

the electron diffraction of the dotted area present characteristic signals of anatase 

planes (hkl: 101 and 004, Sys: Tetragonal, S.G: I41/amd).  
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XRD of the fresh catalysts was performed as complementary technique for 

the structure analysis, in addition to HR-TEM analysis. As displayed in Figure 8, in 

the series of catalyst the anatase crystalline phase predominates over rutile phase (85 

vs 15%) however, the characteristic band of the CoNPs at 45º overlapped with 

support signals.  

 

Figure 7. HR-TEM micrograph and electron diffraction of Co2/TiO2. 
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Figure 8. XRD patterns of TiO2 supported CoNPs: (1) Co1/TiO2; (2) Co2/TiO2; (3) 

Co3/TiO2 and (4) Co4/TiO2.  

Surface analysis of the supported catalysts was performed also by XPS. 

Despite the low signal/noise explained by the low cobalt loading in the catalysts (ca. 

10 wt%), deconvolution of the Co 2p3/2 spin orbit peaks (Supporting Information, 

Figure S10) confirmed the observed trend in the single CoNPs according to which 

(004)

(101)
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the reduction degree of the nanoparticles increased with the decrease of the particle 

size.  

The reducibility of the fresh supported catalysts Co1-4/TiO2 was analyzed 

by temperature programmed reduction (TPR). At least two reduction bands were 

observed from their TPR profile at around 300-450 and 450-600 ºC (Figure 9). It has 

been reported that the peak at 300–400 ºC corresponds to the reduction of Co3O4 to 

CoO and that at 400–600 ºC to the reduction of CoO to Co metal.
[33]

 As displayed in 

Figure 9, the TPR spectra of Co1/TiO2 corresponding to the NPs of 1.7 nm, shifted 

to lower temperatures when compared to the catalyst containing the largest cobalt 

NPs, 7.0 nm (Co4/TiO2). Possibly, the lower reduction temperature over 1.7 nm 

sample might be the result of the higher contribution of already reduced Co in the 

core of the particle which facilitates the reduction process, in comparison to larger 

particles with lower initial content of metallic cobalt (according to XPS analysis).It 

is noteworthy that low detection issues occurred during the analysis due to the 

partially reduced nature of the NPs intrinsic to its preparation methodology 

discussed by XPS above.  
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Figure 9. H2-TPR profiles of Co1-4/TiO2 catalysts. 
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N2 physisorption analyses were also realized on fresh catalysts. The BET 

areas of the series of catalysts Co1-4/TiO2 ranged between 44 and 62 m
2
/g, values 

which are slightly larger than that measured for TiO2 alone (43 m
2
/g). ICP analysis 

of the supported catalysts revealed that the cobalt loading for the series ranged 

between 7-10 wt% (Supporting Information, Table S4).  

To summarize, supported catalysts Co1-4/TiO2 were prepared by 

immobilization of the corresponding colloidal NPs Co1-4 on TiO2. Analysis of the 

supported catalysts by TEM and XPS confirmed the order of particle sizes and the 

reduction degree determined in the colloidal NPs. Finally, analysis of Co1-4/TiO2 

by TPR suggests that the reducibility of the catalysts increased with the decrease of 

the cobalt particle size.  

VI.3.2. Fischer-Tropsch catalytic experiments 

VI.3.2.1. Aqueous phase Fischer-Tropsch synthesis using colloidal CoNPs (Co1-

4) 

In order to evaluate the effect of the particle size in FTS without possible 

effects derived from support interactions, catalytic experiments were carried out 

using the unsupported catalysts (Co1-4) suspended in water and the results are 

displayed in Table 2. The decrease of the particles size from 7.0 to 1.7 nm resulted 

in the linear increase of the time yield of the CoNPs from 0.006 to 0.035 h
-1 

(Figure 

10a).  

 

Table 2. Aqueous phase Fischer-Tropsch synthesis catalyzed by Co1-4 evaluating the size 

effect of the CoNPs.
a
 

      Selectivity, Wt%   

E. Catalyst Size, nm 
Cobalt time  

yield, h
-1,b

 
 CO2 CH4 C2-4 C5-12 C12+  α 

1 Co1 1.75 0.035  23.8 23.7 31.9 20.6 0  0.56 

2 Co2 2.64 0.026  23.0 20.3 32.9 23.9 0  0.59 

3 Co3 5.18 0.019  36.2 22.4 27.5 13.9 0  0.64 

4 Co4 7.02 0.006  64.7 11.5 13.3 10.5 0  0.66 
a
 Conditions: 0.949 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66 ml water, 1000 rpm, 180 ºC, 

12h  
b
 metal time yield = mol of CO converted per mol of Co, per unit of time. 
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Figure 10. (a) Cobalt-time yield and (b) product selectivity in wt% of unsupported catalysts, 

Co1-4 as a function of the particle size measured by TEM. Conditions: 0.949 mmol Co, 30 

bar H2/CO/Ar (2:1:0,15); 66 ml water, 1000 rpm, 180 ºC, 12h   

In terms of product selectivity (Figure 10b), the increase of the particle size 

resulted in the increase of the CO2 selectivity, reaching a maximum value of 65% for 

the 7.0 nm CoNPs (Co4). In contrast the methane selectivity slightly increased from 

11 to 23 % with the decrease of the particle size. Moreover, when the particle size 

decreased from 7.0 to 2.6 nm, the C2+ fraction increased from 24 to 57 %, and 

remained almost constant for the smallest CoNPs (52% for Co1). It is noteworthy 

that under the current colloidal conditions using water as solvent, the chain length of 

the hydrocarbon products was not longer than C12, as can be appreciated in the ASF 

distributions (Supporting Information, Figure S8). The observed trend was that the α 

values increased from 0.56 to 0.66 in the series Co1-4 as the particle size of the 

CoNPs increased from 1.7 to 7.0 nm.  

The observed trend in activity as a function of the particle size depend on at 

least three parameters which could be interconnected:  

- Boron doping  

- Reducibility of cobalt 

- Cobalt particle size effect in relation to the surface area 
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- Concerning the first parameter, Kou and co-workers analyzed by ICP the 

cobalt and boron content of CoNPs prepared from NaBH4 and LiBEt3H determining 

Co/B atom ratios of 0.2 and 2 respectively.
[20]

 They proposed that the large boron 

content in the Co-NaBH4 explained the lower catalytic performance in comparison 

to Co-LiBEt3H considering that the excess of B could noticeably reduce the activity 

and selectivity in FTS (0.10 vs. 0.27 molCOmolCo
-1

h
-1

).
[34]

 Additionally, CoBx phases 

were detected by XRD in the fresh Co-NaBH4 catalyst, thus revealing that the nature 

of the active phase was a cobalt boride species instead of cobalt. Glavee et al. 

reported the favored production of cobalt borides when the synthesis of the NPs was 

performed under inert conditions, similarly to the procedure described by Kou and 

co-workers for the Co-NaBH4 catalyst. In our particular case the boron content of 

Co1-4 resulted to be ca. ten times lower than that reported by Kou for Co-NaBH4 

NPs (Co/B atom ratios of 2.3 vs. 0.2). More importantly, the Co/B atom ratio for the 

series Co1-4 were of similar order (2.1-2.7 according to ICP analysis, Table S1), 

thus suggesting that the amount of boron did not affect largely the activity of these 

catalysts.  

- Secondly, considering that the colloidal catalysts are tested without 

activation pretreatment, the initial content of metallic cobalt in the NPs seems to be 

directly related to the activity. According to this, the increase of activity observed 

when the particle size decreased could be rationalized through the increasing content 

of metallic cobalt for this series as measured by XPS.  

- Finally, the decrease of the surface to total atoms ratio with the increasing of 

the size, also agrees with the trend observed in catalysis. The size dependent activity 

has been reported in the literature for other reactions catalyzed by metal 

nanoparticles.
[35]

  

In terms of product selectivity, similar C2-4 selectivity (ca. 30 wt%), alpha 

values (α ca. 0.6) and olefin to paraffin ratios (ca 0.75 for C2-12) were observed in 

the present study in agreement with the Co-NaBH4 catalyst reported by Kou and co-

workers.
[34]

 The increase of the CO2 selectivity with the particle size could be 

rationalized considering the reported activity of oxidized cobalt species in WGS,
[36]

 

since a greater content in oxidized cobalt was detected in the large particles 
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according to XPS analysis (Table 1). The rationalization of the higher methane 

selectivity with small Co particles has been usually based on a higher coverage of 

hydrogen, as previously evidenced by P. B. Radstake et al. through SSITKA 

(Steady-State Isotopic Transient Kinetic Analysis) measurements.
[10i]

 The higher H2 

coverage for the smallest NPs was shown to lead to rapid hydrogenation of CO to 

methane, rather than polymerization towards C2+ products, thus also affecting the 

chain growth by a more efficient termination. 

VI.3.2.2. Fischer-Tropsch synthesis using TiO2 supported CoNPs (Co1-4/TiO2) 

With the aim to investigate the possible effect of the support by comparison 

with the colloidal system, Fischer-Tropsch catalytic experiments were also 

performed using the TiO2 supported catalysts (Co1-4/TiO2) in fixed bed reactors. 

The FTS catalytic results obtained at 240 ºC after 46 h of reaction are displayed in 

Table 3. 

 

Table 3. Fischer-Tropsch synthesis in fixed bed reactor catalyzed by TiO2 supported CoNPs 

(Co1-4/TiO2)
a
 

      Selectivity, Wt%   

E. Catalyst Size, nm 
Cobalt time  

yield, h
-1,b

 
 CO2 CH4 C2-4 C5-12 C12+  α 

1 Co1/TiO2 1.75 10.62  0.3 12.1 16.5 19.8 51.3  0.71 

2 Co2/TiO2 2.64 5.27  0 10.5 17.4 19.0 53.0  0.76 

3 Co3/TiO2 5.18 1.52  0 17.4 23.6 27.0 32.1  * 

4 Co4/TiO2 7.02 0.36  * * * * *  0.87 
a
 Conditions: Catalyst loading=8-12wt%, 20 bar H2/CO/N2 (2:1:0.15), 5.62 ml/min, 240 ºC, 

CO conversions at 46h; 
b
 metal time yield = mol of CO converted per mol of Co, per unit of 

time. 
c 
Site yield calculated for CoNPs of 2.15 nm as measured in the used catalyst by TEM. 

* Not available information. 

 

Since the catalysts had not exactly the same cobalt content, cobalt time 

yields were used instead of CO conversions to represent the catalytic activity. The 

evolution of the cobalt time yield of the catalysts during time is displayed in Figure 

11. Comparing the series of catalysts (Table 3, entry 1-4), it is clearly observed that 

increasing the cobalt particle size (Co1/TiO2 to Co4/TiO2) resulted in the 

progressive decrease of the cobalt time yield from 10.6 to almost 0.3 h
-1

.  
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Figure 11. Evolution of cobalt time yield in FT experiments. Cobalt time yield: mol of CO 

converted per mol of Co, per hour. Conditions: 7-10 wt% Co/TiO2, 20 bar H2/CO/N2 

(2:1:0.15), 5.62 ml/min, 240 ºC. 

Deactivation rates were calculated for the series of tested catalysts 

computing the time yields at 2h and 46h (Table 4). Comparing the series Co2-

4/TiO2 the increase of the deactivation rate (from -25 to -83%) is evident as the 

particle size of the CoNPs increased from 2.6 to 7.0nm.  

It should be noted that due to the low activity of the catalyst Co4/TiO2, 

some of the products could not be quantified. The CO2 and CH4 selectivity for the 

series of TiO2 supported catalysts were below 0.4 % and in the range of 10-17% 

respectively. The C2-4 selectivity was observed to increase from 16.5 to 23.6% for 

the catalysts Co1-3/TiO2 in which the cobalt particle size increased from 1.7 to 5.2 

nm.  

 

Table 4. Deactivation rate of cobalt catalysts at 240 ºC 

Catalyst Co-time yield at 2h Co-time yield at 46h Δ Co-time yield, % 

Co1/TiO2 14.9 10.6 -28.9 

Co2/TiO2 7.0 5.3 -24.6 

Co3/TiO2 3.0 1.5 -48.5 

Co4/TiO2 2.2 0.4 -83.6 
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Concerning the chain growth probability, the alpha values increased from 

0.71 to 0.87 when the particle size of the CoNPs increased (Co1-4/TiO2) according 

to the ASF distributions displayed in Figure 12.  
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Figure 12. ASF distributions of Co1-4/TiO2 . 

It is noteworthy that the catalyst bearing the smallest CoNPs, Co1/TiO2 and 

Co2/TiO2 (1.7 and 2.6 nm) exhibited an inflexion in the distribution near C30 

according to that, products containing more than C40-50 were not detected. In 

contrast, the catalysts with the largest cobalt nanoclusters, Co4/TiO2 (7.0 nm) 

exhibited a classical continuous ASF distributions (with hydrocarbon chains up to 

C70) with only one slope. 

 

Characterization of used TiO2 supported catalysts 

Since the fresh catalysts suffers a series of transformations during the 

activation and the initial hours of reaction (e.g. sintering) the characterization of the 

catalyst once it reaches the steady state (which could be considered as the truly FT 

catalysts), is important. For this purpose TEM, XRD and XPS analysis were 

performed on the used catalysts to study variations of the cobalt particle size, 

crystalline structure and oxidation degree after reaction, respectively.  
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TEM analysis of the used catalysts Co2-4/TiO2 exhibited small variations in 

the cobalt particle size compared to the fresh catalyst (Supporting Information, 

Table S2). Curiously, the cobalt particle size for the catalysts Co3,4/TiO2 appeared 

to decrease more substantially during catalysis (5.18 vs. 3.65 nm for Co3/TiO2 and 

7.02 vs. 4.85 nm for Co4/TiO2).  

The particle size and proportion of Co-fcc/Co-hcp crystallites were 

calculated from the XRD diffraction pattern in the used catalysts and Scherer 

equation at 51.5º (Supporting Information, Table S5). Analysis of the phase content 

for metallic cobalt demonstrated that the contribution of Co-hcp is almost twice the 

content of Co-fcc. 

Surface analysis of the used catalysts was performed by XPS in order to 

study the reduction degree and the deactivation of the catalyst during FTS. 

Deconvolution of the Co 2p3/2 spin orbit peaks (Supporting Information, Table S7) 

revealed that the percentage of Co
0
 after the activation process increased from 15 to 

69%. However, after FTS, the Co
0
 of the used catalyst was only 28%, thus 

suggesting an important degree of deactivation during catalysis. 

The trend in activity as a function of the particle size resulted similar to the 

obtained for the colloidal system. This observation suggests that the factors that 

determined the activity for the colloidal NPs are also valid for the supported 

catalysts, since they are composed by the same active phase. In addition, the 

reducibility of the series of supported catalysts (Co1-4/TiO2) agrees with the 

observed trend in activity. The higher contribution of already reduced Co in the core 

of the smallest NPs (Co1/TiO2, according to XPS, Supporting Information, Table 

S6) could facilitate the reduction during the activation process in comparison to the 

larger ones thus resulting in a higher content of active phase in the case of the 

smallest CoNPs.  

Similar particle size effects on activity were previously observed in FT 

literature.
[10e,12,22]

 For instance, Wang and co-workers prepared a series of faujasite 

zeolite supported cobalt catalysts by borohydride reduction with cobalt particle sizes 

ranging from 1-2 to 30 nm. They observed that small cobalt particles (1–2 nm) were 

still active in the Fischer-Tropsch synthesis exhibiting higher CO conversions than 
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larger NPs.
[22]

 In spite of these studies, other authors have concluded that cobalt 

particles with sizes smaller than a critical value (6-9 nm) are less active in Fischer–

Tropsch synthesis than larger cobalt particles.
[6,10b,10i]

 This phenomenon may, 

however, result from the lower reducibility and stability of small cobalt species.
[11]

  

In relation to the observed decrease of the α values when decreasing the 

particle size, Wang and co-workers also evidenced the decrease of the C21+ 

selectivity from 17.5 to 3.1% with the decrease of the cobalt particle size from ca. 

30 to 1-2 nm.
[22]

  

It was concluded that the observed trend in activity as a function of the 

cobalt particle size was common for both the colloidal and the supported catalysts. 

This observation suggests that the effects observed in catalysis can be attributed to 

an intrinsic size effect of the cobalt nanoparticles and not to interactions between the 

metal and support. In our particular case, it was observed the highest activity for the 

catalysts with the smallest cobalt diameter. These results provide evidence on the 

intrinsic catalytic activity of cobalt nanoparticles below 5 nm in Fischer–Tropsch 

synthesis. This unconventional size behavior might be related to the preparation 

method for these NPs using sodium borohydride as reducing agent.  

VI.4. Conclusions 

CoNPs of sizes between 1.7 to 7.0 nm were synthesized in water using 

NaBH4 as reducing agent. Structural analysis by XRD suggested amorphous 

structures for the cobalt and cobalt oxide phases. The broadening of XRD signals 

were also attributed to the small size of these CoNPs. Analysis of thermally treated 

NPs revealed the presence of cobalt and cobalt-boron. Surface analysis by XPS 

indicated the considerable oxidation degree of the NPs depending on the size: more 

reduced CoNPs were obtained for smaller NPs. Finally, the analysis by FTIR and 

TGA showed no evidence of the presence of PVP in the series of NPs, Co1-4. TEM 

and TPR analysis of the TiO2 supported catalysts demonstrated that the particle size 

of the CoNPs remained unchanged after immobilization on TiO2 and that the 

reducibility of the catalyst decreased with the increase of the particle size.  
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The AFTS catalytic performances of unsupported cobalt nanoparticles were 

observed to depend on the reduction degree and the size of the NPs, with a decrease 

of the activity with the particle size. For the supported catalysts, the observed trend 

was in agreement with the observed for the colloidal catalysts. This observation 

suggests that the effects observed in catalysis can be attributed to an intrinsic size 

effect of the cobalt nanoparticles and not to interactions between the metal and the 

support. 

VI.5. Experimental Section 

Synthesis of colloidal cobalt nanoparticles by chemical reduction (Co1-4) 

CoNPs were synthesized by chemical reduction of cobalt dichloride in the 

presence of polyvinylpyrrolidone (PVP) as stabilizer and using sodium borohydride 

as reducing agent. The size of the Co1-4 was modulated through the variation of the 

concentration of reagents.  

As a standard procedure, 0.226g of CoCl2.6H2O (0.931 mmol) was 

dissolved in H2O containing the polymer stabilizant (2.066 g of PVP-K30). The 

volume of water used to dissolve both PVP and the cobalt salt was 12.5, 50, 200 and 

800 ml for Co1-4 respectively. Then, a freshly prepared solution of 0.358 g of 

NaBH4 (9.31 mmol) in H2O was added at room temperature during at a rate of 3 

ml/min. The volume of water used to dissolve the NaBH4 was 4.1, 16.6, 66 and 264 

ml for Co1-4 respectively. The solution was maintained with a vigorous mechanical 

stirring for 2 h. Then 100 µl of the colloidal solution was centrifuged, washed with 

water and re-dispersed by sonication. Three drops of the obtained colloidal solution 

was deposited on a Cu-formvar or holey carbon grids for TEM or HR-TEM analysis. 

For the isolation of the CoNPs, the freshly prepared NPs were initially precipitated 

by a strong magnetic field and the supernatant was decanted. Then, the precipited 

NPs were rinsed with water to remove the excess of salts and PVP. The decantation 

and washing process was repeated three times with water, then three times with 

ethanol and three times with hexane. The resulted CoNPs were finally dried under 

vacuum and kept in the glove box. 
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 Co1: was synthesized according to the general procedure using CoCl26H2O 

(0.226 g, 0.931 mmol) in presence of PVP-K30 (2.066 g, PVP:Co=20) 

dissolved in 12.5 ml of deionized water (
[37]

 = 0.0740 M). NaBH4 (0.358 g, 

9.369 mmol) was dissolved in 4.1 ml of water ([NaBH4] = 2.285 M). 

TEM: D = 1.75 ± 0.42 nm. 

XRD: 45, 35 and 60º 

XPS: Co
0
, 38%; Co

2+
, 62%. 

TGA: Temperature ºC/Δ wt. % (attribution); 106/-11 (solvent); [430/-0.67; 

511/-0.97; 633/-0.33 (PVP, total: -1.97)]; 900end/+1.53 

ICP: Co, 77.3 wt%, B, 7.4 wt%; Co/B atom ratio, 2.11 

FTIR: 3479, 1644, 1425 cm
-1

.  

RAMAN: 661, 593, 497, 457, 185 cm
-1

. 

 Co2: was synthesized according to the general procedure using CoCl26H2O 

(0.226 g, 0.931 mmol) in presence of PVP-K30 (2.066 g, PVP:Co=20) 

dissolved in 50 ml of deionized water ([Co] = 0.0180 M). NaBH4 (0.358 g, 

9.369 mmol) was dissolved in 16.6 ml of water ([NaBH4] = 0.550 M).  

TEM: D = 2.64 ± 0.92 nm. 

HR-TEM: ca. 2.6 nm; detection of CoO-fcc and Co3O4-fcc. 

XRD: 45, 35 and 60º 

XPS: Co
0
, 37%; Co

2+
, 63%. 

TGA: Temperature ºC/Δ wt. % (attribution); 70/-3.5 (solvent), 244/-3.7 

(polymer), 900end/+0.92. 

ICP: Co, 82.4 wt%, B, 5.9 wt%; Co/B atom ratio, 2.79 

FTIR: 3477, 1644, 1425 cm
-1

.  

RAMAN: 666, 586, 492, 450, 196 cm
-1

. 

 Co3: was synthesized according to the general procedure using CoCl26H2O 

(0.226 g, 0.931 mmol) in presence of PVP-K30 (2.066 g, PVP:Co=20) 

dissolved in 200 ml of deionized water ([Co] = 0.0045 M). NaBH4 (0.358 g, 

9.369 mmol) was dissolved in 66 ml of water ([NaBH4] = 0.141 M). 

TEM: D = 5.18 ± 2.05 nm. 

XRD: 45, 33 and 60º 
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XPS: Co
0
, 33%; Co

2+
, 67%. 

TGA: Temperature ºC/Δ wt. % (attribution); 201/-1.35 (solvent); 900end/+8.4. 

ICP: Co, 88.0 wt%, B, 7.5 wt%; Co/B atom ratio, 2.36. 

FTIR: 3482, 1644, 1425 cm
-1

.  

RAMAN: 662, 598, 501, 456 cm
-1

. 

 Co4: was synthesized according to the general procedure using CoCl26H2O 

(0.226 g, 0.931 mmol) in presence of PVP-K30 (2.066 g, PVP:Co=20) 

dissolved in 800 ml of deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 

9.369 mmol) was dissolved in 264 ml of water ([NaBH4] = 0.035 M). 

TEM: D = 7.02 ± 1.19 nm. 

XRD: 45, 34 and 60º 

XPS: Co
0
, 12%; Co

2+
, 88%. 

TGA: Temperature ºC/Δ wt. % (attribution); 104/-1.7 (solvent); 216/-1.8 

(polymer); 900end/+6.15. 

ICP: Co, 90.3 wt%, B, 8.3 wt%; Co/B atom ratio, 2.18. 

FTIR: 3475, 1644, 1425 cm
-1

.  

RAMAN: 662, 592, 499, 460, 184 cm
-1

. 

The size, the crystalline structure and oxidation state of the CoNPs were studied 

using transmission electron microscopy (TEM), HR-TEM, X-ray diffraction (XRD), 

and X-ray photoelectron spectroscopy (XPS) respectively. The composition of the 

CoNPs was studied using FTIR, TGA and ICP-OES. 

 

Immobilization of colloidal cobalt nanoparticles on TiO2 (Co1-4/TiO2) 

55 mg aprox. of the corresponding isolated CoNPs were re-suspended in 

20ml of hexane and sonicated during 3 minutes. Separately, a suspension of TiO2 

(0.490 g of 20 nm nanopowder, Degussa P25, 35-65 m
2
/g) in 40 ml of hexane was 

firstly sonicated during 1 min and then mechanically stirred. The amount of TiO2 

was the corresponding to obtain a 10wt% Co catalyst.  Then the suspension of 

CoNPs in hexane was added dropwise over the stirred suspension of TiO2 and the 

resultant stirred during 30min more. The gray suspension was then sonicated during 
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3 min to homogenize the dispersion of the CoNPs on the support and the resultant 

was magnetically precipitated, the hexane removed and the solid dried under 

vacuum.  

Since the catalyst were powders too fine to be suitable for the reactor, they 

were pelletized using a press then crushed and sieved to get grain sizes between the 

0.300 - 0.150 mm. The obtained materials were then used for the catalytic test.  

 

Fischer-Tropsch catalytic experiments in water using the colloidal catalysts 

Catalytic experiments were performed according to reported methods.
[16,38]

  

Fischer-Tropsch reactions using the colloidal catalysts were carried out in a 100 ml 

stainless steel autoclave operated in bath mode. 0.55mg of the isolated CoNPs 

(0.931 mmol of Co) were redispersed in 66 ml of water, and placed inside a Teflon 

liner in the autoclave. The autoclave was purged three times with Ar, and sealed at 

an Ar pressure of 1.5 bar. Additional 10 bar CO and 20 bar H2 were further added 

giving a final pressure of 31.5 bar (H2:CO:Ar = 2:1:0.15). Then the autoclave was 

heated at 180 ºC under mechanical stirring at 1000 rpm during 12h. After reaction 

the autoclave was cooled to room temperature prior to gas analysis. All the 

components contained in the gas phase (CO, H2, Ar, CO2, and C1-C8 hydrocarbons) 

were analyzed by GC-TCD and the quantification was performed using calibration 

curves for each component. The compounds present in the aqueous phase were 

extracted with dichloromethane (10 ml) containing 1 µl of bicyclohexyl as internal 

standard. The organic phase containing the hydrocarbon and oxygenated products 

were analyzed by GC-MS. The identification and quantification of products was 

performed by comparison with standards using calibration curves for each 

compound.  

 

Fischer-Tropsch catalytic experiments using the TiO2 supported catalysts 

Carbon monoxide hydrogenation was carried out in a Flowrence high 

throughput unit
[38]

 equipped with 16 parallel milli-fixed reactors (dint = 2 mm) 

operating at a total pressure of 20 bar, H2/CO = 2 molar ratio and 

GHSV = 6700 cm
3
/g h. The catalyst loading was 100 mg. Prior to the catalytic test, 
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all the samples were activated in a flow of pure hydrogen at atmospheric pressure 

during 10 h at 673 K with at GHSV = 2 NL h
−1

 g
−1

. During the reduction, the 

temperature ramp was 1 K/min. After the reduction, the catalysts were cooled down 

to 433 K and a flow of premixed syngas was gradually introduced through the 

catalysts. When pressure attained 20 bar, the temperature was slowly increased to 

513 K with a ramp of 1 K/min. Gaseous reaction products were analyzed by on-line 

gas chromatography. Analysis of permanent gases was performed using a Molecular 

Sieve column and a thermal conductivity detector. Carbon dioxide and C1–

C4 hydrocarbons were separated in a PPQ column and analyzed by a 

thermoconductivity detector. C5–C12 hydrocarbons were analyzed using CP-Sil5 

column and a flame-ionization detector. The carbon monoxide contained 5% of 

helium, which was used as an internal standard for calculating carbon monoxide 

conversion. Catalytic rates and selectivities were measured at the steady-state regime 

after 46 h time-on-stream. The reaction rates expressed in cobalt time yield h
-1

, are 

defined as the moles of CO converted per mol of Co per hour. The product 

selectivity (S) is reported as the wt% of a given product.  
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Materials and Methods 

All syntheses of CoNPs were carried under aerobic conditions using a mechanical 

stirrer. Milli-Q water was used for all the experiments. Solvents were purchased from Merck 

and used as received. CoCl2·6H2O, NaBH4 and PVP K-30 and were purchased from Sigma-

Aldrich. Hydrogen (5.0) was purchased from Air Liquide and CO (4.7) and argon (5.0) from 

Carburos Metálicos.  

Transmission electron microscopy (TEM) measurements were performed at the “Unitat 

de Microscopia dels Serveis Cientificotècnics de la Universitat Rovira I Virgili” in 

Tarragona with Zeiss 10 CA electron microscope operated at 100 kV with resolution of 3 Å. 

High resolution electron microscopy (HR-TEM) measurements were performed at the 

“Centres Científics i Tecnològics de la UB” in Barcelona with a JEOL 2011(FEG) electron 

microscope operated at 200 kV with a point resolution of 2 Å. 

XRD measurements were acquired using a Siemens D5000 diffractometer (Bragg-

Brentano parafocusing geometry and vertical θ-θ goniometer) fitted with a curved graphite 

diffracted-beam monochromator, incident and diffracted -beam Soller slits, a 0.06º receiving 

slit and scintillation counter as a detector. The angular 2θ diffraction range was between 25 

and 120º. The data were collected with an angular step of 0.05º at 16s per step and sample 

rotation. A low background Si(510) wafer was used as sample holder. Cukα radiation was 

obtained from a copper X-ray tube operated at 40 kV and 30 mA. 

XPS experiments were performed in a PHI 5500 Multitechnique System (from Physical 

Electronics) with a monochromatic X-ray source (Aluminium Kalfa line of 1486.6 eV energy 

and 350 W), placed perpendicular to the analyzer axis and calibrated using the 3d5/2 line of 

Ag with a full width at half maximum (FWHM) of 0.8 eV. The analized area was a circle of 

0.8 mm diameter, and the selected resolution for the spectra was 187.5eV of Pass Energy and 

0.8 eV/step for the general spectra and 23.5 eV of Pass Energy and 0.1 eV/step for the 

spectra of the different elements in the depth profile spectra. A low energy electron gun (less 

than 10 eV) was used in order to discharge the surface when necessary. All Measurements 

were made in an ultra-high vacuum (UHV) chamber pressure between 5x10
-9

 and 2x10
-8

 torr. 

FTIR spectra were acquired from KBr discs on a Bruker Equinox 55 Spectrometer 

using Opus software. Raman spectra was acquired by scattering of a 514nm Ar lamp on a 

Renishaw InVia Raman microscope using a x50LW objective, 60s of exposition time and 

100% of laser intensity.   
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Thermogravimetric analysis (TGA) were performed at the “Centres Científics i 

Tecnològics de la UB” in Barcelona with a thermobalance (Mettler TGA/SDTA851e) 

equipped with a gas flow system. A 2-6 mg sample was heated in an alumina crisol in a flow 

of nitrogen. Then the catalyst was heated under a 50 ml/min of nitrogen flow from 30 ºC to 

900 ºC (heat rate: 10 ºC/min).  

Temperature programmed reduction under H2 (TPR) was carried out using a 

ChemBET™ TPR/TPD (Quantachrome). The catalyst (0.1 g) was mounted in a quartz cell 

and heated up to 900 ºC in a flow of 5% H2/Ar (30 cm
3
min−

1
). The rate of temperature ramp 

was 10 ºC min−
1
. 

GC-TCD analyses were carried out on an Agilent 7890A GC using a system with three 

columns: Hayesep Q (3ft x 1/8 in), HP-Molesieve (30m x 0.320 mm x 12 µm) and HP-

Plot/Q (30m x 0.320 mm x 20 µm) using helium as carrier gas. GC-MS analyses were 

performed on a 9575C MSD system (Agilent) using a HP-Innowax capillary column (30m x 

0.250 mm x 0.15 µm), using helium as carrier gas. Standard reference of gases (CO, CO2, 

H2, N2) and hydrocarbons (C1-C5) was purchased from Avello Linde.  

TEM characterization 

Immediately after each synthesis, 100 µl of the colloidal solution of CoNPs was 

centrifuged at 600 rpm during 5 minutes. The supernatant was removed and the CoNPs then 

washed with deionized water and re-dispersed by 1 min of sonication. The colloidal solution 

was appropriately diluted with deionized water to obtain a pale grey solution. Then, three 

drops of the obtained colloidal solution was deposited on a Cu-formvar grid and the grid was 

dried during 24 h prior TEM analysis. The TEM measurements were performed on a Zeiss 

10 CA electron microscope operated at 100 kV with resolution of 3 Å. The particles size 

distributions were determined by a manual analysis of enlarged images. At least 200 particles 

on a given grid were measured in order to obtain a statistical size distribution. Nanoparticle 

mean diameter was estimated using Gaussian analysis.  

Fischer-Tropsch catalytic experiments in water using the colloidal catalysts 

Catalytic experiments were performed according to reported methods.
[16,38]

  

Fischer-Tropsch reactions using the colloidal catalysts were carried out in a 100 ml 

stainless steel autoclave operated in bath mode. 0.55mg of the isolated CoNPs (0.931 mmol 

of Co) were redispersed in 66 ml of water, and placed inside a Teflon liner in the autoclave. 

The autoclave was purged three times with Ar, and sealed at an Ar pressure of 1.5 bar. 

Additional 10 bar CO and 20 bar H2 were further added giving a final pressure of 31.5 bar 
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(H2:CO:Ar = 2:1:0.15). Then the autoclave was heated at 180 ºC under mechanical stirring at 

1000 rpm during 12h. After reaction the autoclave was cooled to room temperature prior to 

gas analysis. All the components contained in the gas phase (CO, H2, Ar, CO2, and C1-C8 

hydrocarbons) were analyzed by GC-TCD and the quantification was performed using 

calibration curves for each component. The compounds present in the aqueous phase were 

extracted with dichloromethane (10 ml) containing 1µl of bicyclohexyl as internal standard. 

The organic phase containing the hydrocarbon and oxygenated products were analyzed by 

GC-MS. The identification and quantification of products was performed by comparison 

with standards using calibration curves for each compound.  

Fischer-Tropsch catalytic experiments using the TiO2 supported catalysts 

Carbon monoxide hydrogenation was carried out in a Flowrence high throughput 

unit
[38]

 equipped with 16 parallel milli-fixed reactors (dint = 2 mm) operating at a total 

pressure of 20 bar, H2/CO = 2 molar ratio and GHSV = 6700 cm
3
/g h. The catalyst loading 

was 100 mg. Prior to the catalytic test, all the samples were activated in a flow of pure 

hydrogen at atmospheric pressure during 10 h at 673 K with at GHSV = 2 NL h
−1

 g
−1

. During 

the reduction, the temperature ramp was 1 K/min. After the reduction, the catalysts were 

cooled down to 433 K and a flow of premixed syngas was gradually introduced through the 

catalysts. When pressure attained 20 bar, the temperature was slowly increased to 513 K with 

a ramp of 1 K/min. Gaseous reaction products were analyzed by on-line gas chromatography. 

Analysis of permanent gases was performed using a Molecular Sieve column and a thermal 

conductivity detector. Carbon dioxide and C1–C4 hydrocarbons were separated in a PPQ 

column and analyzed by a thermoconductivity detector. C5–C12 hydrocarbons were analyzed 

using CP-Sil5 column and a flame-ionization detector. The carbon monoxide contained 5% 

of helium, which was used as an internal standard for calculating carbon monoxide 

conversion. Catalytic rates and selectivities were measured at the steady-state regime after 

46 h time-on-stream.  

The reaction rates expressed in cobalt time yield h
-1

, are defined as the moles of CO 

converted per mol of Co per hour. The product selectivity (S) is reported as the wt% of a 

given product.  

Product analysis 

All the hydrocarbon products were identified by comparison with reference samples.  
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The components contained in the gas phase (CO, H2, Ar, CO2, and C1-C8 hydrocarbons) 

were analysed on a Agilent 7890A GC using a system of three columns: Hayesep Q (3ft x 

1/8 in), HP-Molesieve (30m x 0.320 mm x 12 µm) and HP-Plot/Q (30m x 0.320 mm x 20 

µm) using helium as carrier gas. The quantification was carried out using calibration curves 

for each gas. Mixtures at different concentration of gases were prepared by gas blending 

from a standard reference of gases (Avello Linde).  

The compounds present in the aqueous phase were extracted with dichloromethane (10 

ml) containing 1µl of bicyclohexyl as internal standard. The bottom organic phase containing 

the hydrocarbon and oxygenated products were analyzed immediately by GC-MS on a 

9575C MSD system using a using a HP-Innowax capillary column (30m x 0.250 mm x 0.15 

µm), and helium as carrier gas.  

The identification and quantification of products was performed by comparison with 

standards using calibration curves for each compound.  

Activity and Selectivity Calculations  

The activity and selectivity was calculated based on the number of moles of carbon 

being formed as products according to the following formulas: 
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Figure S1. Size histograms and TEM micrographs of Co1-4 after catalysis. 

Co1, 2.83 ± 0.97 nm. 
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Co2, 3.28 ± 1.17 nm. 
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Co3, 2.81 ± 0.85 nm. 
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Co4, 1.77 ± 0.64 nm. 
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Figure S2. HRTEM image of Co2 NPs and electron diffraction pattern.  

 

 

Figure S3. (a) Co2 before (1) and after (2) catalysis.(b) XRD patterns of Co2 before (1) and 

after (2) thermal treatment at 500 ºC for 2h under argon.  
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Figure S4. (a) Full XPS spectra of CoNPs: (1) Co1, 1.75 ± 0.42 nm; (2) Co2, D = 2.64 ± 

0.92 nm; (3) Co3, D = 5.18 ± 2.05 nm; (4) Co4, D = 7.02 ± 1.19 nm. (b) C1s XPS spectra of 

Co2 (1) before and (2) after catalysis. (c) Co 2p XPS spectra of (1) Co2 freshly synthesized; 

(2) Co2 oxidized under air during 3 months and (3) Co2 after FTS using water as solvent (d) 

B1s XPS spectra of Co1,2,4 and. 
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Table S1. ICP and XPS data of Co1-4 catalysts. 

  
Co/B (atom ratio) 

NPs Size, nm ICP XPS 

Co1 1.75 ± 0.42 2.11 0.83 

Co2 2.64 ± 0.92 2.79 1.44 

Co3 5.18 ± 2.05 2.36 1.49 

Co4 7.02 ± 1.19 2.18 2.19 

Co2
a
 2.64 ± 0.92 3.56 4.34 

a
 Co2 after catalysis. 

 

 

Table S2. Chemical composition analysis of CoNPs by XPS . 

 
Quantification regions (%Atom)  

Name Size, nm Na 1s C 1s N 1s O 1s Co 2p B 1s Co/B 

Co1 1.75 ± 0.42 1.2 22.8 0.3 48.4 12.4 14.9 0.8 

Co2 2.64 ± 0.92  20.9  48.6 18.0 12.5 1.4 

Co3 5.18 ± 2.05 0.9 20.2 0.4 51.7 16.0 10.8 1.5 

Co4 7.02 ± 1.19  27.2  48.5 16.6 7.6 2.2 

Co2
a
 2.64 ± 0.92  54.9 2.4 31.6 9.0 2.1 4.3 

a
 Analysis of Co2 after catalysis 

 

 

Table S3. Microanalysis by Energy-dispersive X-ray spectroscopy, EDX  (%Mass) of Co1-4 

 Element/ shell 

Name Size, nm C K O K Co K 

Co1 1.75 ± 0.42 47.6 40.8 11.7 

Co2 2.64 ± 0.92 19.9 31.6 48.6 

Co3 5.18 ± 2.05 36.5 33.1 30.5 

Co4 7.02 ± 1.19 50.0 31.3 18.8 
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Figure S5. Raman  spectra of (1) Co1, 1.75 ± 0.42 nm; (2) Co2, D = 2.64 ± 0.92 nm; (3) 

Co3, D = 5.18 ± 2.05 nm; (4) Co4, D = 7.02 ± 1.19 nm. Spectra acquired by scattering of a 

514 nm Ar lamp.  
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Figure S6. FTIR spectra of  (1) Co1, 1.75 ± 0.42 nm; (2) Co2, D = 2.64 ± 0.92 nm; (3) Co3, 

D = 5.18 ± 2.05 nm; (4) Co4, D = 7.02 ± 1.19 nm. 
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Figure S7. (a) TGA thermogram of PVP and Co2; (b) TGA thermograms of Co1-4. and 80 

(c) TGA thermograms of Co2 carried out under nitrogen or air flux. 
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Figure S8. ASF distributions of Co1-4 nanocatalysts 
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Figure S9. (a) XRD patterns of TiO2 supported catalysts after calcination process (1 ºC/min 

up to 500 ºC, 5h): (1) Co1/TiO2; (2) Co2/TiO2; (3) Co3/TiO2 and (4) Co4/TiO2. In dotted 

line the peak of 31.2 used for particle size estimation of Co3O4. (b) Amplification of dotted 

region from a. (c) XRD patterns of TiO2 supported catalysts after the reduction process: (1) 

Co2/TiO2; (2) Co3/TiO2; (3) Co4/TiO2. In dotted line the peak of 51.5 used for particle size 

estimation of Co-fcc. (d) Amplification of dotted region from c. 
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Table S4. Cobalt particle size measured by XRD and TEM, BET surface area and sodium content measured by ICP 

of supported catalysts.  

  
XRD (particle size) 

fresh catalyst 

TEM (particle size) 

fresh catalyst 
N2 fisi. (Surf. Area) 

ICP, 

wt%/catalyst 

E. Catalyst d (Co3O4)(nm) d (Co0)a (nm) (nm) BET (m2/g) Co Na 

1 Co1/TiO2 4.8 3.6 1.75 ± 0.42 44.51 7.69 0.23 

2 Co2/TiO2 5.2 3.9 2.64 ± 0.92 50.16 8.05 0.19 

3 Co3/TiO2 6.9 5.2 5.18 ± 2.05 62.13 10.37 0.18 

4 Co4/TiO2 5.5 4.1 7.02 ± 1.19 59.57 6.90 0.32 

5 TiO2
 b 

   
43.08 0 0 

a Mean Co0 particle size as estimated from the corresponding d(Co3O4-fcc) by applying the molar volume correction: 

d(Co0) = 3/4 d(Co3O4). 
b According to XRD the composition of TiO2 corresponded to 17% rutile and 83% anatase.  

 

Table S5. Cobalt particle size of the fresh and used catalysts determined by XRD and TEM 

 
 XRD 

 
TEM (nm) 

E. Catalyst 
Fresha 

(nm) 

Used, (nm) 

Co-fcc/Co-hcpb 

Used, (wt%)c 

Co-fcc/Co-hcp  
Fresh Used 

1 Co1/TiO2 3.6 * * 
 

1.75 ± 0.42 1.85 ± 0.40 

2 Co2/TiO2 3.9 13.8/3.2 2.6/5.1 
 

2.64 ± 0.92 2.59 ± 0.53 

3 Co3/TiO2 5.2 10.1/3.2 2.6/5.5 
 

5.18 ± 2.05 3.65 ± 0.66 

4 Co4/TiO2 4.3 14.4/3.2 2.2/5.2 
 

7.02 ± 1.19 4.85 ± 1.38 
a Co particle size estimated from the corresponding d(Co3O4-fcc) by applying the molar volume correction: d(Co0) = 

3/4 d(Co3O4). 
b Particle size of Co-fcc crystallites calculated using the Scherer equation at 51.5º. A Co-hcp crystallite 

size was fixed to 3.2nm to fit properly the simulated diffractogram to the experimental. c Content of Co-fcc/Co-hcp 
phases in wt%/catalyst calculated from XRD.  

 

The particle size of Co-fcc/Co-hcp crystallites were calculated from the XRD 

diffraction pattern and Scherer equation at 51.5º Table S5. This peak was selected for the 

analysis because was almost the only peak free of overlapping with peaks of anatase and 

rutile from the support. It is noteworthy that the simulated diffractogram (as computed by 

Topas software), required the contribution of both Co-fcc and Co-hcp to fit properly the 

experimental pattern, for that reason in Table S5 is displayed the computed sizes for both 

Co-fcc and Co-hcp as well as the calculated content for both phases. For comparison 

purposes it was fixed the Co-hcp crystallite size to 3.2nm for the series of analysis.   

The particle sizes determined for Co-fcc crystallites in the case of Co2-4 /TiO2 resulted 

considerable larger (+5-10nm) than the estimated for the fresh catalysts. The substantial 

differences in the particle size determined by XRD for the used catalysts compared to the 

fresh catalyst or even its equivalents by TEM could be attributed to some approximations 

considered in the calculation. On the one hand, for the calculation of the particle size the 

Scherer equation assumes a single crystalline phase when the reality is that a mixture of both 
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fcc and hcp crystalline phases are present in the catalyst. On the other hand the crystallite 

size of Co-hcp fixed to 3.2 was an approximation suitable for the simulation but which not 

necessarily should be true, so that depending on the fixed value the corresponding size of 

Co-fcc crystallite would change. The contents of Co-fcc/Co-hcp displayed in Table S5 

demonstrates also that the contribution of Co-hcp is not depreciable, in contrary, it 

corresponds to almost twice the content of Co-fcc.  
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Figure S10. Co 2p XPS spectra of Co1-4/TiO2 catalysts.  
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Table S6. Percentage of Co species in supported catalysts from XPS spectra decomposition.
a
 

Catalyst Co
0
 Co

2+
 

Co1/TiO2 17 83 

Co2/TiO2 15 85 

Co3/TiO2 13 87 

Co4/TiO2 3 97 
a
 Percentages corresponding to the Co 2p3/2 spin orbit peaks. 

b
 Reduced under H2 at 400ºC 

during  10h. 
c
 After FTS in fixed bed.  
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Figure S11. Co 2p XPS spectra of Co2/TiO2 (1) freshly synthesized; (2) reduced under H2 at 

400ºC during 10h and (3) after FTS in fixed bed.  
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Table S7. Percentage of Co species in supported catalysts from XPS spectra decomposition.
a
 

Catalyst Co
0
 Co

2+
 

Co2/TiO2 15 85 

Co2/TiO2, 
b
 69 31 

Co2/TiO2, 
c
 28 72 

a
 Percentages corresponding to the Co 2p3/2 spin orbit peaks. 

b
 Reduced under H2 at 400ºC 

during  10h. 
c
 After FTS in fixed bed.  
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Table S8. Aqueous phase Fischer-Tropsch synthesis catalyzed by Co1-4 evaluating the size 

effect of the CoNPs.
a
 

   O/P ratio 

E. Catalyst Size, nm 
O/P  

C2-12 

O/P  

C2-4 

O/P  

C5-12 

 

1 Co1 1.75 0.75 1.23 0.32 

2 Co2 2.64 0.79 1.33 0.28 

3 Co3 5.18 0.80 1.12 0.37 

4 Co4 7.02 0.51 1.00 0.16 
a
 Conditions: 0.949 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66ml water (100 ml autoclave), 

1000rpm, 180 ºC, 12h   

 

 

Table S9. Fischer-Tropsch synthesis in fixed bed reactor catalyzed by TiO2 supported 

CoNPs (Co1-4/TiO2)
a
 

   O/P ratio 

E. Catalyst Size, nm 
O/P  

C2-12 

O/P  

C2-4 

O/P  

C5-12 

 

1 Co1/TiO2 1.75 0.17 0.3 0.08 

2 Co2/TiO2 2.64 0.30 0.58 0.12 

3 Co3/TiO2 5.18 0.63 1.13 0.35 

4 Co4/TiO2 7.02 * * * 
a
 Conditions: Catalyst loading=8-12wt%, 20 bar H2/CO/N2 (2:1:0.15), 5.62 ml/min, 240 ºC, 

CO conversions at 46h; * Not available information. 
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VII.1. Abstract 

A series of cobalt nanoparticles were synthesized by chemical reduction of 

cobalt salts using NaBH4 as reduction agent in water, in the presence of a series of 

polymers as stabilizers. The polymer/cobalt ratio was observed to affect the size of 

the CoNPs. Cobalt nanoparticles of ca. 2.6 nm were immobilized on TiO2 yielding 

approximately 10 wt% Co/TiO2 catalysts. Both colloidal and TiO2 supported NPs 

were characterized by TEM, XRD, HRTEM, XPS, TGA, ICP techniques and their 

catalytic performance in the AFTS and FTS were evaluated respectively. For both 

catalytic systems relevant differences in FTS were observed as a function of the 

polymeric stabilizer used during the synthesis of the CoNPs. The reduction degree 

of the cobalt particles, the interaction strength between the polymer and the metal 

surface and B-doping are propose as ruling parameters of the performance of the 

colloidal catalysts. In contrast, the catalytic activity of supported catalysts revealed 

to be influenced by the presence of polymer stabilizer at the metal surface, its 

thermal stability and B-doping. 

Keywords: Fischer-Tropsch synthesis, cobalt nanoparticles, polymer 

stabilizers.  

VII.2. Introduction 

Fischer-Tropsch Synthesis (FTS) is considered a key process of the XTL 

technologies (biomass-to-liquid, BTL, gas-to-liquid, GTL, and solid-to-liquid, STL) 

since through this catalytic reaction, syngas (a mixture of H2 and CO) can be 

transformed into clean fuels.
[1]

 Among the different metals active in FTS, there is a 

renewed interest in cobalt catalysts due to its higher activity and stability compared 

to iron.
[2]

 These, in conjunction with the convenient gas stoichiometry obtained from 

methane reformed syngas, are the reasons why recent gas to liquid facilities in 

Malaysia (Shell) and Qatar (Sasol and Qatar Petroleum) use cobalt based 

catalysts.
[1b]
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Currently, one of the main challenges in FT research is the design of not 

only active and stable catalysts but also highly selective active phases that provide 

hydrocarbons with narrow chain length distributions.
[3] 

In this context, the advances 

in colloidal nanoscience have allowed a more efficient control over the size and 

morphology of metallic nanoparticles with potential applications in the field of 

catalysis.
[4]

 Considering that most catalysts applied in FTS are anchored onto a 

support, an additional advantage of colloidal particles is that the effect of the support 

could be excluded.
[5]

 However when colloidal NPs are used, the effect of the 

stabilizing agent arises as an intrinsic characteristic for these catalysts. It is often 

considered that the activity of NPs tends to decrease with increasing coordination 

strength of the organic stabilizing agent to the metal surface.
[5]

 There are examples 

reported for hydrogenation,
[6]

 and C-C coupling reactions.
[7]

 For instance, the 

possibility to tune the selectivity in the Ru and RhNPs catalyzed hydrogenation of 

aromatic ketones through the phosphorus stabilizing ligand has been recently 

reported in our research group.
[6a]

 For the particular case of the FTS, the only study 

dedicated to the rationalization of the effect of the stabilizing agent was recently 

reported by Hensen and co-workers using RuNPs.
[5]

 To avoid changes in the size 

and morphology of the initial Ru particles, the organic stabilizing agents: 

trimethyl(tetradecyl)ammonium bromide (TTAB), polyvinylpyrrolidone (PVP) and 

sodium 3-mercapto-1-propanesulfonate (SMPS), were deposited onto a previously 

prepared Ru/CNF (carbon nanofiber) catalyst. In catalysis, the activity for the FT 

reaction decreased in the order: Ru>Ru-TTAB>Ru-PVP>>Ru-SMPS. It was 

proposed that this activity order coincides with increasing the interaction strength 

between the organic stabilizing agent and the Ru surface.  

Kou and co-workers tested in the Aqueous phase Fischer-Tropsch Synthesis 

(AFTS) RuNPs stabilized by PVP-K15, K30 and K90, corresponding to polymers of 

molecular weights of 10000, 40000 and 36000 respectively.
[8]

 A fast aggregation 

and deactivation of the catalysts prepared using the PVP-K15 was observed in 

catalysis. Interestingly, the activity of the catalyst prepared in presence of the 

polymer of highest molecular weight, PVP-K90, was slightly lower than the 

stabilized by PVP-K30. It was proposed that too strong coverage by PVP (which is 
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the case of PVP-K90) may block the route for the reactants to diffuse and react over 

the metal surface, thus resulting in an inferior catalytic activity. 

For the case of cobalt, much less information concerning the effect of the 

stabilizing agent is documented in the literature. All the reports on FTS catalyzed by 

colloidal CoNPs involve the use of PVP or ionic liquids as stabilizing agent. For 

instance, Kou and co-workers have reported several studies concerning the 

application of monometallic CoNPs,
[9]

 and bimetallic Pt-Co NPs,
[10]

 as catalysts of 

the AFTS. The same author also reported the effect of the reducing agent (LiBEt3H 

and NaBH4) used for the preparation of CoNPs in the AFTS,
[11]

 and proposed that 

doping by boron could affect the catalytic performance of these NPs. Despite these 

studies, no reports on the effect of the stabilizing agent have been described for Co-

catalyzed FTS. Dupont and co-workers reported the synthesis of Co nanocubes (54 ± 

22 nm)
[12]

 and nanospheres (7.7 ± 1.2 nm)
[13]

 by thermal decomposition of Co2(CO)8 

in [DMI][NTf2] and [BMI][NTf2] respectively. The obtained materials resulted 

active in FTS. In these studies, since the stabilizer was the same solvent of reaction, 

no direct correlation with the stabilizer effect could be extracted.  

In the present work, a new step forward for the understanding of the effect 

of the polymer stabilizer on cobalt nanoparticles for the FT reaction is described. 

The aim of this investigation firstly is to understand the structure, composition and 

possible cobalt-boron interactions involved in these B-doped cobalt nanoparticles 

and secondly, to evaluate their catalytic performance in FTS. The colloidal NPs 

were additionally immobilized on TiO2 support for comparison between the classical 

Fischer-Tropsch Synthesis in fixed bed reactors and the Aqueous phase Fischer-

Tropsch Synthesis using the single colloidal catalyst. This approach allowed us to 

investigate the effect of the polymeric stabilizer on FTS and to look at the possible 

interaction of the cobalt nanoparticles with the support.  

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



 

CHAPTER VII 

222 
 

VII.3. Results and Discussion 

VII.3.1. Synthesis and characterization of CoNPs 

CoNPs were synthesized in water by chemical reduction of cobalt chloride 

in the presence of polymers as stabilizers and sodium borohydride as reducing agent. 

The structures of the water soluble polymers used to stabilize the CoNPs are 

displayed in Figure 1. 

 

Figure 1. Structures of the water soluble polymers used as stabilizers for CoNPs. 

Additionally, for each polymer, three sets of CoNPs were synthesized 

varying the polymer:Co ratio between 1 and 40. The TEM micrographs and size 

histograms of the NPs synthesized using a polymer:Co ratio of 20 for the case of 

Co1b, Co2b, Co3b, Co4b and Co6b and a ratio of 1 for Co5a NPs are displayed in 

Figure 2. The whole series of TEM micrographs and size histograms for the six sets 

of NPs are displayed in the Supporting Information (Figure S1). 

According to Figure 2, spherical nanoparticles with diameters of ca. 2.6 nm 

were obtained under the corresponding polymer:Co ratios. The variations in particle 
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size as a function of the polymer and the polymer:Co ratio are summarized in    

Table 1. 
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Figure 2. TEM micrographs and size histograms of Co1-6 NPs. 
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Table 1. Conditions for the synthesis of Co1-6 by chemical reduction method.
a
   

Entry CoNPs Stabilizer Polymer:Co
b
 Size, nm 

1 Co1a 1 10 3.13 ± 1.58 

2 Co1b 1 20 2.64 ± 0.92 

3 Co1c 1 40 2.11 ± 0.41 

4 Co2a 2 10 6.73 ± 1.58 

5 Co2b 2 20 2.74 ± 0.75 

6 Co2c 2 40 1.84 ± 0.74 

7 Co3a 3 10 3.26 ± 1.12 

8 Co3b 3 20 2.83 ± 0.98 

9 Co3c 3 40 1.67 ± 0.46 

10 Co4a 4 10 4.12 ± 1.58 

11 Co4b 4 20 2.75 ± 0.57 

12 Co4c 4 40 1.61 ± 0.67 

13 Co5a 5 1 2.55 ± 0.49 

14 Co5b 5 5 2.07 ± 0.68 

15 Co5c 5 10 1.69 ± 0.51 

16 Co6a 6 10 4.92 ± 1.15 

17 Co6b 6 20 2.69 ± 0.58 

18 Co6c 6 40 1.91 ± 0.56 
a
 Conditions: 0.93 mmol of CoCl2.6H2O, 9.31mmol NaBH4, water, 2h, rt. 

b Polymer:Co ratio 

based on mol of monomer units per mol of Co. 

 

In most cases, large particle sizes (3-7 nm) and broad distributions (up to ± 

1.6 nm) were obtained when a polymer:Co of 10 ratio was employed. The broad size 

distribution under those conditions was attributed to the poor stabilization of the NPs 

due to the low polymer concentration during the synthesis. Only for the case of 

Polymer5, NPs of small size and sharp distribution were obtained when even a low 

polymer:Co ratio of 1 was used (Co5a, 2.55 ± 0.49 nm), thus demonstrating the 

good stabilization capacity of this polymer. Figure 3 summarizes the mean diameter 

for the series of Co1-6 NPs as a function of the polymer:Co ratio.  

According to Figure 3, for all the stabilizers, when the polymer:Co ratio was 

increased, smaller NPs with sharper distributions were obtained (Table 1). The 

convergence in size to a value of ca. 2.6 and 1.8-2 nm when polymer:Co ratios of 20 

and 40 were used respectively, is noteworthy. It was therefore concluded that at 
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polymer:Co ratio of 20 or higher, similar size CoNPs are formed. However at lower 

ratios, large differences in size and distribution are observed. 
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Figure 3. Mean diameter for the series of  Co1-6 stabilized by polymers 1-6 as a function of 

the polymer:Co ratio. 

The variation of the stabilizer amount is a method widely applied for the 

synthesis of size controllable metal nanoparticles.
[14]

 For instance, Lu et al. reported 

the tuning of the size of the spherical cobalt nanoparticles between 2–7.5 nm by 

changing the concentration of the polymer stabilizer, end-functionalized 

poly(methacrylic acid).
[15]

 The decreasing size of the cobalt nanoparticles agrees 

with a slower growth relative to nucleation when higher concentration of PVP are 

used.
[16]

  

It is also remarkable that the lower particle sizes of the series of NPs were 

obtained with Polymer5. The enhanced stabilization capacity of this polymer could 

rely on the presence of several potential coordinating groups per monomer unit as 

displayed in Figure 1. The particularly small sizes observed for CoNPs stabilized by 

Polymer5, could be also attributed to the large molecular weight of this polymer 

(Mw = 216000). The relation between the particle size of AuNPs and the molecular 

weight of the stabilizing polymeric thiol were described by Braun and co-

workers.
[17]

 According to the authors, the observation of the decreasing particle size 

with the increasing polymer molecular weight, suggests that the steric bulk of the 
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polymer may block the particle growth. The authors also proposed that the presence 

of polar polymeric thiols may accelerate nanoparticle nucleation, yielding smaller 

particles rather than fewer large ones. 

Subsequent structural characterization and composition analysis was carried 

out on Co1b, Co2b, Co3b, Co4b, Co5a and Co6b NPs. We focused on these NPs 

due to their similar particle size (ca. 2.6 nm), important for their comparison in 

catalysis considering the structure sensitivity of FTS at such small cobalt particle 

sizes.
[18]

 

The size and the fine structure of the CoNPs Co1b and Co5a were studied 

by high-resolution transmission electron microscopy (HR-TEM). In the micrograph 

of Co1b displayed in Figure 4, single particles of ca. 2.6 nm were observed in 

agreement with previous TEM observations (2.64 ± 0.92 nm).  

 

Co1b 

 

Co5a 

 

Figure 4. HR-TEM image of Co1b and Co5a NPs and their electron diffraction patterns. 

Analysis of the diffraction pattern of these NPs revealed the presence of 

crystalline CoO-fcc and Co3O4-fcc, although no crystalline metallic cobalt phase 

were identified. In contrast, the micrograph of Co5a evidenced the fine crystalline 

structure of CoNPs of ca. 2.7 nm, revealing the presence of CoO-fcc, Co3O4-fcc and 

also Co-fcc. From the analysis by HR-TEM, the influence of the polymer stabilizer 
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on the fine structure of the NPs was suggested, since Co5a was more crystalline 

than Co1b. Possibly, the excellent stabilization capacity of Polymer5 (demonstrated 

by the requirement of small amounts of this polymer to obtain well defined small 

CoNPs) could result in a more ordered structure during the reduction process. 

Analysis of the crystalline structure of the catalysts Co1-6 was performed by 

XRD. According to Figure 5, the diffraction pattern of these materials was 

characterized by the presence of broad signals which did not allowed the 

unambiguous identification of either cobalt, cobalt oxide or boride phases.  

For instance, in the diffractograms of Co1b, Co2b, Co3b three bands 

centered at ca. 45º, 35 and 60º were appreciated. In contrast, Co5a and Co6b 

exhibited a prominent band at 45º similarly to that observed in Co1b. Finally, almost 

no signal was detected in the diffractogram of Co4b. The broadening of XRD peaks 

in cobalt nanoparticles is frequently associated to the small size and/or to the 

amorphous structure of the NPs.
[19]

 For instance, Torres et al. reported the synthesis 

of CoNPs of 1 nm exhibiting XRD patterns with broad signals and attributed this 

effect to the small size of the CoNPs.
[19a]

 However, Pileni and co-workers attributed 

the broadness of XRD patterns of 7 nm CoNPs (also synthesized by chemical 

reduction) to their amorphous structure.
[19b]
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Figure 5. X-ray diffraction patterns of Co1-6. 
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Other authors ascribed a similar broad band centered at 45º to the 

amorphous structure of Co2B synthesized from chemical reduction of cobalt salts 

using sodium borohydride as reducing agent.
[20]

 Structural information of the CoNPs 

was obtained as described previously (Chapter 5 and 6) using a methodology 

reported by Glavee et al. which consisted in the thermal treatment of the CoNPs 

under Ar atmosphere.
[21]

 Through this procedure, the CoNPs are forced to crystallize 

(or increase in size) then elucidating a defined crystalline pattern of their 

components. According to Figure 6, after the thermal treatment, Co1b, Co2b, Co5a 

and Co6b evidenced the presence of metallic cobalt phases (fcc and hcp), and 

presumably a boron species located at 28º for the case of Co1b. In contrast, Co3b 

and Co4b, exhibited a mixture of metallic cobalt (fcc and hcp) and important 

amounts of cobalt oxide phases (CoO-fcc). It was therefore concluded that the 

series, Co1-6, were effectively constituted by metallic cobalt, however for the case 

of Co3b and Co4b important amounts of cobalt oxide were present. These 

observations suggest that the protection of the polymer stabilizer can affect the 

reduction/oxidation degree of the resulting CoNPs.  
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Figure 6. XRD patterns of Co1a-d treated at 500 ºC for 2h under argon. 
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Surface analysis of the CoNPs synthesized in this study was performed by 

X-ray photoelectron spectroscopy (XPS). The full XPS spectra of Co1-6 revealed 

the presence of Na, Co, O, N, C and B, according to the peaks observed at their 

characteristic binding energies (1071.6; 781.5; 530.9; 399.2; 284.5 and 191.1 eV 

respectively). The Co 2p XPS spectra of the series Co1-6 exhibited two prominent 

sets of peaks at ca. 777-794 and 795-806 eV readily assigned to Co 2p3/2 and Co 

2p1/2, respectively (Figure 7). The fractions of Co
0
 and Co

2+ 
extracted from the 

decomposition of the Co 2p3/2 spin orbit peaks are displayed in Table 2.
[22]

  A wide 

range of metallic cobalt content from 6 to 67% were calculated for the series of NPs. 

Co5a exhibited the highest value of metallic cobalt content with 67 %. Co2b, Co3b 

and Co4b, presented similar values in the range of 25-30%. Finally for the case of 

Co6b, only 6% of metallic cobalt content was determined.  
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Figure 7. Co 2p and B 1s XPS spectra of Co1-6 NPs.  
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Table 2. Percentage of Co and B species in colloidal NPs from XPS spectra decomposition. 
a
 

  Co 2p  B 1s 

Catalyst Polymer Co
0
 Co

2+
  B

0
 B

δ+
 B

δ++
 

Co1b 1 37 63  15 85  

Co2b 2 28 72  9 91  

Co3b 3 31 69  16 72 11 

Co4b 4 25 75  8 77 16 

Co5a 5 67 33  12 88  

Co6b 6 6 94  4 50 46 
a
 Percentages corresponding to the Co 2p3/2 and B 1s spin orbit peaks. 

 

The low content of metallic cobalt in several of the samples suggests the 

presence of important amounts of cobalt oxide in agreement with the observed by 

Raman spectroscopy (Supporting Information, Figure S5). It was therefore 

concluded that the polymer stabilizer also affects the reduction degree of the final 

material. It is believed that the differences in the reduction degree of the CoNPs 

could derive from the capacity of the stabilizing agent to protect the NPs against 

oxidation. According to this, Polymer5 would be the best stabilizing agent against 

oxidation while conversely, Polymer6 would be the worst of the series of tested 

polymer stabilizers.  

The role of the stabilizing agent in the protection of CoNPs against 

oxidation has been documented in the literature.
[23]

 For instance, Schmidt and co-

workers reported that the oxidation rate of cobalt nanoparticles stabilized by 

carboxylic acid-telechelic polystyrene (Co@PS) was lower than those stabilized by 

polycaprolactone (Co@PCL).
[23b]

 According to the authors, the deceleration of 

oxidation was much more significant for PS than for a PCL shell, probably due to a 

difference in their molecular oxygen diffusion properties resulting from different 

polymer polarity and oxygen affinity. 

Since B-doping frequently occurs during the synthesis of cobalt 

nanoparticles prepared by NaBH4 reduction,
[21,24]

 analysis of the boron species at the 

NPs surface were studied by XPS. According to Figure 7, the B 1s XPS spectra of 

the series Co1-6 exhibited the presence of two bands at 187.97 and 191.5 eV which 

were assigned to elemental boron (or CoxB) and borates respectively, according to 
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reported data.
[25]

 Deconvolution of the B 1s XPS revealed in general the abundance 

of the high valent boron species (> 70%, 191.5 eV) in comparison to the lower 

valent one. Curiously, a third band was detected at higher binding energy (198.3 eV) 

in Co3b, Co4b and more pronouncedly in Co6b (46%) which would correspond to a 

higher valence boron species.  

Quantification of the content of cobalt and boron in Co1-6 was performed 

by ICP. The Co/B atom ratio for the series of CoNPs was in the range of 2.0-6.4, 

according to Table 3. The maximal and minimal values in Co/B atom ratio 

corresponded to Co4b (6.4) and Co6b (2.0) respectively, while the other NPs 

exhibited values of ca. 2.6. Several studies have described the dependence of the 

final composition of the cobalt nanoparticles
[26]

 and cobalt amorphous borides
[24a]

 on 

the reaction temperature,
[27]

 the pH, and the borohydride concentration or ratio 

versus cobalt.
[27-28]

  To our knowledge this is the first study revealing the influence 

of the polymer stabilizer on the final composition of boron doped cobalt 

nanoparticles synthesized from NaBH4 reduction.  

 

Table 3. Co/B atom ratios of Co1-6 catalysts determined by ICP analysis.  

Entry NPs Polymer Co/B (atom ratio) 

1 Co1b 1 2.79 

2 Co2b 2 2.57 

3 Co3b 3 2.39 

4 Co4b 4 6.44 

5 Co5a 5 2.45 

6 Co6b 6 2.02 

 

The thermal stability of Co1-6 was examined by thermogravimetric 

analysis. The thermograms of Co1-6 (Supporting Information, Figure S7) exhibited 

a first weight loss in the region of 90-120ºC attributed to the loss of adsorbed 

solvent, followed by one or several weigh losses at higher temperature (>150 ºC) 

corresponding to the decomposition of the polymer stabilizer. According to the TGA 

data summarized in Table 4, important polymer amounts were detected in Co3, Co4, 

Co2 (26, 12 and 7 wt%) while negligible quantities or even the complete absence of 

polymer were detected in Co1b, Co6b and Co5a (3, 1.6 and 0 wt% respectively).  
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Analysis of the NPs by FTIR confirmed the presence of the polymer 

stabilizer in Co3 and Co4, in agreement with TGA (Supporting Information, Figure 

S6). Curiously, the two CoNPs that exhibited the largest polymer content (Co3b and 

Co4b) were synthesized using the polymers with the lowest molecular weight of the 

series (10000 for Polymer3 and 9500 g mol
-1

 for Polymer4). According to Golas et 

al. short polymeric chains tend to act as effective stabilizers, resulting in well 

dispersed and stable metal colloids.
[29]

 Conversely, too large polymeric chains may 

behave as floculant at the same mass concentration in solution. Adapting this 

argument to our case, the particular low molecular weight of Polymer3 and 

Polymer4 in conjunction to the strong coordination ability of amide and carboxylate 

groups could explain the good stabilization of the metal NPs by these polymers thus 

evidenced by the large polymer content of the isolated NPs. The scenery is different 

for Co5a. Although Polymer5 also bears carboxylate groups similarly to Polymer4, 

the molecular weight of the former polymer is almost twenty times the value of the 

later (Mw = 216000 vs. 9500 g mol
-1

). Such large difference in molecular weight 

results in distinct stabilization behaviors for both polymers. In the present study the 

nanoparticles with the lowest polymer content (Co5a and Co6b) also coincided with 

the largest molecular weights of the tested polymer stabilizers (Polymer5 and 

Polymer6). Curiously for the series of tested polymers it was observed in general 

that the polymer content determined by TGA in the CoNPS increased when the 

molecular weight of the polymer decreased.  

Table 4. Weight loses observed by TGA for Co1-6 NPs. 

   Wt% 

Entry NPs Polymer Solvent
a
 Polymer

b
 

1 Co1b 1 -3.5 -3.1 

2 Co2b 2 -7.7 -7.4 

3 Co3b 3 -8.0 -26.0 

4 Co4b 4 -3.4 -12.2 

5 Co5a 5 -0.6 0.0 

6 Co6b 6 -3.2 -1.6 
a
 Weight losses at T < 120ºC. 

b
 Weight losses at T > 150ºC. 
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To summarize, six families of CoNPs stabilized by water soluble polymers 

were synthesized. The particle sizes resulted inversely proportional to the amount of 

stabilizer. In most cases, the particle size converged to a value of ca. 2.6 nm when 

the polymer:Co ratio was 20. Analysis by HR-TEM revealed the influence of the 

polymer stabilizer on the fine structure of the NPs, being Co5a more crystalline than 

Co1a. While the XRD of the fresh NPs only suggested the amorphous structure, 

after the thermal treatment under argon, it was revealed that the polymer stabilizer 

can affect the final reduction/oxidation degree of the CoNPs, in agreement with the 

XPS results. After this procedure, metallic cobalt phases were observed in all the 

NPs, but only in Co3b and Co4b, CoO-fcc was also detected. Finally, analysis of 

the NPs by TGA, pointed that the polymer stabilizer interacts differently with the 

metal surface. Stronger interactions such as for Polymer3 and Polymer4 resulted in 

larger amounts of the polymer in the analysis of the corresponding NPs.  

 

Characterization of TiO2 supported catalysts (Co1-6/TiO2) 

Immobilization of isolated Co1-6 NPs on TiO2 was carried out by direct 

addition of a suspension of the NPs over a stirred suspension of TiO2 in hexane. The 

amounts of NPs and TiO2 were adjusted to obtain a cobalt loading of ca. 10 wt%. 

Subsequently, ultrasonication of the obtained material was performed to ensure a 

good dispersion of the NPs onto the support. According to the TEM micrographs of 

the supported catalysts (Co1-6/TiO2, Figure 8), in all cases, the CoNPs resulted well 

dispersed on TiO2 crystals of ca. 20-30nm (Aeroxide
® 

P25, Figure 8). The particle 

size of the nanoclusters maintained unchanged during the immobilization process.  

The fine structure of Co1b/TiO2 supported catalyst was studied by HR-

TEM. According to Figure 9, CoNPs are located over a TiO2 crystal as indicated by 

arrows; however the distinction of the metal particles and the solid support is quite 

difficult in bright field analysis. For the case of this supported NPs, the electron 

diffraction of the dotted area only exhibited signals of anatase planes. 
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Co3b/TiO2 (2.83 ± 0.98 nm) 
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Co4b/TiO2 (2.75 ± 0.57 nm) 
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Co6b/TiO2 (2.69 ± 0.58 nm) 
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Figure 8. Size histograms and TEM micrographs of Co1-6/TiO2 catalysts. 
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Figure 9. HR-TEM micrograph and electron diffraction of Co1bTiO2. 

XRD analysis was also performed on these supported catalysts. As 

displayed in Figure 10, in the series of catalysts, the anatase crystalline phase 

predominates over rutile phase (85 vs. 15%), however, the characteristic band of the 

CoNPs at 45º was practically overlapped by one of the rutile signals.  

Surface analysis of the supported catalysts was also performed by XPS. 

Despite the low signal to noise observed due to the low cobalt loading in the 

catalysts (ca. 10 wt%), deconvolution of the Co 2p3/2 spin orbit peaks (Supporting 

Information, Figure S9) revealed metallic cobalt contents quite proportional to the 

values determined for the colloidal NPs (Co5a/TiO2 being the most reduced 

catalyst).  

The reducibility of the supported catalysts Co1-6/TiO2 was analyzed by 

temperature programmed reduction (TPR), however, due to the partial reduction of 

the CoNPs, low signals were observed during the TPR analysis. For this reason, with 

the aim to increase the H2 consumption, a soft passivation process was performed in 

all the catalysts prior to TPR analysis (100 ºC, 30 min). According to Figure 11, at 

least two reduction regions were observed in most of the samples at 300-450 and 

450-600 ºC. The peak at 300–400 ºC corresponds to the reduction of Co3O4 to CoO 

and that at 400–600 ºC to the reduction of CoO to Co metal.
[30]

  

The TPR profiles of Co1-2/TiO2 catalysts resulted quite similar with a broad 

band of low intensity in the region between 300-450 ºC, followed by a sharp band at 

500 ºC. This suggests that the reducibility of the catalysts prepared using Polymers 

(004)

(101)
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1 and 2 is similar and was related to the structural similitude of both stabilizers 

(Figure 1). 
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Figure 10. XRD patterns of TiO2 supported CoNPs: (1) Co1b/TiO2; (2) Co2b/TiO2; (3) 

Co3b/TiO2; (4) Co4b/TiO2; (5) Co5a/TiO2; and (6) Co6b/TiO2. 

In the case of Co3b/TiO2, a broad band over the region of 350-580 ºC, 

indicated the pour reducibility of this catalyst. The important amounts of stabilizer 

determined for Co3b (26 wt%, Table 4, entry 3) in conjunction with the large 

residue that Polymer3 could leave at the metal surface after its decomposition (31 

wt% of residue at 900 ºC according to Table S5, Supporting Information), could be 

the responsible of the prolonged reduction temperature for this catalyst. In 

concordance with this hypothesis, the sudden increase of the H2 consumption at 450 

ºC coincides with the end of the main weight loss of Polymer3 (Supporting 

Information, Figure S7), which could indicate that the presence of this polymer 

shifts the reduction temperature of the catalyst to higher values.  

In contrast with the other catalysts, Co4b/TiO2, displayed a single band with 

maximum at 405 ºC, and no H2 absorption was observed for higher temperatures 

than 480 ºC. This observation suggests the good reducibility of Co4b/TiO2 catalyst 

in comparison with the others of the series. Finally, TPR spectra of Co5a/TiO2 

displayed two defined bands at 460 and 540 ºC. The shift of the reduction 
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temperature to higher values indicated the low reducibility of Co5a/TiO2 in this 

series. Despite the structural relationship between Polymer4-5, large differences in 

reducibility were observed for their corresponding catalysts (Co4-5/TiO2). The TPR 

profile of Co6b/TiO2 was similar to that for Co5a/TiO2 but with a less pronounced 

band below 500 ºC.  

In conclusion, deep differences in reducibility were observed for the series 

of supported catalysts Co1-6/TiO2. This indicated the role of the polymer stabilizer 

used during the synthesis of the CoNPs.  
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Figure 11. H2-TPR profiles of Co1-6/TiO2 catalysts. 

N2 physisorption analyses were also realized on fresh catalysts. The BET 

areas of the series of catalysts Co1-6/TiO2 ranged between 42 and 56 m
2
, values 

which are slightly larger than that measured for TiO2 itself (43 m
2
). ICP analysis of 

the supported catalysts revealed that the cobalt loadings ranged between 6.2-10.6 

wt% (Supporting Information, Table S8).  

To summarize, supported catalysts Co1-6d/TiO2 were prepared by 

immobilization of the corresponding colloidal NPs Co1-6 on TiO2. Analyses of the 

supported catalysts by XPS are in agreement with the results on the colloidal NPs in 
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terms of metallic cobalt content. Finally, the reducibility of the series of catalysts 

proved to be affected by the polymer stabilizer used during their synthesis.  

VII.3.2. Fischer-Tropsch catalytic experiments 

VII.3.2.1. Aqueous phase Fischer-Tropsch synthesis using colloidal CoNPs 

(Co1-6) 

To evaluate the effect of the polymeric stabilizer in FTS, a series of catalytic 

experiments were carried out using the colloidal catalysts (Co1-6) suspended in 

water and the results are displayed in Table 5. The cobalt time yields discussed 

below are defined as mol of CO converted to hydrocarbon products per mol of Co 

per hour.  

According to Figure 12a, moderate cobalt-time yields in the range between 

0.002-0.061 h
-1

 were obtained for Co4b and Co5b, respectively. Similar activities 

were observed for catalysts Co1b and Co2b (ca.  0.025 h
-1

), while Co3b exhibited 

slightly higher activity (0.033 h
-1

). For the case of Co4b, although the time yield was 

almost depreciable, values up to 0.029 h
-1

 were calculated when the CO converted to 

CO2 is included in the calculation. Finally, Co5a and Co6b exhibited the highest 

activities of the series with values of 0.061 and 0.051 h
-1

 respectively.  

Concerning the product selectivity (Figure 12b), large variations were 

observed with these catalysts. For all the NPs except Co4b, the CO2, CH4, C2-C4 and 

C5-C12 selectivites ranged between 23-43, 18-47, 16-40 and 8-24 wt% respectively. 

 

Table 5. Aqueous phase Fischer-Tropsch synthesis catalyzed by Co1-6 evaluating the effect 

of the polymer stabilizer on the NPs.
a
 

      Selectivity, Wt%   

E. Catalyst Polymer 
Cobalt time  

yield, h-1 (+CO2)
b 

 CO2 CH4 C2-4 C5-12 C12+  α 

1 Co1b 1 0.026 (0.029)  23.0 20.3 32.9 23.9 0.0  0.59 

2 Co2b 2 0.021 (0.027)  43.0 18.5 24.3 14.2 0.0  0.66 

3 Co3b 3 0.033 (0.040)  41.6 12.8 29.8 15.7 0.0  0.60 

4 Co4b 4 0.002 (0.029)  96.9 1.7 0.8 0.6 0.0  0.65 

5 Co5a 5 0.061 (0.068)  27.1 18.7 39.7 14.5 0.0  0.50 

6 Co6b 6 0.051 (0.058)  28.9 47.5 15.9 7.7 0.0  0.53 
a Conditions: 0.949 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66ml water (100 ml autoclave), 1000rpm, 

180 ºC, 12h  b metal time yield  = mol of CO converted to hydrocarbon products per mol of Co, per 

unit of time (in parenthesis the CO converted to CO2 is included) 
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Figure 12. (a) Cobalt time yield and (b) product selectivity in the AFTS catalyzed by 

unsupported CoNPs, as a function of the polymer stabilizer. Conditions: 0.949 mmol Co, 30 

bar H2/CO/Ar (2:1:0.15), 66 ml water, 1000 rpm, 180 ºC, 12h. 

Curiously, Co4b displayed an almost quantitative selectivity towards CO2 

(97 wt%). Comparable selectivities in terms of CO2, CH4 and C2+ (ca. 24, 20, 55 

wt%) were obtained for Co5a and Co1b but the former case displayed a higher C2-

C4 fraction (40 vs. 33%) in conjunction with a slightly lower α value (0.50 vs. 0.59) 

respectively. The catalysts Co2b and Co3b exhibited similar CO2, CH4 and C2+ 
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selectivities (ca. 40, 16 and 45 wt%). Finally, a large CH4 selectivity (48 wt%) was 

observed for Co6b in agreement with a low α value of 0.53.  

It is noteworthy that under the current colloidal conditions using water as 

solvent, the chain length of the hydrocarbon products was not longer than C9 (See 

the ASF distributions in Supporting Information). From the series of tested catalysts, 

Co5a and Co2b exhibited the lowest and the highest α value (0.50 vs. 0.66 

respectively). 

The reduction degree of the fresh CoNPs is of paramount importance for 

their activity since in the absence of activation pretreatment, it determines the 

amount of active phase at the beginning of the reaction. The relationship between 

the activity and the reduction degree of the CoNPs is represented in Figure 13. 

According to this plot, it is evident the correlation between the percentage of 

reduced cobalt with the activity for the majority of the NPs (Co1-5). For the case of 

Co6b, it was concluded that additional factors must affect the activity of theses NPs.  
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Figure 13. Correlation between the activity and the reduction degree of cobalt (Co
0
 

determined by XPS). 

Indeed, the amount of polymer coordinated to the metal surface may also 

affect negatively the activity via the blocking of active sites.
[5,7]

 The extent of this 

kind of polymer effect can be related with the amount of polymer measured by 
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TGA. Therefore, the catalytic performance of CoNPs with large polymer content 

would be affected negatively. The relationship between the activity and the polymer 

content of the CoNPs is represented in Figure 14. According to this plot, the inverse 

relationship between the polymer content and the activity is only evident for Co5b 

(for which no polymer was detected by TGA). However, this was not clear for all 

the other catalysts.  

B-doping could also affect negatively the catalytic activity and the 

reducibility of cobalt based FT catalysts according to reported data.
[31]

 For instance, 

Kou and co-workers analyzed by ICP the cobalt and boron content of CoNPs 

prepared from NaBH4 and LiBEt3H, determining Co/B atom ratios of 0.2 and 2 

respectively.
[11]

 They proposed that the large boron content in the Co-NaBH4 

explained the lower catalytic performance in comparison to Co-LiBEt3H considering 

that the excess of B could noticeably reduce the activity and selectivity of Fischer-

Tropsch synthesis (0.10 vs. 0.27 molCOmolCo
-1

h
-1

).
[31]

 Conversely, recent studies 

demonstrated that boron can act as a promoter to enhance the stability of cobalt 

based catalysts during Fischer-Tropsch synthesis.
[32]
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Figure 14. Correlation between the activity and the amount of polymer at the NPs surface 

(TGA). 
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According to computational calculations carried out in this study, the boron 

promotion can selectively block the deposition, nucleation, and growth of resilient 

carbon species, thus reducing the deactivation rate.  

From the results obtained in this study, the relationship between the activity 

and the Co/B ratio (measured by XPS) of the CoNPs is depicted in Figure 15. 

However, no direct relationship between the activity and the boron content is 

evident. 
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Figure 15. Correlation between the activity and the B-doping at the surface of the NPs (Co/B 

atom ratio calculated from XPS data).  

The elemental composition of the fresh and used catalysts after AFTS was 

performed by XPS. According to Figure 16, in the absence of wax deposition, the 

variance in the elemental abundances between the fresh and used catalysts 

demonstrates the change of the metal surface during reaction. For instance, trace 

amounts of sodium observed in most of the fresh catalysts disappeared completely 

after catalysis. Similarly, the amounts of B and N decreased substantially (or even 

disappeared) after catalysis. The decrease of these elements at the metal surface can 

be considered a kind of “cleaning” under reaction conditions.  

 

 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



Fischer-Tropsch Synthesis Over Cobalt Nanoparticles  

Prepared by Sodium Borohydride Reduction: Effect of the Polymeric Stabilizer 

243 
 

a) 

Na 1s C 1s N 1s O 1s Co 2p B 1s Co/B
0

10

20

30

40

50

60
A

b
u

n
d

a
n

ce
, 

%
 a

to
m

Element

 Co1b

 Co2b

 Co3b

 Co4b

 Co5a

 Co6b

 

b) 

Na 1s C 1s N 1s O 1s Co 2p B 1s Co/B
0

10

20

30

40

50

60

 

 

A
b

u
n

d
a
n

ce
, 
%

 a
to

m

Element

 Co1b

 Co2b

 Co3b

 Co4b

 Co5a

 Co6b

 
Figure 16. Surface elemental composition of (a) fresh and (b) used catalysts after AFTS 

determined by XPS analysis. 

Although the restructuration of CoNPs during AFTS conditions was 

mentioned by Kou, the present study evidences the evolution of the metal particles 

in terms of variation of sodium and boron contents at the metal surface during 

catalysis. This is in contrast with the results reported by Kou and co-workers since 

they observed no variation of the Co/B ratio before and after catalysis for 

borohydride reduced CoNPs.
[11]

 

Since the amount of boron present at the metal surface decreases during 

catalysis, a low Co/B ratio in the fresh catalysts does not represent necessarily a 

negative effect on the catalytic performance. If the effect associated to Co/B ratio is 

ignored, the moderate activity exhibited by Co3b proves that at least in the AFTS, 

the presence of important amounts of Polymer3 coordinated at the NPs surface 

(25%) does not block the access of reactants to the active sites.  

Conversely, although Co4b presents a lower polymer content in comparison 

with Co3b (12 vs. 26 wt%), since Polymer4 contained sodium as counterion is 

believed to be the responsible of the complete suppression of FT activity. The 

increase of the CO2 selectivity is a typical effect of the sodium poisoning of cobalt 

based catalysts.
[33]

 In the case of Co4b the sodium effect is so marked that full 

selectivity towards CO2 was obtained (97 wt%, Table 5).  
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Due to the excellent results obtained for the catalyst stabilized by Polymer5, 

further optimization was carried out varying the Polymer5:Co ratio (0.25, 5 and 20) 

during the synthesis of the NPs, and catalytic variables such as the temperature (150 

and 210 ºC) and the solvent of reaction (n-buthylether and squalane) (See results in 

the Supporting Information, Figure S12-S14).  

As a summary, lower activities were observed when Polymer5:Co ratios 

higher than 1 were used. In addition, lowering the reaction temperature from 210 to 

150 ºC resulted in an increase of the gasoline fraction (C5-C12) from 13 to 22% while 

the oxygenate selectivity (mainly aldehydes) increased from 5 to 14%. The 

favorable oxygenate selectivity at low temperatures agrees with the results reported 

by van Santen et al. in the AFTS catalyzed by RuNPs.
[34]

 According to this report, at 

low reaction temperatures the chain termination through the CO insertion FT 

mechanism becomes important due to the higher CO coverage (favored also at low 

temperatures), thus resulting in a higher oxygenate selectivity, particularly 

aldehydes.  

The last catalyst, Co6b, also exhibited a moderate activity (0.51 h
-1

) in 

agreement with the low polymer content (1.6 wt%). The good activity of these NPs 

despite the low initial content of Co
0
 (only 6 %) suggests the easy reducibility of this 

catalyst under reaction conditions.  

To conclude, relevant differences in the catalytic performance in the AFTS 

were observed for the series of catalysts Co1-6 as a function of the polymer 

stabilizer used during the synthesis of the NPs. The results in catalysis suggested 

that the activity was clearly influenced by the reduction degree of the CoNPs. 

Correlation between the activity and other parameters such as the polymer content 

and B-doping resulted less evident.  

VII.3.2.2. Fischer-Tropsch synthesis using TiO2 supported CoNPs (Co1-6/TiO2) 

Fischer-Tropsch experiments were also performed using the TiO2 supported 

catalysts in fixed bed reactors at 240 ºC and 20 bar of syngas. The FT catalytic 

results at 46 h for the series of catalysts Co1-6/TiO2 (entry 1-4) are displayed in 

Table 6.  
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Strong variations in the activity were observed as a function of the polymer 

stabilizer used during the synthesis of the CoNPs. The series of catalysts exhibited 

the following order of decreasing activities at 46 h of reaction: Co2b/TiO2 > 

Co5a/TiO2 > Co1b/TiO2 > Co6a/TiO2 > Co4b/TiO2 > Co3b/TiO2 with the 

corresponding values of cobalt time yield of 11.76, 8.62, 5.27, 3.20, 0.04 and 0 h
-1

, 

respectively. Negligible activities were observed for catalysts Co3b/TiO2 and 

Co4b/TiO2. The evolution of the cobalt time yield of the catalysts during time is 

displayed in Figure 17.  

 

Table 6. Fischer-Tropsch synthesis in fixed bed reactor using TiO2 supported CoNPs
a
 

      Selectivity, Wt%   

E. Catalyst Polymer 
Cobalt time  

yieldb 
 CO2 CH4 C2-4 C5-12 C12+  α 

1 Co1b/TiO2 1 5.27  0.0 10.5 17.4 19.0 53.0  0.76 

2 Co2b/TiO2 2 11.76  0.3 13.1 16.0 25.9 44.7  0.81 

3 Co3b/TiO2 3 0  0 0 0 0 0  0 

4 Co4b/TiO2 4 0.04  0 0 0 0 0  0.88 

5 Co5a/TiO2 5 8.62  0.0 10.5 17.7 18.6 53.2  0.73 

6 Co6b/TiO2 6 3.20  0.0 13.6 18.2 22.9 45.3  0.81 
a Conditions: Catalyst loading, 7-10 wt%, 20 bar H2/CO/N2 (2:1:0.15), 5.62 ml/min, 240 ºC; b metal 

time yield = mol of CO converted per mol of Co, per unit of time (46 h). 
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Figure 17. Evolution of cobalt time yield during time in FT experiments. Conditions: 7-10 

wt% Co/TiO2, 20 bar H2/CO/N2 (2:1:0.15), 5.62 ml/min, 240 ºC. 
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Deactivation rates were calculated for the series of tested catalysts 

computing the time yields at 2 h and 46 h (Table 7). Fast deactivation of Co5a/TiO2 

and Co6b/TiO2 was observed during the first 20 h of reaction (-44 and -52 % after 

46 h respectively). A similar deactivation profile, although less pronounced, was 

registered for Co2b/TiO2 (-26 % after 46 h). Other catalysts such as Co1b/TiO2 

presented relatively stable time yields without a marked deactivation during the 

initial period of the reaction (-24 % after 46 h). 

 

Table 7. Deactivation rate of cobalt catalysts at 240 ºC 

Catalyst Co-time yield at 2h Co-time yield at 46h Δ Co-time yield, % 

Co1b/TiO2 7.0 5.3 -24.6 

Co2b/TiO2 15.9 11.7 -26.3 

Co3b/TiO2 0.1 0 -100.0 

Co4b/TiO2 0.3 0.04 -86.2 

Co5a/TiO2 15.5 8.6 -44.3 

Co6b/TiO2 6.7 3.2 -52.3 

 

It should be noted that due to the low activity of the catalyst Co3-4/TiO2, 

some of the products could not be quantified. The CO2 and CH4 selectivities for the 

series of TiO2 supported catalysts were below 0.4 % and in the range of 16-18 %, 

respectively.  

Concerning the selectivity of the active catalysts (Co1,2,5,6/TiO2), similar 

hydrocarbon fractions were obtained in all cases (10-13% CH4, 16-18% C2-4, 18-

25% C5-12 and 44-53% C5+; Table 6. and Figure 18). It is noteworthy that the 

production of CO2 was negligible under the present catalytic conditions. For the 

particular case of Co2b/TiO2, slightly higher selectivity for the gasoline fraction (26 

wt%, C5-C12) was observed in comparison to the other catalysts (18-23 wt%). 

Concerning the chain growth probability, the series of active catalysts 

exhibited α values between 0.73-0.81. The lowest α value was registered for the 

catalyst prepared from Co5a (0.73, Co5a/TiO2) similarly to the results obtained for 

the colloidal catalytic system. According to the ASF distributions displayed in 

Figure 18, it is noteworthy that catalysts Co1b/TiO2 and Co5a/TiO2 presented an 

inflexion in the distribution near C30 after which the product fractions notably 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



Fischer-Tropsch Synthesis Over Cobalt Nanoparticles  

Prepared by Sodium Borohydride Reduction: Effect of the Polymeric Stabilizer 

247 
 

decreased. This inflexion seems also to appear in Co2b/TiO2 but is clearly less 

pronounced. Curiously the ASF distribution of Co6b/TiO2 described an asymptotic 

decrease, which does not exhibited any inflexion in the distributions, as observed for 

the other catalysts. 

Although the activity of Co4b/TiO2 was negligible, the accumulation of 

product during 46 h of reaction, allowed the analysis of the wax fraction. In this 

case, a typical ASF distribution was observed according to the straight line 

described, resulting in a chain growth factor of 0.88, which is the highest α value of 

the series.  

It can therefore be concluded that the polymer used to stabilize the CoNPs, 

strongly affect not only the activity but also the stability and selectivity of the 

supported catalysts in the FTS. From the tested catalysts, Co2b/TiO2 resulted to be 

the most active of series, while Co3-4/TiO2 were almost inactive. In addition, 

similar selectivities were obtained for the active catalysts and particular ASF 

distributions with inflexion near C30 were also appreciated. 
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Figure 18. (a) Product selectivity in FTS and its corresponding (b) ASF distributions of 

Co1-6/TiO2. Conditions: Catalyst loading=7-10wt%, 20 bar H2/CO/N2 (2:1:0.15), 5.62 

ml/min, 240 ºC. 

For the rationalization of the FT experiments using the supported catalysts, 

different parameters to those analyzed in the colloidal system, must be considered.  
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First, since activation of the catalysts was carried out prior to reaction, the 

content of metallic cobalt at the beginning of the catalysis will be related to its 

corresponding reducibility (TPR, Figure 11). The correlation between the activities 

of supported catalysts and the reduction temperatures is depicted in Figure 19, where 

the bars indicate the interval of reduction temperatures obtained from TPR data. 

According to this plot, a catalyst with a reduction temperature closer to the 

activation temperature (arrow) will exhibit a better reducibility compared to other 

with a larger reduction temperature value. Over this argument, the high activity 

observed for Co2b/TiO2 agrees with the good reducibility characterized by the low 

temperature at which this catalysts starts to reduce (309 ºC).  

Conversely, Co3b/TiO2 which resulted inactive in catalysis, exhibited the 

highest reduction temperature value of the series of catalysts. In the case of 

Co5a/TiO2, the relatively high activity obtained in catalysis (8.6 h
-1

) agrees with the 

high reduction degree of the initial Co5a colloidal catalysts (67% of Co
0
, Table 2). 

Analysis of Co1b/TiO2 by XPS demonstrated that the reduction degree of this 

catalyst increased up to 70% after the activation procedure (Supplementary 

Information, Table S7). 
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Figure 19. Correlation between the activity and the reduction temperature of the supported 

catalysts Co1-6/TiO2 (measured by TPR).  
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The correlation between the activity of the supported catalysts and the 

polymer content measured by TGA in the colloidal NPs is displayed in Figure 20. 

According to this plot, the lack of activity for catalysts Co3-4/TiO2 agrees with the 

high amount of polymer determined by TGA for the colloidal catalysts (26 and 12 

wt% respectively, Table 4). In addition, the good catalytic performance observed for 

Co5a/TiO2 coincides with the absence of polymer stabilizer determined for the 

colloidal Co5a NPs. However, despite the important polymer content measured for 

Co2b/TiO2 (7.4 wt%, Table 4) the excellent performance observed for this catalyst 

suggests that other parameters are involved.  
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Figure 20. Correlation between the activity and the amount of polymer at the NPs surface 

(measured by TGA). 

Finally, B-doping could affect also the catalytic performance of the 

supported catalysts. The detrimental effect of boron could even be more significant 

for the supported catalysts since the mechanism of “surface cleaning” observed in 

the colloidal catalysts during the reaction do not apply for the supported catalysts. 

The relationship between the Co/B ratio (calculated from XPS data) and the activity 

of the supported catalysts as a function of the polymer stabilizer is displayed in       

Figure 21.  
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According to this plot, active catalysts in FTS corresponded to those with 

Co/B ratios above of 1 (Co1,2,5,6/TiO2) while the two inactive catalysts (Co3-

4/TiO2) exhibited Co/B ratios below of 0.5. In other words, active catalysts were 

obtained for those with relatively low amount of boron at the NPs surface. These 

observations agrees with the results of Jinlin et al. who reported that the introduction 

of 0.02-1.5% of boron as H2BO3 resulted in the decrease of the reducibility, the 

metal dispersion and the CO hydrogenation rate of a 10 wt% Co/TiO2 catalyst.
[31]
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Figure 21. Correlation between the activity and the B-doping at the surface of the NPs (Co/B 

atom ratio calculated from XPS data).  

Concerning possible effect of the B-doping on the reducibility, it should be 

noted that the catalyst with the highest reduction temperature (Co3/TiO2, 570-600 

ºC) exhibited also highest boron content of the series (Co/B atom ratio = 0.31). 

However, no clear trend between the B-doping and reducibility or activity was 

observed for the other catalysts.  

In the case of Co3b/TiO2 and Co4b/TiO2, the absence of activity observed 

for these catalysts is attributed to the important amounts of polymer stabilizer 

determined in Co3b and Co4b (26 and 12 wt% respectively). The large amount of 

residue measured by TGA after calcination of Polymers3-4 (31 and 45 wt%) made 

impossible the cleaning of the metal surface through the activation process. In the 
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same line, the presence of important amounts of Polymer3 was observed to shift the 

reduction of Co3b/TiO2 towards a high temperature interval (460-564 ºC) according 

to TPR analysis. Additionally, in spite of the good reducibility observed for 

Co4b/TiO2 (Figure 11) the performance of this catalyst can be deeply affected by 

sodium poisoning present in the NPs as counterion of Polymer4. The pour catalytic 

performance observed for this catalyst, agrees with the observed behavior for Co4b 

in the colloidal system.  

To conclude, the catalytic performance of the supported catalysts tested in 

FTS was observed to be deeply affected by the polymer stabilizer used during the 

synthesis of the CoNPs. In this occasion, parameters such as the reducibility of the 

catalysts and B-doping were shown to be affected by the nature of the polymeric 

stabilizer and consequently influenced the performance of these catalysts during 

FTS.  

VII.4. Conclusions 

Six families of CoNPs stabilized by water soluble polymers were 

synthesized. In most cases, the particle size converged towards a value of ca. 2.6 nm 

when the polymer:Co ratio was 20. Notable differences in the fine structure, the 

crystallinity, the oxidation degree, the composition and the polymer content 

(polymer/surface interaction) were determined by HR-TEM, XRD, XPS, ICP and 

TGA, respectively. Supported catalysts were also prepared by immobilization of the 

colloidal NPs on TiO2 and its reducibility evaluated by TPR. Both series of colloidal 

and supported catalysts were tested in the FTS using stirred tank (STR) and fixed 

bed reactors respectively. For the colloidal catalytic system, the nature of the 

polymeric stabilizer influenced the reduction degree of the CoNPs, which in turn 

affected the catalytic performance of the NPs. The good catalytic performance in 

terms of activity and selectivity observed for Co5a were attributed to minimal 

polymer content and their high reduction degree. 

Similarly, the catalytic performance of supported catalysts resulted also 

deeply dependent on the nature of the polymeric stabilizer, since this mainly affected 
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the reducibility. Finally, the excellent catalytic performance of Co2b/TiO2 was 

mainly attributed to the easy reducibility of this catalyst. 

VII.5. Experimental Section 

Synthesis of colloidal cobalt nanoparticles by chemical reduction (Co1-6) 

CoNPs were synthesized by chemical reduction of cobalt chloride in 

presence of different water soluble polymers as stabilizer and using sodium 

borohydride as reducing agent.  

As standard procedure, 0.226 g of CoCl2.6H2O (0.931 mmol) was dissolved 

in H2O containing the corresponding amount of the polymer stabilizer. The volume 

of water for all the synthesis was completed to 50 ml to obtain a cobalt concentration 

of 0.018 M. Then, a freshly prepared solution of 0.358 g of NaBH4 (9.31 mmol) in 

16.6 ml H2O was added at room temperature with a rate of 3 ml/min (5 min). The 

solution was maintained under vigorous mechanical stirring for 2 h. Then, 100 µl of 

the colloidal solution was centrifuged, washed with water and re-dispersed by 

sonication. Three drops of the obtained colloidal solution was deposited on a Cu-

formvar or holey carbon grids for TEM or HR-TEM analysis. In order to isolate the 

CoNPs, freshly prepared NPs were initially precipitated by a strong magnetic field 

and the supernatant was decanted. Then, the precipitated NPs were rinsed with water 

to remove the excess of salts and polymer. This process was repeated three times 

with water, then three times with ethanol and finally, three times with hexane. The 

resulted CoNPs were finally dried under vacuum and kept in the glove box. 

The size, the crystalline structure and oxidation state of the CoNPs were 

studied using transmission electron microscopy (TEM), HR-TEM, X-ray diffraction 

(XRD), and X-ray photoelectron spectroscopy (XPS) respectively. The composition 

of the CoNPs was studied using FTIR, TGA and ICP-OES. 

 Co1a: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer1 (1.033 g of PVP-K30, 

Polymer1:Co=10) dissolved in 50 ml of deionized water ([Co] = 0.018 M). 

NaBH4 (0.358 g, 9.369 mmol) was dissolved in 16.6 ml ([NaBH4] = 0.550 M).  
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TEM: D = 3.13 ± 1.58 nm. 

 Co1b: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer1 (2.066 g of PVP-K30, 

Polymer1:Co=20) dissolved in 50 ml of deionized water ([Co] = 0.018 M). 

NaBH4 (0.358 g, 9.369 mmol) was dissolved in 16.6 ml ([NaBH4] = 0.550 M). 

TEM: D = 2.64 ± 0.92 nm. 

HR-TEM: ca. 2.6 nm; detection of CoO-fcc and Co3O4-fcc. 

XRD: 45, 35 and 60º 

XPS: Co
0
, 37%; Co

2+
, 63%. 

TGA: Temperature ºC/Δ wt. % (attribution); 70/-3.5 (solvent), 244/-3.7 

(polymer), 900end/+0.92. 

ICP: Co, 82.4 wt%, B, 5.9 wt%; Co/B atom ratio, 2.79 

FTIR: 3477, 1644, 1425 cm
-1

.  

RAMAN: 666, 586, 492, 450, 196 cm
-1

. 

 Co1c: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer1 (4.132 g of PVP-K30, 

Polymer1:Co=40) dissolved in 50 ml of deionized water ([Co] = 0.018 M). 

NaBH4 (0.358 g, 9.369 mmol) was dissolved in 16.6 ml ([NaBH4] = 0.550 M). 

TEM: D = 2.11 ± 0.41 nm. 

 Co2a: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer2 (0.432 g of poly(2-ethyl-2-

oxazoline), Polymer2:Co=10) dissolved in 50 ml of deionized water ([Co] = 

0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved in 16.6 ml ([NaBH4] = 

0.550 M).  

TEM: D = 6.73 ± 1.58 nm. 

 Co2b: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer2 (0.864 g of poly(2-ethyl-2-

oxazoline), Polymer2:Co=20) dissolved in 50 ml of deionized water ([Co] = 

0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved in 16.6 ml ([NaBH4] = 

0.550 M).  

TEM: D = 2.74 ± 0.75 nm. 
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XRD: 34, 47 and 61º 

XPS: Co
0
, 28%; Co

2+
, 72%. 

TGA: Temperature ºC/Δ wt. % (attribution); 70/-7.7 (solvent); 285/-6.7 

(polymer); 424/-0.7 (polymer); 900end/+2.74  

ICP: Co, 81.0 wt%, B, 6.3 wt%; Co/B atom ratio, 2.57 

FTIR: 3449, 1635, 1418, 1053 cm
-1

.  

RAMAN: 670, 605, 508, 464, 184 cm
-1

. 

 Co2c: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer2 (1.728 g of poly(2-ethyl-2-

oxazoline), Polymer2:Co=40) dissolved in 50 ml of deionized water ([Co] = 

0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved in 16.6 ml ([NaBH4] = 

0.550 M).  

TEM: D = 1.84 ± 0.74 nm. 

 Co3a: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer3 (0.659 g of 50 wt% sln. of 

polyacrylamide, Polymer3:Co=10) dissolved in 50 ml of deionized water ([Co] = 

0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved in 16.6 ml ([NaBH4] = 

0.550 M). D  = 3.26±1.12 nm. 

TEM: D = 3.26 ± 1.12 nm. 

 Co3b: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer3 (1.318 g of 50 wt% sln. of 

polyacrylamide, Polymer3:Co=20) dissolved in 50 ml of deionized water ([Co] = 

0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved in 16.6 ml ([NaBH4] = 

0.550 M).  

TEM: D = 2.83 ± 0.98 nm. 

XRD: 35, 46 and 60º 

XPS: Co
0
, 31%; Co

2+
, 69%. 

TGA: Temperature ºC/Δ wt. % (attribution); 89/-8 (solvent); 224/-6 (polymer); 

318/-8; 434/-12; 524/-8 (polymer); 900end/-6. 

ICP: Co, 56.3 wt%, B, 4.7 wt%; Co/B atom ratio, 2.39 

FTIR: 3396, 3196, 2941, 1664, 1612, 1413 cm
-1

.  
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RAMAN: 775, 671 cm
-1

. 

 Co3c: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer3 (2.635 g of 50 wt% sln. of 

polyacrylamide, Polymer3:Co=40) dissolved in 50 ml of deionized water ([Co] = 

0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved in 16.6 ml ([NaBH4] = 

0.550 M).  

TEM: D = 1.67 ± 0.46 nm. 

 Co4a: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer4 (1.670 g of 50 wt% sln. of 

poly(methacrylicacid) sodium salt, Polymer4:Co=10) dissolved in 50 ml of 

deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved 

in 16.6 ml ([NaBH4] = 0.550 M).  

TEM: D = 4.12 ± 1.58 nm.  

 Co4b: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer4 (3.340 g of 50 wt% sln. of 

poly(methacrylicacid) sodium salt, Polymer4:Co=20) dissolved in 50 ml of 

deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved 

in 16.6 ml ([NaBH4] = 0.550 M).  

TEM: D = 2.75 ± 0.57 nm. 

XRD: Not peaks detected. 

XPS: Co
0
, 25%; Co

2+
, 75%. 

TGA: Temperature ºC/Δ wt. % (attribution); 92/-3.4(solvent); 215/-6.2 (polymer 

low [386/-3.8; 623/-2.2 (polymer)]; 900end/+0.26 

ICP: Co, 81.9 wt%, B, 2.6 wt%; Co/B atom ratio, 6.44 

FTIR: 3430, 2923, 1555, 1399, 1205 cm
-1

.  

RAMAN: 680 cm
-1

. 

 Co4c: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer4 (6.680 g of 50 wt% sln. of 

poly(methacrylicacid) sodium salt, Polymer4:Co=40) dissolved in 50 ml of 

deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved 

in 16.6 ml ([NaBH4] = 0.550 M).  
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TEM: D = 1.61 ± 0.67 nm. 

 Co5a: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer5 (2 ml of 0.375 mM sln. of 

poly(methylvinylether-alt-maleic acid) sodium salt, Polymer5:Co=1) dissolved 

in 48 ml of deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 mmol) was 

dissolved in 16.6 ml ([NaBH4] = 0.550 M).  

TEM: D = 2.55 ± 0.49 nm. 

HRTEM: ca. 2.6 nm; detection of CoO-fcc, Co3O4-fcc and Co-hcp. 

XRD: 46º 

XPS: Co
0
, 67%; Co

2+
, 33%. 

TGA: Temperature ºC/Δ wt. % (attribution); 114/-0.6 (solvent); 900end/+4.35. 

ICP: Co, 75.4 wt%, B, 6.2 wt%; Co/B atom ratio, 2.45 

FTIR: 3482 cm
-1

.  

RAMAN: 825 cm
-1

. 

 Co5b: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer5 (10 ml of 0.375 mM sln. of 

poly(methylvinylether-alt-maleic acid) sodium salt, Polymer5:Co=5) dissolved 

in 40 ml of deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 mmol) was 

dissolved in 16.6 ml ([NaBH4] = 0.550 M).  

TEM: D = 2.07 ± 0.68 nm. 

 Co5c: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer5 (20 ml of 0.375 mM sln. of 

poly(methylvinylether-alt-maleic acid) sodium salt, Polymer5:Co=10) dissolved 

in 30 ml of deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 mmol) was 

dissolved in 16.6 ml ([NaBH4] = 0.550 M).  

TEM: D = 1.69 ± 0.51 nm. 

 Co6a: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer6 (1.670 g of 50 wt% sln. of 

poly(methacrylicacid) sodium salt, Polymer6:Co=10) dissolved in 50 ml of 

deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved 

in 16.6 ml ([NaBH4] = 0.550 M).  
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TEM: D = 4.92 ± 1.15 nm. 

 Co6b: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer6 (3.340 g of 50 wt% sln. of 

poly(methacrylicacid) sodium salt, Polymer6:Co=20) dissolved in 50 ml of 

deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved 

in 16.6 ml ([NaBH4] = 0.550 M).  

TEM: D = 2.69 ± 0.58 nm. 

XRD: 46º 

XPS: Co
0
, 6%; Co

2+
, 94%. 

TGA: Temperature ºC/Δ wt. % (attribution); 102/-3.17 (solvent); 253/-1.64 

(polymer low); 900end/+0.17. 

ICP: Co, 73.7 wt%, B, 7.3 wt%; Co/B atom ratio, 2.02 

FTIR: 3428, 2925, 1619, 684 cm
-1

.  

RAMAN: 664 cm
-1

. 

 Co6c: was synthesized according to the general procedure using CoCl2·6H2O 

(0.226 g, 0.931 mmol) in presence of Polymer6 (6.680 g of 50 wt% sln. of 

poly(methacrylicacid) sodium salt, Polymer6:Co=40) dissolved in 50 ml of 

deionized water ([Co] = 0.018 M). NaBH4 (0.358 g, 9.369 mmol) was dissolved 

in 16.6 ml ([NaBH4] = 0.550 M).  

TEM: D = 1.91 ± 0.56 nm. 

 

Immobilization of colloidal cobalt nanoparticles on TiO2 (Co1-6/TiO2) 

55 mg approximately of the isolated CoNPs were re-suspended in 20ml of 

hexane and sonicated during 3 minutes. Separately, a suspension of TiO2 (0.2-0.5 g 

of 20 nm nanopowder, Degusa P25, 35-65 m
2
/g) in 40 ml of hexane was firstly 

sonicated during 1min and then mechanically stirred. The amount of TiO2 was the 

corresponding to obtain a 10 wt% Co catalyst.  Then the suspension of CoNPs in 

hexane was added dropwise over the stirred suspension of TiO2 and the resultant 

stirred during 30 min more. The grey suspension was then sonicated during 3min to 

homogenize the dispersion of the CoNPs on the support and the solid was 

magnetically precipitated, the hexane removed and the solid dried under vacuum.  
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Since the catalyst were powders too fine to be suitable for the micro-fixed 

bed reactor, they were pelletized using a press then crushed and sieved to get grain 

sizes between the 0.300 - 0.150 mm. The obtained materials were then used for 

catalytic testing.  

 

Fischer-Tropsch catalytic experiments in water using the colloidal catalysts  

(Co1-6) 

Catalytic experiments were performed according to reported methods.
[35]

 

Fischer-Tropsch reactions using the colloidal catalysts were carried out in a 100 ml 

stirred tank reactor operated in bath mode. A suitable amount of isolated CoNPs (ca. 

0.60 mg corresponding to ca. 1 mmol of Co) were redispersed in 66 ml of water, and 

placed inside a Teflon liner in the autoclave. The autoclave was purged three times 

with Ar, and sealed at an Ar pressure of 1.5 bar. Additionally, 10 bar CO and 20 bar 

H2 were added giving a final pressure of 31.5 bar (H2:CO:Ar = 2:1:0.15). Then the 

autoclave was heated at 180 ºC under mechanical stirring at 1000 rpm during 12 h. 

After reaction the autoclave was cooled to room temperature prior to gas analysis. 

All the components contained in the gas phase (CO, H2, Ar, CO2, and C1-8 

hydrocarbons) were analyzed by GC-TCD and the quantification was performed 

using calibration curves for each component. The compounds present in the aqueous 

phase were extracted with dichloromethane (10 ml) containing 1 µl of bicyclohexyl 

as internal standard. The organic phase containing the hydrocarbon and oxygenated 

products were analyzed by GC-MS. The identification and quantification of products 

was performed by comparison with standards using calibration curves for each 

compound.  

 

Fischer-Tropsch catalytic experiments using the TiO2 supported catalysts  

(Co1-6/TiO2) 

Carbon monoxide hydrogenation was carried out in a Flowrence high 

throughput unit
[36]

 equipped with 16 parallel milli-fixed reactors (dint = 2 mm) 

operating at a total pressure of 20 bar, H2/CO = 2 molar ratio and 

GHSV = 6700 cm
3
/g h. The catalyst loading was 100 mg. Prior to the catalytic test, 
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all the samples were activated in a flow of pure hydrogen at atmospheric pressure 

during 10 h at 673 K with at GHSV = 2 NL h
−1

 g
−1

. During the reduction, the 

temperature ramp was 1 K/min. After the reduction, the catalysts were cooled down 

to 433 K and a flow of premixed syngas was gradually introduced through the 

catalysts. When pressure attained 20 bar, the temperature was slowly increased to 

513 K with a ramp of 1  K/min. Gaseous reaction products were analyzed by on-line 

gas chromatography. Analysis of permanent gases was performed using a Molecular 

Sieve column and a thermal conductivity detector. Carbon dioxide and C1–

C4 hydrocarbons were separated in a PPQ column and analyzed by a 

thermoconductivity detector. C5–C12 hydrocarbons were analyzed using CP-Sil5 

column and a flame-ionization detector. The carbon monoxide contained 5% of 

helium, which was used as an internal standard for calculating carbon monoxide 

conversion. Catalytic rates and selectivities were measured at the steady-state regime 

after 46 h time-on-stream.  

The reaction rates expressed in cobalt-time yield h
-1

, are defined as the 

moles of CO converted per mol of Co per hour. The product selectivity (S) is 

reported as the wt% of a given product.  
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Materials and Methods 

All syntheses of CoNPs were carried under aerobic conditions using a mechanical 

stirrer. Milli-Q water was used for all the experiments. Solvents were purchased from Merck 

and used as received. CoCl2·6H2O, NaBH4 and the polymers were purchased from Sigma-

Aldrich. Hydrogen (5.0) was purchased from Air Liquide and CO (4.7) and argon (5.0) from 

Carburos Metálicos.  

Transmission electron microscopy (TEM) measurements were performed at the “Unitat 

de Microscopia dels Serveis Cientificotècnics de la Universitat Rovira I Virgili” in 

Tarragona with Zeiss 10 CA electron microscope operated at 100 kV with resolution of 3 Å. 

High resolution electron microscopy (HRTEM) measurements were performed at the 

“Centres Científics i Tecnològics de la UB” in Barcelona with a JEOL 2011(FEG) electron 

microscope operated at 200 kV with a point resolution of 2 Å. 

XRD measurements were made using a Siemens D5000 diffractometer (Bragg-

Brentano parafocusing geometry and vertical θ-θ goniometer) fitted with a curved graphite 

diffracted-beam monochromator, incident and diffracted -beam Soller slits, a 0.06º receiving 

slit and scintillation counter as a detector. The angular 2θ diffraction range was between 25 

and 120º. The data were collected with an angular step of 0.05º at 16s per step and sample 

rotation. A low background Si(510) wafer was used as sample holder. Cukα radiation was 

obtained from a copper X-ray tube operated at 40 kV and 30 mA. 

XPS experiments were performed in a PHI 5500 Multitechnique System (from Physical 

Electronics) with a monochromatic X-ray source (Aluminium Kalfa line of 1486.6 eV energy 

and 350 W), placed perpendicular to the analyzer axis and calibrated using the 3d5/2 line of 

Ag with a full width at half maximum (FWHM) of 0.8 eV. The analized area was a circle of 

0.8 mm diameter, and the selected resolution for the spectra was 187.5eV of Pass Energy and 

0.8 eV/step for the general spectra and 23.5 eV of Pass Energy and 0.1 eV/step for the 

spectra of the different elements in the depth profile spectra. A low energy electron gun (less 

than 10 eV) was used in order to discharge the surface when necessary. All Measurements 

were made in a ultra high vacuum (UHV) chamber pressure between 5x10
-9

 and 2x10
-8

 torr. 

FTIR spectra were acquired from KBr discs on a Bruker Equinox 55 Spectrometer 

using Opus software. Raman spectra was acquired by scattering of a 514nm Ar lamp on a 

Renishaw InVia Raman microscope using a x50LW objective, 60s of exposition time and 

100% of laser intensity.   
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Thermogravimetric analysis (TGA) were performed at the “Centres Científics i 

Tecnològics de la UB” in Barcelona with a thermobalance (Mettler TGA/SDTA851e) 

equipped with a gas flow system. A 2-6 mg sample was heated in an alumina crisol in a flow 

of nitrogen. Then the catalyst was heated under a 50 ml/min of nitrogen flow from 30 ºC to 

900 ºC (heat rate: 10 ºC/min).  

Temperature programmed reduction under H2 (TPR) was carried out using a ChemBET 

TPR/TPD (Quantachrome). The catalyst (0.1 g) was mounted in a quartz cell and heated up 

to 900 ºC in a flow of 5% H2/Ar (30 cm
3
min

−1
). The rate of temperature ramp was 10 ºC 

min
−1

. 

GC-TCD analyses were carried out on an Agilent 7890A GC using a system with three 

columns: Hayesep Q (3ft x 1/8 in), HP-Molesieve (30m x 0.320 mm x 12 µm) and HP-

Plot/Q (30m x 0.320 mm x 20 µm) using helium as carrier gas. GC-MS analyses were 

performed on a 9575C MSD system (Agilent) using a HP-Innowax capillary column (30m x 

0.250 mm x 0.15 µm), using helium as carrier gas. Standard reference of gases (CO, CO2, 

H2, N2) and hydrocarbons (C1-C5) was purchased from Avello Linde.  

TEM characterization 

Immediately after each synthesis, 100 µl of the colloidal solution of CoNPs was 

centrifuged at 600 rpm during 5 minutes. The supernatant was removed and the CoNPs then 

washed with deionized water and re-dispersed by 1 min of sonication. The colloidal solution 

was appropriately diluted with deionized water to obtain a pale grey solution. Then, three 

drops of the obtained colloidal solution was deposited on a Cu-formvar grid and the grid was 

dried during 24 h prior TEM analysis. The TEM measurements were performed on a Zeiss 

10 CA electron microscope operated at 100 kV with resolution of 3 Å. The particles size 

distributions were determined by a manual analysis of enlarged images. At least 200 particles 

on a given grid were measured in order to obtain a statistical size distribution. Nanoparticle 

mean diameter was estimated using Gaussian analysis.   

Product analysis 

All the hydrocarbon products were identified by comparison with reference samples.  

The components contained in the gas phase (CO, H2, Ar, CO2, and C1-C8 hydrocarbons) 

were analysed on a Agilent 7890A GC using a system of three columns: Hayesep Q (3ft x 

1/8 in), HP-Molesieve (30m x 0.320 mm x 12 µm) and HP-Plot/Q (30m x 0.320 mm x 20 

µm) using helium as carrier gas. The quantification was carried out using calibration curves 
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for each gas. Mixtures at different concentration of gases were prepared by gas blending 

from a standard reference of gases (Avello Linde).  

The compounds present in the aqueous phase were extracted with dichloromethane (10 

ml) containing 1µl of bicyclohexyl as internal standard. The bottom organic phase containing 

the hydrocarbon and oxygenated products were analysed immediately by GC-MS on a 

9575C MSD system using a using a HP-Innowax capillary column (30m x 0.250 mm x 0.15 

µm), and helium as carrier gas.  

The identification and quantification of products was performed by comparison with 

standards using calibration curves for each compound.  

Activity and Selectivity Calculations  

The activity and selectivity was calculated based on the number of moles of carbon 

being formed as products according to the following formulas: 
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Figure S1. Size histograms and TEM micrographs of Co1-6 NPs. 
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Figure S2. Co 2p XPS spectra of Co1-6 CoNPs (1) before and (2) after catalysis.  
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Figure S3. B 1s XPS spectra of Co1-6 CoNPs (1) before and (2) after catalysis.  
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Table S1. Percentage of Co
0
 and B

0
 species in Co1-6 NPs for fresh and used catalysis, from 

XPS spectra decomposition.
a
 

  Co
0
  B

0
 

Catalyst 
Polyme

r 
Fresh Used Δ%   Before After Δ%  

Co1b 1 37 24 -13  15 70 +55 

Co2b 2 28 12 -16  9 39 +30 

Co3b 3 31 35 +4  16 61 +45 

Co4b 4 25 3 -22  8 23 +15 

Co5a 5 67 3 -64  12 0 -12 

Co6b 6 6 4 -2  4 0 -4 
a
 Percentages corresponding to the Co 2p3/2 and B 1b spin orbit peaks. 

 

Figure S4. (a) Full XPS and (b) C1s XPS spectra of Co1-6 NPs. 
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Table S2. Elemental quantification by XPS of fresh Co1-6 NPs.  

 
Quantification regions (%Atom)   

NPs Polymer Na 1s C 1s N 1s O 1s Co 2p B 1s Co/B 

Co1b 1  20.9  48.6 18.0 12.5 1.4 

Co2b 2 1.5 39.9 0.9 39.7 8.8 9.3 1.0 

Co3b 3 2.0 51.7 8.9 27.7 2.3 7.5 0.3 

Co4b 4 1.8 58.6 7.6 25.9 2.0 4.1 0.5 

Co5a 5 3.0 62.0  30.2 2.4 2.4 1.0 

Co6b 6  27.0 1.7 44.2 14.0 13.1 1.1 

 

Table S3. Elemental quantification by XPS of Co1-6 NPs after AFTS.  

 
Quantification regions (%Atom)   

NPs Polymer Na 1s C 1s N 1s O 1s Co 2p B 1s Co/B 

Co1b 1  54.9 2.4 31.6 9.0 2.1 4.3 

Co2b 2  40.9 1.1 41.7 15.5 0.8 20.6 

Co3b 3  50.5 1.3 36.3 11.9   

Co4b 4  34.3 0.9 46.2 17.7 0.9 19.7 

Co5a 5  62.4 0.4 32.9 4.3   

Co6b 6  28.6  50.9 17.7 2.8 6.3 

 

Table S4. Microanalysis by Energy-dispersive X-ray spectroscopy, EDX  (%Mass) 

 Element/ shell 

NPs Polymer C K O K Co K Na K Cl K N K 

Co1b 1 36.5 33.1 30.5 
   

Co2b 2 17.9 48.4 31.1 2.7 
  

Co3b 3 41.4 34.9 7.4 2.5 0.1 13.1 

Co4b 4 34.1 38.9 21.7 2.6 
  

Co5a 5 48.1 17.4 34.5 
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Figure S5. Raman spectra of Co1-6. Spectra acquired by scattering of a 514 nm Ar lamp 
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Figure S6. FTIR spectra of Polymers1-6 (1) and its corresponding CoNPs, Co1-6 (2) 
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Figure S7. TGA thermograms under nitrogen flux of Polymers1-6 (1) and its corresponding 

CoNPs, Co1-6 (2)  
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Figure S8. (a) XRD patterns of TiO2 supported catalysts after a calcination process: 

(1) Co1b/TiO2; (2) Co2b/TiO2; (3) Co3b/TiO2; (4) Co4b/TiO2; (5) Co5a/TiO2; 

and (6) Co6b/TiO2. In dotted line the peak of 31.2 used for particle size estimation 

of Co3O4. (b) Amplification of dotted region from a.  
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Table S5. Thermal stability properties of Polymers 1-6 measured by TGA.  

Entry Polymer T. dec. Residue at 900ºC 

1 1 435 4 

2 2 407 1 

3 3 290-340 31 

4 4 468 45 

5 5 136-462 42 

6 6 328-449 6 
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Figure S9. Co 2p XPS spectra of Co1-5/TiO2 catalysts. 
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Table S6. Percentage of Co species from XPS spectra decomposition
a
 

Catalyst Polymer Co
0
 Co

2+
 

Co1b/TiO2 1 15 85 

Co2b/TiO2 2 16 84 

Co3b/TiO2 3 26 74 

Co4b/TiO2 4 31 69 

Co5a/TiO2 5 48 52 

Co6b/TiO2 6 * * 
a
 Percentages corresponding to the Co 2p3/2 spin orbit peaks.  
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Figure S10. Co 2p XPS spectra of Co1b/TiO2 (1) freshly synthesized; (2) reduced under H2 

at 400ºC during 10h and (3) after FTS in fixed bed.  
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Table S7. Percentage of Co species in supported catalysts from XPS spectra decomposition.
a
 

Catalyst Co
0
 Co

2+
 

Co1b/TiO2 15 85 

Co1b/TiO2
b
 69 31 

Co1b/TiO2
c
 28 72 

a
 Percentages corresponding to the Co 2p3/2 spin orbit peaks. 

b
 Reduced under H2 at 400ºC 

during  10h. 
c
 After FTS in fixed bed.  

 

Table S8. BET surface area and Co loadings measured by ICP of supported catalysts.  

   N2 fisi. (Surf. Area)  ICP, wt%/catalyst 

E. Catalyst Polymer BET (m
2
/g)  Co 

1 Co1b/TiO2 1 50.16  8.05 

2 Co2bTiO2 2 46.91  7.07 

3 Co3b/TiO2 3 51.89  10.61 

4 Co4b/TiO2 4 42.16  7.26 

5 Co5a/TiO2 5 52.27  6.24 

6 Co6b/TiO22 6 56.15  7.50 

8 TiO2
 b
  43.07   

a
 Mean Co

0
 particle size as estimated from the corresponding d(Co3O4)by applying the molar 

volume correction: d(Co
0
) = 3/4 d(Co3O4). 

b
 According to XRD the composition of TiO2 

corresponded to 17% rutile and 83% anatase.
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Table S9. Aqueous phase Fischer-Tropsch synthesis catalyzed by Co1-6 evaluating the 

effect of the polymer stabilizer on the NPs.
a
 

   O/P ratio 

E. Catalyst Polymer 
O/P  

C2-12 

O/P  

C2-4 

O/P  

C5-12 

 

1 Co1b 1 0.79 1.33 0.28 

2 Co2b 2 0.98 1.38 0.35 

3 Co3b 3 1.26 1.90 0.43 

4 Co4b 4 0.31 0.71 0.00 

5 Co5a 5 1.32 1.50 0.79 

6 Co6b 6 0.92 1.39 0.37 
a
 Conditions: 0.949 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66ml water (100 ml autoclave), 

1000rpm, 180 ºC, 12h 

 

Figure S11. ASF distributions of Co1-6 nanocatalysts (Y-offset). 
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Figure S12. (a) Cobalt-time yield and (b) product selectivity in the AFTS catalyzed by Co5 

synthesized under different Polymer5:Co ratio. Conditions: 0.949 mmol Co, 30 bar 

H2/CO/Ar (2:1:0,15); 66 ml water, 1000 rpm, 180 ºC, 12h. 
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Figure S13. Effect of the temperature on (a) cobalt-time yield and (b) product selectivity in 

the AFTS catalyzed by Co5a. Conditions: 0.949 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66 

ml water, 1000 rpm, 150-210 ºC, 12h. 
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Figure S14. (a) Cobalt-time yield and (b) product selectivity in the FTS catalyzed by Co5a 

dispersed in different solvents. Conditions: 0.949 mmol Co, 30 bar H2/CO/Ar (2:1:0,15); 66 

ml water, 1000 rpm, 180 ºC, 12h. 
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Table S10. Fischer-Tropsch synthesis in fixed bed reactor using TiO2 supported CoNPs
a
 

   O/P ratio 

E. Catalyst Polymer 
O/P  

C2-12 

O/P  

C2-4 

O/P  

C5-12 

 

1 Co1b/TiO2 1 0.30 0.58 0.12 

2 Co2b/TiO2 2 0.19 0.39 0.10 

3 Co3b/TiO2 3 0 0 0 

4 Co4b/TiO2 4 0 0 0 

5 Co5a/TiO2 5 0.29 0.50 0.13 

6 Co6b/TiO2 6 0.25 0.50 0.10 
a
 Conditions: Catalyst loading=7-10wt%, 20 bar H2/CO/N2 (2:1:0.15), 5.62 ml/min, 240 ºC 
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General Conclusions 

A series of new polymer stabilized cobalt nanoparticles were synthesized 

through colloidal methodologies and their catalytic performance in the Fisher-

Tropsch Synthesis was evaluated. Intrinsic properties of the cobalt nanoparticles 

such as the size, structure, composition, polymer stabilizer were shown to influence 

the catalytic performance of the nanocatalysts. Other external parameters proper of 

the reaction media such as the temperature, solvent, and the pH in the case of 

aqueous systems were demonstrated to influence strongly the activity and the 

selectivity of the CoNPs. Finally, similar trends in terms of activity were observed 

when compared the colloidal with the supported catalytic systems, thus suggesting 

the relevance of the nanoparticle structure in comparison to the influence of the 

support on the performance of the CoNPs.  

 

Chapter IV. 

This chapter focused on the Aqueous phase Fischer-Tropsch Synthesis (AFTS) 

catalyzed by CoNPs and the effect of NPs preparation and pH on catalyst activity 

and selectivity.  

 Variations in the particle size (1.7 - 3.1 nm) were observed when the PVP:Co 

ratio varied from 10 to 80 for CoNPs synthesized by chemical reduction in 

water using PVP as stabilizer and NaBH4 as reducing agent. 

 Surface analysis of the CoNPs by XPS allowed to conclude that the oxidation 

degree of the CoNPs depends on the PVP:Co ratio with a higher content in 

metallic cobalt when high PVP:Co ratios are used during the synthesis. 

Analysis of the bulk and surface composition of the CoNPs revealed the 

presence of boron (cobalt/boron atom. ratio ca. 2) with certain enrichment at 

the metal surface. Analysis by FTIR and TGA demonstrated that after work-up, 

no PVP remained at the surface of the CoNPs.  

 Relevant differences in activity and product selectivity were observed when in-

situ or isolated CoNPs were tested in the AFTS. It was observed that the pH 

increased during the NPs synthesis, which consequently affected the catalytic 
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performance of the in-situ CoNPs. Indeed, at basic pH, the WGS activity was 

enhanced thus producing high amounts of H2 and CO2. The increase in H2 

partial pressure resulted in higher selectivity for methane while CO2 reacts with 

hydroxide to form carbonate which is subsequently hydrogenated in the 

presence of CoNPs to form the corresponding formate. To the best of our 

knowledge, this is the first example of carbonate hydrogenation to formate 

catalyzed by CoNPs. This result opens the possibility to employ cobalt 

nanoparticles in the catalytic reduction of CO2, a reaction of interest in current 

scientific research.  

 Analysis of the used catalysts tested under neutral conditions demonstrated 

slight variations of the metal NPs in terms of size, structure and composition in 

contrast to the observed by other authors. In the present study it was observed 

the decrease of the boron content of the catalyst during the reaction. 

Chapter V. 

This chapter was dedicated to the study the effect of the addition of co-solvents in 

the CoNPs catalyzed AFTS.  

 The addition of co-solvents such as hydrocarbons and alcohols in the AFTS 

catalyzed by colloidal cobalt nanoparticles strongly affects the activity, the 

selectivity and the distribution of the hydrocarbon products.  

 It was concluded that the hydrocarbon distribution mainly depended on the 

solubility of syngas and on the H2:CO ratio of the corresponding solvent, and 

can be tuned from light to heavy hydrocarbons with the selection of the 

appropriate aqueous solvent mixture.  

 In hydrocarbon/water mixtures, a compromise between the high solubility of 

syngas in hydrocarbons and the better dispersion of the catalyst in water 

revealed to be crucial to reach high activity and selectivity to C13+ 

hydrocarbons. These results suggested that the presence of water can 

significantly shorten the chain length of the hydrocarbons produced by FTS. 

 It was demonstrated that the chain length of the hydrocarbon co-solvents in the 

range of C7-C16 not affected the selectivity but slightly the activity in AFTS.  
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 In alcohols, significant effects were also observed in catalysis. When the chain 

length of the alcoholic solvent increases, the formation of FT-acetal products 

progressively becomes the major process. In the case of short alcohols such as 

ethanol, however, high FT activity (up to 0.189 molCOmolCo
-1

h-
1
)

 
was observed 

with excellent product selectivity (80% hydrocarbons). 

Chapter VI. 

The effect of the cobalt particle size in FTS for CoNPs synthesized by borohydride 

reduction was dealt in this chapter.  

 The size of the CoNPs synthesized by a chemical reduction methodology can 

be modulated between 1.7 to 7.0 nm by controlling the concentration of the 

NaBH4 and Co/PVP solutions.  

 The amorphous structure of the cobalt and cobalt oxide phases and the small 

size of the CoNPs were inferred from XRD analysis. Analysis of thermal 

treated NPs elucidated the presence of cobalt and cobalt-boron species as a 

function of the particle size. Surface analysis by XPS indicated the considerable 

oxidation degree of the NPs and its dependence with the size: more reduced 

CoNPs were obtained at smaller sizes. Finally, the analysis by FTIR and TGA 

demonstrated that there is no evidence of presence of PVP in the series of NPs, 

Co1a-d.  

 TEM and TPR analysis of the TiO2 supported catalysts demonstrated that the 

particle size of the CoNPs remained invariable after immobilization on TiO2 

and that the reducibility of the catalyst decreased with the particle size, 

respectively. The differences in reducibility probably are associated to 

contributions of the metallic cobalt phase as a function of the particle size.  

 It was concluded that the catalytic performance of the cobalt nanoparticles 

prepared by borohydride reduction depended on the reduction degree and the 

size of the NPs, with a decrease of the activity with the particle size. This 

behavior has allowed us to investigate the catalytic performance of ultra-small 

CoNPs in the Fischer-Tropsch Synthesis, which is unique of NPs prepared by 

borohydride reduction. 
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Chapter VII. 

This chapter described the effect of the stabilizing polymer on cobalt-nanoparticle-

catalyzed Fischer-Tropsch Synthesis. 

 The variation of the polymer:Co ratio allowed the modulation of the particle 

size of CoNPs for six different water soluble polymers. 

 The particle sizes resulted inversely proportional to the concentration of the 

stabilizer. For most cases, the particle size converged in a value of ca. 2.6 nm 

when the polymer:Co ratio was 20.  

 Notable differences in the fine structure, the crystallinity, the oxidation degree, 

the composition and the polymer content (polymer/surface interaction) were 

determined by HR-TEM, XRD, XPS, ICP and TGA respectively as a function 

of the polymer stabilizer.  

 Supported catalysts were also prepared by immobilization of the colloidal NPs 

on TiO2 and its reducibility evaluated by TPR.  

 Both series of catalysts were tested in the AFTS and the classical FTS in fixed 

bed reactors and showed significant differences in the catalytic performance as 

a function of the polymer stabilizer.  

 The reduction degree of the cobalt particles, the interaction strength between 

the polymer and the metal surface (defined in terms of the amount of polymer 

at the NPs) and boron doping were demonstrated to rule the performance of the 

colloidal catalysts. 

 For the supported catalysts, the reducibility and the boron doping showed to be 

influenced by the polymer stabilizer thus affecting the catalytic performance of 

the catalysts.  

 The outstanding catalytic performance observed for Co5a was attributed to a 

matched scenario of positive parameters: minimal polymer content and high 

reduction degree.  
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Summary 

The increasing worldwide energy demand has made major companies to 

consider alternative feedstocks such as natural gas, coal and biomass to replace 

fossil fuels. In this context, the Fischer-Tropsch Synthesis (FTS) has been 

considered a key process of the biomass-to-liquid (BTL), gas-to-liquid (GTL) and 

solid-to-liquid technologies (STL) since through this catalytic reaction, syngas is 

transformed into high quality synthetic fuels. FTS is catalyzed by several transition 

metals but cobalt catalysts are more attractive from an industrial point of view. 

This doctoral thesis describes the synthesis and characterization of cobalt 

nanoparticles and their application as colloidal and TiO2-supported nanocatalysts in 

the Fischer-Tropsch synthesis.  

  Chapter I introduces the main concepts of the Fisher-Tropsch synthesis. 

The first part of this chapter describes a brief historical background of the synthetic 

fuels and of the Fischer-Tropsch synthesis process. General aspects of this reaction 

such as the thermodynamics and reaction mechanisms are also included. In the 

second part, the different types of cobalt catalysts reported in this reaction are 

discussed. First, general aspects related to cobalt based catalysts such as promoters, 

deactivation, effect of water and mass transfer limitations are treated. Subsequently, 

the most relevant methods of preparation of supported cobalt catalysts and the 

influence of the support on the catalytic performance in FTS are described. Finally, 

the use of cobalt nanoparticles as colloidal catalysts for this reaction is illustrated, 

with particular emphasis on their methods of preparation, types of stabilizer and 

catalytic performances in FTS.  

Chapter II includes the general objectives of this work.  

In Chapter III, the experimental set-up used for the catalytic experiments 

and the chromatographic methods that were applied for the analysis of reaction 

products are explained in details. It is noteworthy that a report entitled “Numerical 

and experimental Modelization of the two-phase mixing in a small scale vessel” that 

was elaborated by the group of Prof. Anton Vernet and describe a modelization 

study using the autoclave where the FTS experiments of this thesis were performed, 

is also included as Appendix IV.  
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In Chapter IV, the synthesis and characterization of colloidal CoNPs 

stabilized with polyvinylpyrrolidone are described and their application as 

nanocatalysts in the aqueous phase FT synthesis evaluated. Some parameters such as 

the PVP:Co ratio, the presence of base and the potential effect of the nanocatalyst 

size were taken under consideration in this study. Differences in the reduction 

degree of the CoNPs were observed when the PVP:Co ratio used during the 

synthesis was varied, while analysis of the bulk composition of the CoNPs revealed 

the presence of boron (cobalt/boron atom. ratio ca. 2). In FTS, a strong influence of 

the pH of the aqueous medium on the catalytic performance of the nanocatalysts 

(both activity and selectivity) was evidenced. At basic pH (> 13), the WGS was 

enhanced thus producing CO2 and H2. The CO2 produced reacted with hydroxide 

producing carbonate which was subsequently hydrogenated to formate in the 

presence the cobalt nanoparticles. To the best of our knowledge, this is the first 

example of carbonate hydrogenation to formate catalyzed by CoNPs. 

In Chapter V, our results on the effect of solvents in the AFTS catalyzed by 

colloidal cobalt nanoparticles are discussed. The addition of co-solvents such as 

hydrocarbons and alcohols strongly affected the activity, the selectivity and the 

distribution of the hydrocarbon products under the reaction conditions. The shift in 

product distribution observed was related to the variations of H2 and CO solubility. 

These results demonstrated that the selectivity of this process can be tuned from 

light to heavy hydrocarbons with the selection of the appropriate aqueous solvent 

mixture. Interestingly, no effect of the chain length (C7-C16) of the hydrocarbon co-

solvents was observed on the selectivity of FTS while the activity was slightly 

affected. The production of acetals was also observed when the reaction was 

performed using alcohols as solvents and such acetal selectivity became favored 

when the alcohol chain length was increased. In the case of short alcohols such as 

ethanol, however, high FT activity with excellent product selectivity was observed. 

Chapter VI deals with the effects of particle size in the Fischer-Tropsch 

synthesis catalyzed by cobalt nanoparticles synthesized from sodium borohydride 

reduction. Cobalt nanoparticles of sizes between 1.7 to 7.0 nm were synthesized 

using a chemical reduction method by controlling the concentration of the Co/PVP 
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and NaBH4 solutions. The CoNPs were immobilized on TiO2 and both the colloidal 

and the supported catalysts were tested in the AFTS and the FTS respectively. For 

both systems the catalysts activity increased when the particle size of the CoNPs 

decreased. Furthermore, the catalytic performance of the cobalt nanoparticles 

prepared by borohydride reduction was shown to depend on several factors such as 

the boron doping, the reduction degree and the size of the NPs.  

Finally, Chapter VII concerned the study of the effect of the polymer 

stabilizer on the catalytic performance of cobalt nanoparticles in the FTS. Several 

families of CoNPs stabilized by a series of water soluble polymers were synthesized 

at various polymer:Co ratios. Subsequently, some of these CoNPs were immobilized 

on TiO2 and both the colloidal and the supported catalysts were tested in the AFTS 

and the FTS, respectively. Significant differences in the catalytic performance were 

observed for both sets of catalytic systems when the structure of the polymeric 

stabilizer was varied. The reduction degree of the cobalt particles, the amount of 

polymer at the NPs surface and the degree of boron doping were proposed as the 

most influential parameters affecting the performance of the colloidal catalysts. 

Similarly, the catalytic performance of the supported catalysts were interpreted in 

terms of the catalyst reducibility, amount of polymer stabilizer at the Co surface 

(and its removal ability during the reduction pretreatment) and the degree of boron 

doping. 
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phase mixing in a small scale stirred vessel” 

Project developed by Sylvana Varela, Manuel Martínez, Jordi Pallarès and Anton 

Vernet in the “Grupo de Experimentación, Computación y Modelización en 

Mecánica de Fluidos y Turbulencia (ECOMMFIT)” at the Chemical Enginery 

Department of the URV. September of 2014. 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



NUMERICAL AND EXPERIMENTAL 

MODELIZATION OF THE TWO-

PHASE MIXING IN A SMALL   

SCALE STIRRED VESSEL 

 

 

 

 
 

Centre Tecnològic de la Química de Catalunya 

Grupo de Experimentación, Computación y 

Modelización en Mecánica de Fluidos y 

Turbulencia 

Universitat Rovira i Virgili 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sylvana Varela  

Manuel Martínez  

 Jordi Pallarès  

Anton Vernet  

 

September 2014 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NUMERICAL AND EXPERIMENTAL MODELIZATION OF THE TWO-PHASE MIXING IN A 

SMALL SCALE STIRRED VESSEL  

Sylvana Varela Ballesta 

Manuel Martínez del Álamo 

Jordi Pallarès Curto 

Anton Vernet Peña 

 

CTQC  

Centre Tecnològic de la Química de Catalunya  

Carrer Marcel.lí Domingo, s/n 

43007 Tarragona  

 
ECoMMFiT 

Experimentació, Computació i Modelització en Mecànica de Fluids i Turbulència 

Departament d’Enginyeria Mecànica 

 
Universitat Rovira i Virgili  

Av. Països Catalans, 26 

43007 Tarragona 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



  

 i 

Index 

 

 Page 

Abstract  

1. Objectives 1 

2. Experimental study 2 

2.1. Experimental setup 2 

2.2. Two-phase system  5 

2.2.1. Analysis of the free surface 6 

2.2.2. Analysis of the reactor without baffle 7 

2.2.3. Analysis of the reactor with baffle  11 

2.3. Three-phase system  14 

3. Numerical study 20 

3.1. Background 20 

3.2. Physical model 22 

3.3. Mathematical and numerical models 23 

3.4. Validation with experimental data 26 

3.5. Results for the dynamic fields 28 

3.5.1. Unbaffled reactor dynamic field  28 

3.5.2. Baffled reactor dynamic field  32 

3.6. Mass transfer 36 

3.6.1. Mass transfer at the free surface 36 

3.6.2. Mass transfer from the bubbles 37 

3.6.3. Mass transfer within emulsions 38 

3.6.4. Mass transfer rates  38 

4. Conclusions  43 

5. Future work 46 

6. References 47 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



  
 

ii 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



  

 iii 

Abstract  

The main objective of this project is the prediction, using numerical 

simulations, of the mass transfer rate of gas components within the liquid 

phase in a stirred tank reactor. To reach this objective, experiments have been 

conducted in a transparent model of the reactor equipped with the stirrer used 

in the normal operation of the reactor. The visualization of the air-water two-

phase flow in the model at different rotation rates of the stirrer allowed the 

determination of the size and number of the air bubbles, as well as the flow 

regime. This experimental information has been used in the numerical 

simulations to predict the mass transfer rates of gas components from the gas 

phase to the liquid phase. In particular simulations of the distribution of the 

liquid and gas phases at the operating conditions of the reactor were carried 

out and bubbles with the experimentally measured diameter were numerically 

tracked to determine the particle Reynolds number, which is an important 

parameter, together with the Schmidt number, to determine the mass transfer 

rates. The mass transfer rates of the gas components to the liquid phase were 

estimated using conventional mass transfer correlations. 

Baffled and unbaffled reactor configurations were analyzed separately. It has 

been determined, experimentally, that the amount of bubbles inside the reactor 

increases with the rotation rate, while the bubble size decreases. The 

experimental results were compared with the ones obtained using analytical 

correlations for similar reactors. It has been estimated that the differences 

between the experiments and the predictions of correlations are about 8 %. For 

the unbaffled reactor an emulsion is formed for axis rotation rates between 991 

and 1371 rpm, while bubbly flow remains for the baffled reactor in the whole 

range of rotation rates studied (up to 1721 rpm). Additionally, some 
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experiments for three phase flows (air-water-heptane) were conducted and the 

flow behavior was analyzed. Different compositions of the liquid mixture and 

rotation rates were studied. 

The numerical simulations used the multiple reference frames approach with 

Eulerian multiphase flow model and the RNG k-ε turbulence model. The 

numerical model used was validated with the experimental data. The results 

predict that the flow pattern is dominated by the rotation, and as the rotation 

rate increases the free surface is displaced toward the top vessel. As long as the 

bubbly flow is established, the unbaffled reactor provides larger mass transfer 

rates (about 30%) than the baffled reactor. However, mass transfer rates drop 

of about 65 % when the emulsion is formed. Therefore, above the critical 

rotation rate at which the emulsion appears for the unbaffled reactor (between 

1000 and 1400 rpm), the baffled reactor provides larger mass transfer rates. In 

all cases, mass transfer rates for hydrogen are larger than for carbon monoxide.  
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1. Objectives 

The aim of this work is to analyze the two-phase mixing processes that 

occur in a small-scale batch reactor. The main objective is to determine the 

mass transfer rates for different gas components within the liquid phase of a 

stirred tank reactor. A numerical simulation approach was used in this study. 

Previously to the simulations some flow information was needed. For this 

reason the work has an initial step that implies an experimental part. All 

relevant information about how bubbles inside the liquid phase are formed, the 

amount and their sizes were extracted from these experiments and used in the 

numerical simulations. Additionally three-phase experiments were conducted 

to determine the flow behavior inside the reactor.  
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2. Experimental study 

2.1. Experimental setup 

The main objective of this part of the work was to estimate the amount 

and the mean diameter of the bubbles that show up in the liquid phase at 

different rotation speeds. The experiments were also useful for the 

understanding of the flow behavior inside the reactor for different rotation 

rates of the stirrer. The information obtained from the experimental work was 

used as input data and to validate the results from the numerical simulations 

of the reactor.   

Experiments have been conducted in a two-phase system (air-water) at room 

temperature and atmospheric pressure. Additionally, the analysis of a three-

phase system (air-water-heptane) was included to this work. The study of the 

three-phase system was qualitative and does not include a numerical 

simulation nor the computation of the mass transfer rate associated.  

Figure 1 shows a schematic representation of the experimental setup. The flow 

images were obtained using monochromatic MotionPro digital camera (X3 Plus 

model). This camera is equipped with a 1” CMOS sensor with 1280×1024 pixels 

resolution with square pixels of 12μm. A macro Sigma lens of 28-300mm F3.5-

6.3 was used with the camera.  

Two different illumination systems were used in the experiments. The first 

system involves a pair of 300 Watts spotlights that allows a backside 

illumination. This system was used for the qualitative investigation of the flow 

behavior and in the previous analysis of the system. The other system consist 
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in a green Nd:Yag laser, linearly polarized with 532nm wavelength (Monocrom 

MP532-3W). This illumination system was the main light source used. 

High speed 

camera

Laser

Impeller

Camera and 

laser controls
Reactor 

controls
High speed 

camera

Laser

Impeller

Camera and 

laser controls
Reactor 

controls

 
Figure 1. Experimental setup 

 

The reactor analyzed consists in a vessel that is filled with liquid until a 

certain level. Usually this system operates at high temperature and pressure. 

The experimental analysis of the flow requires a transparent vessel to allow 

the visualization of the fluid inside that can not resist that working conditions. 

For this reason all the experiments where carried out at room temperature and 

atmospheric pressure.  The vessel of the reactor was specifically made and was 

constructed in a transparent PMMA (Polymethyl methacrylate). The external 

part of the model was made with a square section to avoid image aberrations 

due to the curvature of the vessel wall (Figure 2). 

 

   
Figure 2. PMMA model of the vessel: lateral view (left) and top view (right) 
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As shown in Figure 3 inside the vessel it 

can be found the rotating axis with 

blades, the thermocouple, the gas 

injector and the baffle. All these 

elements modify the flow dynamics, 

affecting the mixing and the emergence 

of bubbles. The internal diameter of the 

vessel is 42.2 mm and the height is 85.8 

mm. The vessel is filled with 66 ml of 

water.  

Two different impellers and reactor 

controls were used during the study. In 

both cases the same PMMA vessel was 

used. The first impeller (R1) was used to 

test the assembly and to obtain previous results needed to adapt the 

experimental setup. The second impeller (R2) was used to obtain the final 

parameters needed in the numerical simulations. Experiments with and 

without baffle were carried on. Figure 4 shows a picture of the experimental 

setup with a close look of the vessel installed.  

 

 

Figure 4. Picture of the experimental setup and detail of the vessel 
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Figure 3. Scheme of the reactor  
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2.2. Two-phase system  

Experiments in two-phase system were carried on using air and water. 

All the experiments were done at room temperature and atmospheric pressure. 

The vessel was filled with 66 ml water. In all cases the experiment starts with 

the stirrer at rest and we wait several minutes until the system is stationary at 

the desired rotation rate. Only then the images are acquired and stored for 

latter processing.   

Table 1 list the experiments done for the two-phase analysis using impeller R2. 

The Table 1 includes the total number of images acquired, the settings of the 

camera as the acquisition velocity (frames per second) and the exposure time 

for each image, the laser settings and it also indicates if the experiment has 

been done with or without baffle (see Figure 3). Previous experiments using the 

impeller R1 are not included in this list.    

 

Table 1: Two-phase experiments  

Rotation 

rate (Ω) 

(rpm) 

fps (frame per 

second) 

Number of 

images 

recorded 

Exposure 

time 

(μs) 

Laser 

power 

(W) 

With       

baffle  

Without 

baffle 

606 75 3324 140 1.14 X X 

678 75 3324 140 1.50  X 

754 75 3324 140 1.50  X 

816 75 3324 140 1.50  X 

909 75 3324 140 1.50  X 

991 75 3324 140 1.50 X X 

1066 75 3324 140 1.50  X 

1144 75 3324 140 1.50  X 

1200 150 3272 231 1.14  X 

1212 75 3324 140 1.50  X 

1294 75 3324 140 1.50  X 

1371 75 3324 140 1.50 X X 

1452 75 3324 140 1.50  X 

1532 75 3324 140 1.50  X 

1587 75 3324 140 1.50  X 

1642 75 3324 140 1.50  X 

1721 75 3324 140 1.50 X X 
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2.3. Analysis of the free surface 

The results obtained in this section were used to validate the numerical 

simulations. The shape of the free surface for specific system configurations 

will be obtained using numerical simulation and compared with the ones 

obtained experimentally. Figure 5.a shows one of the 2000 instantaneous 

images acquired for the case of Ω=800 rpm using an image acquisition velocity 

of 500 fps with laser illumination and without baffle. From all the images of 

this experiment the mean (figure 5.b), standard deviation (figure 5.c) and 

median were calculated. To improve the visualization of the free surface, the 

median has been subtracted to the mean as figure 5.d shows. This procedure 

allows subtracting all fixed reflections and fixed objects present in the image.  

 

 

 

 

 

  

            (a)                (b)                 (c)               (d) 

Figure 5. Free surface zone, Ω=800 rpm, a) Original image, b) Mean image over 2000 

images, c) standard deviation image, d) Mean – Median image with hyperbola fitting 

with coefficients show in Table 2 

 

Theoretically the free surface of the liquid in a cylindrical mixing vessel 

agitated by a concentric paddle agitator is isobaric and shows a hyperbolic 

contour18. Table 2 shows the hyperbolic fitting of the experimental data 

obtained at different rotation rates with the equation 2.1: 

 1
2

2

2

2


b

x

a

y
 Eq. 2.1 
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Table 2: Rotation rates and hyperbola 

coefficients 

Ω (rpm) a b 

800 5 4.5 

900 5 3.5 

500 1 2.5 
 

-3 -2 -1 0 1 2 3

800 rpm

900 rpm

500 rpm

 

Figure 6. Hyperbola fitting with coefficients 

show in Table 2 

 

As it can be expected the free surface changes with the rotation rate. An 

increase in rotation rate in the range studied results in the free surface being 

located at a higher position. 

2.3.1. Analysis of the reactor without baffle 

The analysis of the flow behavior inside the reactor has been conducted 

for rotation rates (Ω) ranging from 606 to 1721 rpm using reactor R2. The first 

step was to analyze the time evolution of the system. To characterize this 

evolution the “image intensity” is analyzed from different experimental 

conditions. Observing the acquired instantaneous images it can be seen that 

the bubbles inside the fluid are white while the rest remains black. Thus, the 

total image intensity is related with the number of bubbles inside the liquid. 

On the other hand, the settings of the camera and the laser affect the intensity 

of the images recorded. In order to compare the images from different 

experiments the same conditions need to be imposed. Accordingly, uniform 

laser intensity, acquisition rate and exposure time have been applied for all 

experiments used in this analysis. The image intensity has not been computed 
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employing the information of the entire image only a selected region of interest 

(the same for all the experiments) has been analyzed.  

Figure 7 shows the time evolution of the number of bubbles (image intensity) 

from time zero where the stirrer is at rest. Due to equipments restrictions only 

45 s have been recorded for each rotation rate. It can be observed that almost 

in all the cases the number of bubbles increases suddenly 10 s after the system 

starts to rotate. For larger rotation rates the gradient is high. Although after 

45 s the stationary state is not reached in any case and it seems that the 

number of bubbles can grow more. Thus to obtain an estimate of the numbers 

and sizes of the bubbles for each case it will be necessary to wait more time to 

ensure that the system is stationary.  

 

 

Figure 7. Time evolution of white pixels amount in a selected region 

  

To obtain the time for which the system becomes stationary, experiments at 

606, 991, 1371 and 1721 rpm were carried on in three consecutive time 

intervals (Figure 8). It can be seen that the number of bubbles do not 

significantly change for time higher than 400 s. It is also interesting to observe 

that the number of bubbles is practically the same for the three cases, even 

when velocities are different.  
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Figure 8. Variation of the image intensity. Blue, Ω=606 rpm,  

red, Ω=991 rpm, green Ω=1371 rpm and black, Ω=1721 rpm 

 

The images used to compute the number and the mean size of the bubbles have 

been acquired waiting enough time to ensure that the system is stationary. 

Four different rotation rates were selected. In each case the procedure was the 

same. For each rotation rate three instantaneous images are selected. From 

each of these images, a region of interest (ROI) was selected. The cropped 

image, corresponding to this ROI, is treated to enhance the resolution 

facilitating the measurements of individual bubble sizes. Each cropped area 

yields a set of diameters in terms of pixels, measured in millimeters using a 

scale. This scale remains the same for all cases. The resulting mean bubble 

diameter was obtained from the diameter sets measured at the three times 

mentioned before. Table 3 shows the mean bubble diameter at the four rotation 

rates. It can be observed that the mean diameter decreases with the velocity. 

An additional drawback has been found for higher velocities. The system starts 

to show emulsion behavior from 1371 rpm. Therefore the size of the bubbles is 

difficult to compute and the experimental value obtained is overestimated as 

only the bigger bubbles were measured. 
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The experimental diameters obtained were compared with the diameters 

obtained form the correlation proposed by Nagata (Nagata, 1975) for a similar 

system. Nagata found that the diameter of gas bubbles (db) can be expressed as 

db=K Ω-1.2, where K is a constant valued. Figure 10 shows de variation of the 

experimental diameter of gas bubbles with the rotation rate and compares with 

the diameters obtained with correlation from Nagata considering K=121.  The 

difference between the mean diameter measured and that computed using the 

correlation proposed by Nagata18 is within 8 %. 

 

 

Figure 10. Mean bubble diameter (mm) as function of rotation rate 

 

Using the bubble diameters obtained and the image intensity, the total number 

of bubbles in the vessel at each rotation rate can be estimated. To do this, first 

Table 3. Mean bubble diameter ( reactor without baffle) 
 

Ω (rpm) Dm±σm (mm) 
Number of 

measurements 

DMAX  (mm) DMIN (mm)  

606 0.662±0.020 51 1.026 0.418 0.149 

991 0.563±0.013 40 0.7864 0.450 0.084 

1371 0.329±0.016 27 0.563 0.215 0.084 

1721 0.212±0.024 13 0.298 0.126 0.086 
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we define the ideal bubble as the one which has the diameter equal to the mean 

bubble diameter calculated for each case. To obtain the total number of ideal 

bubbles for a specific rotation rate a ROI of the entire vessel is selected from 

the instantaneous images. The image intensity is computed for this ROI and 

dividing the result by the diameter of the ideal bubble the number of ideal 

bubbles in the ROI can be obtained. This is repeated for all the acquired images 

in one experiment to obtain the time evolution of the number of ideal bubbles. 

The time average provides an estimate of the number of bubbles in one plane. 

The results obtained for one plane can be extrapolated to the rest of the vessel 

to obtain the total number of ideal bubbles for each rotation rate. Table 4 shows 

the results for four rotation rates. It can be observed that the number of 

bubbles increases substantially for higher velocities.  

 

2.3.2. Analysis of the reactor with baffle 

The same experiments and analysis were performed for the system with 

baffle (see Figure 3). Adding this accessory substantially modifies the flow 

behavior inside the reactor. In this case four rotation rates were analyzed. 

Figure 11 shows the time evolution of the image intensity for the startup 

period. The behavior is similar to the unbaffled case although the bubbles seem 

to need more time to show up for the 1721 rpm than for the 991 and 1371 rpm 

cases. As it is evident from Figure 11, a interval of 45 s was not enough to 

reach the stationary state. To determine the time needed to attain the 

stationary state images at different times where acquired. Figure 12 shows 

that for time larger that 400 s the system can be considered stationary. In this 

Table 4. Number of bubbles (reactor without baffle) 
 

Ω (rpm) 

Mean number of 

ideal bubbles per 

plane 

Total number of 

ideal bubbles into 

the vessel 

606 17 1084 

991 2793 209351 

1371 7675 984453 

1721 19046 3791296 
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case the results are different from the unbaffled case (Figure 8) where for all 

the velocities the image intensity seemed to reach the same maximum value. In 

this case the image intensity is a function of the rotation rate and increases 

with it. One of the reasons for this different behavior could be that for the 

baffled cause the formation of emulsion which is not observed for any of the 

rotation rates studied.  

 

Figure 11. Time evolution of white pixels amount in the selected 

 region for selected rotation velocities 

 

Figure 12. Time evolution of white pixels amount in the selected region for selected 

rotation velocities in three periods. Blue, Ω=606 rpm, red, Ω=991 rpm, green Ω=1371 

rpm and black, Ω=1721 rpm 
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The same procedure done in the unbaffled case was followed to estimate the 

number and diameter of the bubbles. The results are summarized in Table 5 

(diameters) and Tabel 6 (number of bubbles) for three rotation rates. For 

Ω=606 rpm the number presented in the system was insufficient to make a 

representative average (no more than 10 bubbles). 

 

 

The results of the baffled case were also compared with the correlation of 

Nagata18, where the diameter of gas bubbles (db) is expressed as db=C Ω-1.2, 

considering C=180 (Figure 13). 

 

Figure 13.  Mean bubble diameter (mm) as function of  

rotation rate for reactor R2 with baffle 

Table 5. Mean bubble diameter for the reactor with baffle 
 

Ω (rpm) Dm±σm (mm) 
Number of 

measurements 

DMAX  (mm) DMIN (mm)  

991 0.551±0.018 55 0.854 0.222 0.136 

1371 0.479±0.017 96 1.270 0.159 0.171 

1721 0.443±0.021 100 1.200 0.160 0.206 

 

Table 6. Number of bubbles for the reactor with baffle 
 

Ω (rpm) 

Mean number of 

ideal bubbles per 

plane 

Total number of 

ideal bubbles in 

the vessel 

991 2083 159532 

1371 2604 229413 

1721 4643 442290 
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2.4. Three-phase system  

The qualitative analysis of the three-phase 

system (heptane-water-air) was done for two 

different rotation speeds, 606 rpm and 1371 rpm, 

and for several percentages in the heptane/water 

mixture for the reactor R2 with baffle. In this 

case the system was illuminated with the 300 

Watts spotlights and to help visualize 

Rhodamine B was added to water (0.3 mg / ml). 

The images were obtained at 50 fps taking two 

intervals of 66.5 seconds for each rotation rate 

separated with a period of 540 s. For each series 

3324 images were acquired. On the images the 

water solution with Rhodamine B is the dark 

fluid and heptane is the colorless fluid as Figure 14 shows. The measurements 

were carried out at atmospheric pressure (0.1 MPa) and the temperature of the 

mixture varied from 19 to 25ºC. Several percentages of the mixture 

water/heptane have been analyzed. In particular the mixtures analyzed were 

0/100, 15/85, 50/50, 85/15 and 100/0.  

 

   

(a) (b)  (c) 

Figure 15: Acquired images 0/100 water/heptane mixture, Ω=606 rpm,  

(a) t=0, (b) t=6.6 s, (c) t=606.5 s 

 

Heptane 

Water 

 
Figure 14: Image of 15/85 

water/heptane mix at rest 
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Figure 15 shows images of the system working with heptane only for different 

times (0, 6.6 s and 66.5s) at Ω = 606 rpm. In this case no bubbles appear and 

only the existence of a small hyperbola shows up at the free surface. 

Essentially there is no difference between 6.6s and 66.5s. This behavior is 

basically the same that can be observed when analyzing only water as a fluid 

at this rotation rate. Adding a 15% of water the behavior of the flow changes 

substantially. Figure 16 shows results for a mixture 15/85 water/heptane at Ω 

= 606 rpm. In this case there is no evidence of incorporation of air in the liquid 

mixture. The “bubbles” that the image shows are water drops inside the 

heptane. The water is distributed all over the heptane an there is no clear 

interphase between the two fluids 

 

   

(a) (b)  (c)  

Figure 16: Acquired images 15/85 water/heptane mixture, Ω=606 rpm, 

(a) t=0, (b) t=6.6 s, (c) t=606.5 s 

 

In the case of the 50/50 water/heptane mixture at Ω = 606 rpm (Figure 17) the 

interphase between water and heptane is maintained even for the larger times. 

Water droplets are not well defined and the system becomes an emulsion. In 

this case it is not clear if there is a supply of air into the mixture, although 

heptane seems to work as a barrier between the emulsion and the air. 
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(a) (b)  (c)  

Figure 17: Acquired images 50/50 water/heptane mixture, Ω=606 rpm, 

 (a) t=0, (b) t=6.6 s, (c) t=606.5 s 

 

The results for the 85/15 water/heptane mixture are shown in Figure 18.  In 

this case an interphase between the fluids and water drops can be observed for 

shorter times while for longer times the interphase and droplet cannot be 

distinguished, the mixture is an emulsion. As in the other cases there is no 

evidence that the air is absorbed into the liquid mixture. 

 

   

(a) (b)  (c) 

Figure 18: Acquired images 85/15 water/heptane mixture, Ω=606 rpm, 

(a) t=0, (b) t=6.6 s, (c) t=606.5 s 
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The behavior of the water/heptane mixture for rotation rate of Ω = 1371 rpm 

has been analyzed for the same times. Figure 19a and 19b show the results for 

pure the heptane case. Unlike what was obtained for Ω = 606 rpm in here it 

can be observed that for short times no air bubbles appear in the mixture while 

for a longer time (606.5 s) the air bubbles are present. When analyzing pure 

water at this rotation rate the air bubbles also appear for long times (Figure 

19c). It can be seen that at the same rotation rate, there is less but bigger air 

bubbles in the heptane than in the water. The experimental mean diameter of 

the bubbles in the heptane and in water is summarized en Table 7.  

 

   

(a) (b)  (c) 

Figure 19: Acquired images 0/100 water/heptane mixture, Ω=1371 rpm, 

(a) t=6.6 s anb  (b) t=606.5 s, and (c) 100/0 water/heptane mixture at t=606.5 s 

 

 

 

The flow dynamics of the 15/85 water/heptane mixture at short times (t=6.6 s) 

is very similar to that observed for Ω = 606 rpm (Figure 16).  For longer times 

Table 7: Mean bubble diameter, reactor with baffle Ω=1371 rpm 
 

Mixture 

water/heptane 
Dm±σm (mm) 

Number of 

measurements 

DMAX  (mm) DMIN (mm)  

100/0 0.479±0.017 96 1.270 0.159 0.171 

0/100 1.114±0.052 51 1.768 0.442 0.378 
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(t=606.5 s) the number of water drops present in the heptane increases. The 

behavior shown by the 50/50 water/heptane mixture (Figure 21) and by the 

85/15 water/heptane mixture (Figure 22) does not present significant 

differences to that observed for Ω = 606 rpm. For short times the interphase 

between two fluids is still visible and an emulsion is present for long times.  

 

  

(a) (b)  

Figure 20: Acquired images 15/85 water/heptane mixture, Ω=1371 rpm, 

(a) t=6.6 s anb  (b) t=606.5 s 

 

  

(a) (b)  

Figure 21: Acquired images 50/50 water/heptane mixture, Ω=1371 rpm, 

(a) t=6.6 s anb  (b) t=606.5 s 
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Figure 22: Acquired images 85/15 water/heptane mixture, Ω=1371 rpm, 

(a) t=6.6 s anb  (b) t=606.5 s 

  

(a) (b)  
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3. Numerical study 

The numerical part of the study is presented in this section. First, the 

physical, mathematical and numerical models are presented. Results are 

discussed and finally conclusions are outlined. 

3.1. Background 

Several researchers have carried out numerical simulations of gas-liquid 

stirred vessels over the years using different numerical techniques. Some 

authors have performed Large Eddy Simulations (LES) as Ferziger and Peric 

(2002). In that computational approach, the large scales of the flow are solved, 

while the smaller scales are modeled. Although not as computationally 

expensive as performing Direct Numerical Simulations (DNS), where all the 

flow scales are solved, it is still an expensive method. A key feature in LES is 

the choice of the SubGrid Scale model (SGS), since the accuracy of the results 

on the smaller scales will depend on it. Arlov et al.(2008) performed LES to 

study a gas-liquid Rushton stirred reactor, with an implicit SGS model. To 

solve the multiphase flow, a combination of Volume of Solid (VOS) and 

Lagrangian Particle Tracking (LPT) was used in their study (Yeoh and Tu, 

2009). Air was entered at the bottom of the reactor and, under the assumption 

of bubbly flow the bubbles were tracked in the three-dimensional time-

dependent flow field generated by LES. Another study using LES is the one by 

Alcamo et al. (2005), although in that work there was a single-phase flow. The 

Smagorinsky SGS model (Smagorinsky, 1963) was used for their simulations, 

performed with the commercial software CFX. As an example of the 
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computational cost of LES, the authors needed 33 days to solve the flow field 

for the time corresponding to 22 impeller revolutions at 200 rpm, using a 3 GHz 

processor. 

Given the high computational cost of LES, the Reynolds Averaged Navier-

Stokes (RANS) approach (Ferziger and Peric, 2002) has become more popular. 

In this approach, only the average field is solved and turbulence is modeled. A 

widely used turbulence model is a two-equation model, the k- ε model (Launder 

and Spalding, 1972), which uses the kinetic turbulent energy (k) and its 

dissipation rate (ε) to compute the turbulent viscosity. The works from other 

authors using RANS reported here all use the k-ε model. Scargiali et al. (2007) 

simulated a gas-liquid stirred tank using CFX and the Sliding Grid (SG) 

technique (Perng and Murthy, 1992). In their Eulerian-Eulerian multiphase 

model (Spalding, 1985), both phases shared the same values of k and ε. The 

authors found that including lift and virtual mass forces does not change the 

results. The SG technique was also used by Deen et al. (2002) in their study of 

an aerated Rushton impeller. The authors report that the drag force is the most 

important one in these systems, and that the bubble induced turbulence should 

be taken into account, thus making the effective viscosity the sum of the 

molecular, turbulent and bubble induced turbulent viscosities. The free surface 

of a CSTR was studied by Serra et al. (2001). The authors also employed the 

SG technique, but this time using the Star CD software and the VOF model 

(Hirt and Nichols, 1981), instead of the Eulerian-Eulerian multiphase model. 

The range of rotation rate was between 70 and 280 rpm. The authors reported 

that macromixing is bad in low velocity regions found at the curved bottom, 

slightly downstream the baffles and near the free surface, although the one at 

the curved bottom may be destroyed by gas bubbles. Torre et al.(2007) studied 

the vortex shape in a partially baffled agitated vessel, with a Eulerian-Eulerian 

multiphase model and using the Multiple Reference Frame (MRF) technique 

(Luo et al. 1994), where a region of the computational domain, placed around 

the impeller, rotates with the same velocity that the impeller and the rest of 

the domain is static. Ranade (1997) studied a stirred vessel using a Rushton 

turbine. The computational software FLUENT (2009) was used with an 
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Eulerian-Eulerian multiphase model, and the Snapshot method (Ranade and 

Dommeti, 1996) was implemented through User Defined Functions (UDF). This 

method consists in adding a mass source term to the equations solved to model 

impeller motion. The author reports that there is an accumulation of gas 

behind the impeller blades, and that the hydrodynamics cannot be determined 

with a steady state approach. 

3.2. Physical model 

Figure 23 shows a sketch of the reactor without baffle, while the sketch 

in Figure 24 corresponds to the reactor with baffle. The shadowed surfaces 

correspond to solid elements (axis, blades, thermocouple, gas injector and 

baffle), with the outer wall left transparent in order to allow the inner elements 

to be displayed. There are six blades disposed equidistantly at 60º one from 

another. At the initial time there are 66 ml of liquid, with the rest of the non-

solid volume being gas. The axis is still at the initial time, and starts rotating 

accelerating progressively until the desired rotation rate is reached. The 

dimensions of the vessel and all the inner elements are shown in Table 8. Non-

slipping condition is imposed at all the walls, with the difference being that the 

axis and the blades are rotating, while the thermocouple, the gas injector, the 

baffle and the outer wall are static. 

 

Figure 23. Sketch of the reactor without 

baffle 

 

Figure 24. Sketch of the reactor with 

baffle 
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The fluids used in the validation part of the study are water and air at room 

temperature and atmospheric pressure. At those conditions, water density is 

considered to be 1000 kg/m3 and its absolute viscosity 10-3 Pa·s, while air 

density is taken as 1.2 kg/m3 and its absolute viscosity as 1.8·10-5 Pa·s. The rest 

of the simulations are performed with the actual fluids in the reactor, and their 

physical properties are evaluated at the operating conditions. The liquid 

density is 888.6 kg/m3 and its absolute viscosity 1.5·10-4 Pa·s, which correspond 

to water and air at 180ºC and 3.1 MPa (NIST Standard Reference Database 23, 

US Department of Commerce, 2007). 

 

Table 8. Reactor dimensions (mm) 

Vessel height  85.80 

Vessel diameter  42.20 

Axis height  76.10 

Axis diameter  12.50 

Blades height  12.07 

Blades width  5.24 

Thermocouple height  74.00 

Thermocouple diameter  3.15 

Gas injector height  48.80 

Gas injector width  3.15 

3.3. Mathematical and numerical models 

The set of equations that determines the behavior of the flow inside the reactor 

is shown in this section. Equation 3.1 corresponds to mass conservation, also 

known as the continuity equation, while momentum conservation is 

represented by Equation 3.2: 

 

 
0





x

ui
             Eq. 3.1 
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The turbulence model used in this study is the RNG k-epsilon model (FLUENT, 

2009), which models the last term of Equation 3.2 according to the Boussinesq 

hypothesis, shown in Equation 3.3. Equation 3.4 shows the expression for the 

transport of the turbulent kinetic energy (k), while Equation 3.5 represents the 

transport of the dissipation of the turbulent kinetic energy (ε). 
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 Eq. 3.5 

 

Where, 

 

Gk, turbulent kinetic energy generation due to mean velocity gradients 

Gb, turbulent kinetic energy generation due to buoyancy 

C1ε, C2ε, C3ε model constants 

αk, inverse effective Prandtl number for k 

αЄ, inverse effective Prandtl number for  

 

After an initial literature review, several numerical models were tested. As an 

example, the Sliding Grid (SG) and the Multiple Reference Frame (MRF) 

approaches were tried (Perng, and Murthy, 1992; Luo et al. 1994). It was found 

that the SG method was highly unstable, and the required time step to 

stabilize simulations was too small to obtain results in a reasonable time. On 
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the contrary, the MRF method was much more stable for the given conditions 

and representative results could be obtained in reasonable computational 

times. After this trial-and-error process, the reactor model used in this study 

followed the MRF approach, using a Eulerian multiphase model where 

equations are solved for each phase with constant physical properties, since 

neither chemical reactions nor heat transfer processes are considered at this 

stage of the project. 

In order to carry out the simulations with the axis and the blades rotating, two 

different systems of reference are used: one rotating with the rotation rate of 

the axis and another one static. A relative velocity (ur) is defined in the rotating 

system as the difference between the absolute velocity and the velocity of the 

rotational system. The equations of continuity and momentum for this system 

are shown, respectively, in Equations 3.6 and 3.7: 
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where the term w x ui corresponds to the Coriolis and centripetal accelerations. 

The numerical scheme used in the pressure-velocity coupling is a phase coupled 

SIMPLE, while equations are discretized using second order upwind schemes. 

The time step for the simulations is 0.001 s, while the grid consists of 

tetrahedral cells. A detail of the computational mesh is shown in Figure 25. 
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Figure 25. Detail of the computational mesh 

3.4. Validation with experimental data 

The first step was to perform simulations at a rotation rate of 900 rpm in 

a water-air system for the unbaffled reactor, in order to validate the numerical 

model with the experimental data. A mesh independence test was conducted, 

resulting in a grid of 1,030,845 tetrahedral computational cells fine enough to 

provide good results. Figure 26 shows the comparison between the numerical 

results and the experimental data. The lines plotted represent the shape and 

location of the free surface, taken in the numerical case as an isosurface of 

liquid volume fraction of 0.9. The horizontal axis corresponds to the reactor 

radius, while the vertical axis is the height. The blue line corresponds to the 

numerical results, while the red line corresponds to the experimental 

visualization. As it can be seen, the results provided by the simulation match 

the experimental data quite well. 
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Figure 26. Comparison of the free surface location between the  

numerical results and the experimental visualization 
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3.5. Results for the dynamic fields 

Once the numerical model was validated, simulations for the actual case 

were performed for both the baffled and unbaffled case at different rotation 

rates: 900, 1000, 1100, 1500, 2000 and 2500 rpm.  

3.5.1. Unbaffled reactor dynamic field 

The results obtained from these simulations show that the flow pattern 

is dominated by the axis rotation. An increase in rotation rate in the range 

studied results in the free surface being located at a higher position. This is 

shown in Figure 27, where an isosurface of liquid volume fraction of 0.9 for the 

six different rotation rates studied is displayed for the reactor without baffle. 

 

 

Figure 27. Isosurfaces of liquid volume fraction 0.9 for different rotation rates for the 

unbaffled reactor: (a) 900, (b) 1000, (c) 1100, (d) 1500, (e) 2000 and (f) 2500 rpm 
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Figure 28 shows contours of liquid volume fraction at a plane located at 12 mm 

(towards the reader) from the center of the vessel. The red color corresponds to 

liquid while the blue color corresponds to gas. The interphase can be clearly 

distinguished (in green and yellow tonalities) and its shape becomes sharper as 

the rotation rate increases. It is also worth noting, as Figure 28 shows, that for 

high rotation rate (1500, 2000 and 2500 rpm) there is a region surrounding the 

blades where gas is present (green and yellow tonalities) with volume fractions 

ranging between 0.3 and 0.6. This gas accumulation behind the blades is 

reported by some other authors (Scargiali et al.,2007; Ranade, 1997). Figure 29 

shows a top view of liquid volume fraction contours at a height equivalent to 

that of the initial liquid height before the impeller starts rotating. 

 

 

Figure 28. Contours of liquid volume fraction at a plane x=12 mm for different 

 rotation rates for the unbaffled reactor: (a) 900, (b) 1000,  

(c) 1100, (d) 1500, (e) 2000 and (f) 2500 rpm 
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Figure 29. Contours of liquid volume fraction at a plane z=52 mm for different rotation 

rates for the unbaffled reactor: (a) 900, (b) 1000, (c) 1100, (d) 1500,  

(e) 2000 and (f) 2500 rpm 

 

Velocity vectors at the same plane of x = 12 mm are shown in Figure 30 for all 

six rotation rates. The red vectors represent velocities of 0.7 m/s or larger, 

while blue vectors are close to being static. As expected, the largest velocities 

are located near the blades, and the larger the rotation rate is the faster the 

liquid moves. As it can be seen in Figure 30, the region with high velocities is 

larger at higher rotation rates. Figure 31 shows velocity vectors at a plane 

located at a z = 52 mm, equivalent to the liquid height at rest. 
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Figure 30. Velocity vectors at a plane x=12 mm for different rotation rates for the 

unbaffled reactor: (a) 900, (b) 1000, (c) 1100, (d) 1500, (e) 2000 and (f) 2500 rpm. 

 
Figure 31. Velocity vectors at a plane z=52 mm for different rotation rates for the 

unbaffled reactor: (a) 900, (b) 1000, (c) 1100, (d) 1500, (e) 2000 and (f) 2500 rpm 
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3.5.2. Baffled reactor dynamic field 

The simulations for the baffled reactor predict also a flow pattern 

dominated by rotation, as it happened for the case without baffle. However, the 

presence of the baffle results in the free surface breaking. Figure 32 shows 

isosurfaces of liquid volume fraction of 0.9 for different rotation rates, with the 

vertical red line representing the location of the baffle. As it can be seen in 

Figure 32, as the rotation rate increases, the free surface is more deformed and 

the interphase area between the gas and the liquid phases is larger. 

Figure 33 shows liquid volume fraction contours in a plane located at x=12 mm. 

Again, the red color corresponds to liquid while the blue color corresponds to 

gas. As it can be seen in Figure 33, as the rotation rate increases, the free 

surface deformation also increases. Another phenomenon which can be seen in 

Figure 33 is the formation of gas regions surrounding the blades (in yellow and 

green colors). These regions increase with the rotation rate, but also its gas 

volume fraction.  

  

Figure 32. Isosurfaces of liquid volume fraction 0.9 for different rotation rates for the 

baffled reactor: (a) 900, (b) 1000, (c) 1100, (d) 1500, (e) 2000 and (f) 2500 rpm 
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Figure 34 shows liquid volume fraction contours in a plane located at z=52 mm. 

As it can be seen from this top view, the baffle (wider black line) separates the 

liquid and gas phases, and as the rotation rate increases, more gas is present in 

this plane, due to the deformation of the free surface. 

 

 

 

Figure 33. Contours of liquid volume fraction at a plane x=12 mm for different rotation 

rates for the baffled reactor: (a) 900, (b) 1000, (c) 1100, (d) 1500, (e) 2000 and (f) 2500 

rpm 
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Figure 34. Contours of liquid volume fraction at a plane z=52 mm for different rotation 

rates for the baffled reactor: (a) 900, (b) 1000, (c) 1100, (d) 1500, (e) 2000 and (f) 2500 

rpm 

 

Figure 35 shows velocity vectors in a plane located at x=12 mm. The red color 

indicates velocities of 0.7 m/s or larger. As expected, vector velocities increase 

as the rotation rate increases, and the high speed region surrounding the 

blades grows with larger rotation rates. Figure 36 shows vector velocities in a 

plane located at z=52 mm. As it can be seen, as the rotation rate increases, the 

velocities in that plane are smaller. That is due to the fact that, at higher 

rotation rates, the free surface deformation is larger, and the gas occupies that 

space. 
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Figure 35. Velocity vectors at a plane x=12 mm for different rotation rates for the 

baffled reactor: (a) 900, (b) 1000, (c) 1100, (d) 1500, (e) 2000 and (f) 2500 rpm 

 

 
Figure 36. Velocity vectors at a plane z=52 mm for different rotation rates for the baffled 

reactor: (a) 900, (b) 1000, (c) 1100, (d) 1500, (e) 2000 and (f) 2500 rpm 
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3.6. Mass transfer 

Results for mass transfer between the phases are obtained by coupling 

the results of the numerical simulations and the experimental results. The 

amount of bubbles and their sizes are retrieved from the flow visualizations 

and then, a Lagrangian tracking is performed for the bubbles which are 

released into the dynamics fields obtained in the simulations. Three different 

flow regimes are observed in the flow visualizations, depending on rotation rate 

and the presence of the baffle. In the first regime, no bubbles are formed, so the 

only mass transfer occurs at the free surface. In the second regime, bubbles 

form and move into the liquid, leading to mass transfer both in the free surface 

and in the surface of the bubbles. In the third regime, emulsions are formed. So 

three different types of correlations are used to compute mass transfer rates: 

mass transfer at the free surface, mass transfer from the surface of the bubbles 

to the liquid and mass transfer within emulsions. 

The overall mass transfer is defined as 

 CkAm   Eq. 3.8 

where k is the overall mass transfer coefficient in m/s, A is the surface where 

mass transfer takes place in m2 and ΔC is the concentration difference at both 

sides of the surface in kg/m3. 

3.6.1. Mass transfer at the free surface 

The mass transfer coefficient at the free surface is computed following 

the correlation proposed by Kozinski and King (1966): 
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 Eq. 3.9 

where kL is the mass transfer coefficient in cm/min, ε is the rate of energy 

dissipation per unit volume in g/cm min3, μ is the liquid viscosity in g/cm min, ρ 

is the liquid density in g/cm3 and D is the diffusivity in cm2/min. The rate of 

energy dissipation is obtained from the hydrodynamic simulations. The mass 
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transfer rate on the free surface is then obtained by multiplying the mass 

transfer coefficient by the free surface area (also obtained from the 

simulations). 

3.6.2. Mass transfer from the bubbles 

The mass transfer coefficient on the surface of the bubbles is related to 

the Sherwood number (Sh), molecular diffusivity (D) and bubble diameter (db) 

as shown in Equation 3.10: 

 

b

b
d

ShD
k   Eq. 3.10 

Bubble diameter is obtained from the experimental visualizations, while the 

Sherwood number is computed using equation 3.11 (Cift et al.,1978): 
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 Eq. 3.11 

where Re is the particle Reynolds number obtained in the numerical 

simulations using Lagrangian particle tracking where bubbles are released 

from the free surface and tracked over time and Pe is the Péclet number: 

 ScPe Re  Eq. 3.12 

and the Schmidt number (Sc) is the ratio between kinematic viscosity and 

diffusivity: 

 
D

Sc


  Eq. 3.13 

The mass transfer rate is then obtained by multiplying the mass transfer 

coefficient at the surface of the bubble by the bubble surface area and the 

number of bubbles measured in the experiments. 
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3.6.3. Mass transfer within emulsions 

The mass transfer coefficient within the emulsion is estimated using the 

following correlation (Boltes et al., 2008): 
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 Eq. 3.14 

where Vs is the gas slip velocity, g is the gravitational acceleration and θ is the 

gas volume fraction, estimated from the experimental visualizations. The gas 

slip velocity is computed using the following equation (Harmathy, 1960): 
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 Eq. 3.15 

where Vs is in cm/s, g in cm/s2, Δρ is the density difference between the gas and 

liquid phases in g/cm3, σ is the surface tension in dyn/cm and ρL is the liquid 

density in g/cm3. The physical properties are evaluated at T=180ºC and 3.1 

MPa and extracted from the NIST Standard Reference Database (US 

Department of Commerce, 2007).  

The mass transfer rate within the emulsion is obtained by multiplying the 

mass transfer coefficient by the interfacial area between the phases within the 

emulsion, which is estimated from the experimental visualizations. 

3.6.4. Mass transfer rates 

Using the equations presented in the three previous sections, the overall 

mass transfer rates for both hydrogen and carbon monoxide for each case are 

computed. Table 9 corresponds to the results obtained for the reactor without 

baffle and Table 10 shows the results for the reactor with baffle. Subscripts b, s 

and e refer to bubble, free surface and emulsion, respectively. As it can be seen 

in Table 9, the flow regime changes somewhere between 1000 and 1500 rpm for 

the unbaffled reactor. Up to 1000 rpm the bubbly flow is observed, but from 

1500 rpm onwards it becomes an emulsion.  
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Table 9. Results for the reactor without baffle 

 1000 rpm 1500 rpm 2000 rpm 2500 rpm 

Regime 
Bubbly 

flow 
Emulsion Emulsion Emulsion 

Bubble diameter (mm) 0.56 0.28 0.16 0.1 

Number of bubbles 1.20·105 2.00·106 107 3.80·107 

Total area of bubbles (m2) 1.19·10-1 4.77·10-1 8.32·10-1 1.28 

Free surface area (m2) 4.15·10-3 - - - 

kb H2 (m/s) 6.37·10-4 - - - 

kb CO (m/s) 4.27·10-4 - - - 

kb Ab H2 (m3/s) 7.56·10-5 - - - 

kb Ab CO (m3/s) 5.08·10-5 - - - 

ks H2 (m/s) 2.66·10-4 - - - 

ks CO (m/s) 1.46·10-4 - - - 

ks ASL H2 (m3/s) 1.10·10-6 - - - 

ks ASL CO (m3/s) 6.08·10-7 -- - - 

ke H2 (m/s) - 5.53·10-5 5.53·10-5 5.53·10-5 

ke CO (m/s) - 3.71·10-5 3.71·10-5 3.71·10-5 

ke Ae H2 (m3/s) - 2.64·10-5 4.60·10-5 7.09·10-5 

ke Ae CO (m3/s) - 1.77·10-5 3.09·10-5 4.76·10-5 

kA H2 (m3/s) 7.67·10-5 2.64·10-5 4.60·10-5 7.09·10-5 

kA CO (m3/s) 5.14·10-5 1.77·10-5 3.09·10-5 4.76·10-5 

 

For the bubbly flow, the mass transfer from the free surface can be 

neglected when compared to the mass transfer from the bubbles. The ratio of 

the mass transfer rates from the bubbles to the mass transfer rate from the 

free surface is approximately 68 and 83 at 1000 rpm for the hydrogen and 

carbon monoxide, respectively. However, for the emulsion, the mass transfer 

coefficient remains unchanged when changing the rotation rate in the range 

comprised between 1500 and 2500 rpm. The mass transfer coefficient is smaller 
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for the emulsion than for the bubbly flow. However, the overall mass transfer 

rate is of the same order of magnitude, because of the larger interphase area 

within the emulsion. At 2500 rpm, the overall mass transfer within the 

emulsion is similar to that of the bubbly flow at 1000 rpm, although still lower. 

Table 10 shows the results for the baffled reactor. It is worth noting that 

the presence of the baffle prevents the formation of an emulsion even at high 

rotation rates. The amount of bubbles increases when increasing rotation rate, 

while the bubble diameter decreases. Still, the total surface area of bubbles is 

larger for higher rotation rates. The mass transfer rate from the free surface is 

also negligible when compared to the one from the bubbles. The ratios for both 

mass transfer rates for hydrogen are 45, 27, 33 and 52 at 1000, 1500, 2000 and 

2500 rpm, respectively. For the carbon monoxide those ratios are 55 at 1000 

rpm, 33 at 1500 rpm, 41 at 2000 rpm and 64 at 2500 rpm. 

In order to compare all cases, the overall mass transfer rates are plotted 

in Figures 37 and 38. These overall mass transfer rates are the result of the 

addition of the mass transfer rates from the bubbles and from the free surface 

in the bubbly flow regime, and the emulsion when such a regime exists. Figure 

37 shows the overall mass transfer rate for the hydrogen. As it can be seen, the 

case providing a larger overall mass transfer coefficient is the baffled reactor at 

2500 rpm, followed by the same system rotating at 2000 rpm and the unbaffled 

reactor rotating at 1000 rpm, just before the emulsion is formed. Figure 38 

shows the overall mass transfer rate for the carbon monoxide.  

As it happened with the hydrogen, the case leading to a larger overall 

mass transfer is the baffled reactor rotating at 2500 rpm. From the data 

gathered in this study, it can be inferred that for the same rotation rate, the 

unbaffled reactor provides a larger mass transfer rate as long as the bubbly 

flow is kept (30% larger). Once the emulsion forms, the mass transfer drops (up 

65%). Therefore, up to the critical rotation rate where the emulsion forms 

(somewhere between 1000 and 1500 rpm), the unbaffled reactor is a better 

option, while the baffled reactor provides larger mass transfer rates above that 

critical rotation rate. 
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Table 10. Results for the reactor with baffle 

 1000 rpm 1500 rpm 2000 rpm 2500 rpm 

Regime 
Bubbly 

flow 

Bubbly 

flow 

Bubbly 

flow 

Bubbly 

flow 

Bubble diameter (mm) 0.55 0.47 0.42 0.38 

Number of bubbles 7.70·104 1.55·105 3.10·105 6.30·105 

Total area of bubbles (m2) 7.25·10-2 1.05·10-1 1.68·10-1 2.85·10-1 

Free surface area (m2) 4.15·10-3 6.75·10-3 8.03·10-3 7.25·10-3 

kb H2 (m/s) 7.18·10-4 5.94·10-4 6.10·10-4 6.01·10-4 

kb CO (m/s) 4.82·10-4 3.99·10-4 4.10·10-4 4.04·10-4 

kb Ab H2 (m3/s) 5.20·10-5 6.27·10-5 1.02·10-4 1.71·10-4 

kb Ab CO (m3/s) 3.49·10-5 4.21·10-5 6.88·10-5 1.15·10-4 

ks H2 (m/s) 2.75·10-4 3.43·10-4 3.83·10-4 4.52·10-4 

ks CO (m/s) 1.52·10-4 1.89·10-4 2.11·10-4 2.49·10-4 

ks As H2 (m3/s) 1.14·10-6 2.32·10-6 3.07·10-6 3.28·10-6 

ks As CO (m3/s) 6.29·10-7 1.27·10-6 1.69·10-6 1.81·10-6 

kA H2 (m3/s) 5.32·10-5 6.51·10-5 1.05·10-4 1.75·10-4 

kA CO (m3/s) 3.56·10-5 4.34·10-5 7.05·10-5 1.17·10-4 
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Figure 37. Overall mass transfer rates for the hydrogen 

 

 

Figure 38. Overall mass transfer rates for the carbon monoxide 
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4. Conclusions 

The flow in the reactor model has been visualized and characterized at 

rotation rates up to 1721 rpm. The reactor with or without baffle has been 

considered. It has been determined experimentally that the amount of bubbles 

inside the reactor increases with the rotation rate (), while the bubble size 

decreases. Typical bubble diameters range from 0.2 mm to 0.7 mm. The mean 

measured bubble diameter was compared with that predicted by correlations 

found in the literature for similar reactors, and the differences are about 8 %. 

Experimentally three flow regimes have been observed. At low rotation rates 

bubbles are not observed and the liquid phase and the gas phase are separated 

by a well-defined interphase which is deformed vertically by rotation. At larger 

rotation rates gas bubbles are observed within the liquid phase. An emulsion is 

formed for rotation rates between 1000 and 1400 rpm for the unbaffled 

configuration, while bubbly flow is observed for the baffled configuration in the 

whole range of rotation rates studied (up to 1721 rpm). In general at the same 

rotation rate the number of bubbles is smaller in the baffled configuration than 

in the unbaffled configuration. 

Numerical simulations with the multiple reference frame technique were 

conducted. The simulations predict correctly the shape of the interphase 

observed experimentally. Bubbles with the experimentally measured diameter 

were tracked numerically to determine the particle Reynolds number. Mass 

transfer rates of hydrogen and carbon monoxide were estimated with 

conventional mass transfer correlations for particles using the computed 

particle Reynolds number. 
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For the reactor with the baffle the emulsion is not observed in the range of 

rotation rates considered. In this case predictions indicate that the mass 

transfer rates of hydrogen (H) and carbon monoxide (CO) from the gas phase to 

the liquid phase increase with the rotation rate. For example the increase of 

the rotation rate from 1000 rpm to 2500 rpm increases the mass transfer 

coefficient of H or CO by a factor of 3.3. 

For the unbaffled configuration there is a reduction, of about 65%, of the mass 

transfer rates from the bubble regime at 1000 rpm to the emulsion at 1400 

rpm. The increase of the rotation rate in the emulsion regime produces the 

augmentation of the mass transfer rate by a factor of 2.7 from 1500 rpm to 

2500 rpm. 

The comparison of the unbaffled and baffled configurations shows that at 1000 

rpm, at which the bubbly regime is observed in both configurations, the mass 

transfer rate is about 30% larger for the unbaffled configuration. In the range 

1500≤≤2500 rpm, the baffled configuration (bubbly flow) shows larger mass 

transfer rates than the unbaffled configuration (emulsion). 

Some experiments were conducted for three phase flows (air-water-heptane) 

and the flow behavior was analyzed. Different compositions of the liquid 

mixture and rotation rates were studied. The three-phase system shows 

different behaviors depending on the composition and rotation rate. At Ω=606 

rpm, for the pure fluids (heptane or water) no air bubbles are observed in the 

liquid phases. At this rotation rate and for a 15/85 water/heptane mixture 

water drops can be seen within the heptane. A liquid-liquid emulsion is formed 

for 50/50 and 85/15 water/heptane mixtures. At Ω=1371 rpm and pure 

composition of the liquid phase air bubbles are observed. The mean diameter of 

the air bubbles depends on the composition, ranging from 1.114±0.052 mm for 

pure heptane to 0.479±0.017 mm for pure water. In the case of mixtures it is 

not clear if air bubbles are distributed within the liquid phases since the 

visualization cannot differentiate between air bubbles or water drops. 

The direct quantitative extrapolation of these conclusions to the real operating 

conditions of the reactor has to be made with care. It should be noted that the 
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simulations have been performed with the physical properties of the fluids used 

in the real operation of the actual reactor but the sizes and amount of bubbles 

are obtained from experiments performed with air and water. In any case the 

three flow regimes observed experimentally in the air-water system are likely 

to exist in the real reactor but probably in different ranges of rotation rates. 
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5. Future work 

The estimation of the mass transfer rates has been carried out using 

correlations since the experimental setup used did not allowed the direct 

measurement of the mass transfer rates. An interesting possibility to evaluate 

the accuracy of the predicted mass transfer rates would be the construction of a 

new experimental setup equipped with instrumentation able to measure the 

concentration of a gas component within the liquid phase.  

Some preliminary experiments have been carried out for the heptane-water-air 

system. A deeper and more complete study of the behavior of this system can be 

of interest to understand the real operation of the reactor. 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



  

 47 

 

6. References  

Alcamo, R., Micale, G., Grisafi, F., Brucato and A., Ciofalo, M. 2005. Large-

eddy simulation of turbulent flow in an unbaffled stirred tank driven by a 

Rushton turbine. Chemical Engineering Science 60, 2303-2316. 

Arlov, D., Revstedt, J. and Fuchs, L. 2008. Numerical simulation of a gas-liquid 

Rushton stirred reactor – LES and LPT. Computers & Fluids 37, 793-801. 

Berje, J.,  Schedemann,  A..,  Gmehling J. 2011. Liquid densities of acetone and 

n-heptane and excess volumes of the binary system in a wide temperature and 

pressure range. Fluid Phase Equilibria 300, 110–115. 

Boltes, K., Caro, A., Leton, P., Rodriguez, A. and Garcia-Calvo, E. 2008. Gas-

liquid mass transfer in oil-water emulsions with an airlift bio-reactor. Chemical 

Engineering and Processing, 47, 2408-2412. 

Cift, R., Grace, J.R. and Weber, M.E. 1978. Bubbles, drops and particles. 

Academic Press, London. 

Deen, N.G., Solberg, T. and Hjertager, B.H. 2002. Flow generated by an 

aerated Rushton impeller: Two-phase PIV experiments and numerical 

simulations. The Canadian Journal of Chemical Engineering 80, 1-15. 

Ferziger, J.H. and Peric, M. 2002. Computational methods for fluid dynamics. 

3rd ed. Springer-Verlag, Berlin, Germany. 

FLUENT 12.0 Documentation. 2009. ANSYS Inc. Lebanon, NH, USA. 

Harmathy, T.Z. 1960. Velocity of large drops and bubbles in media of infinite or 

restricted extent. AIChE Journal, 6, 2, 281-288. 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



  

48 

Hirt, C.W. and Nichols, B.D. 1981. Volume of fluid (VOF) method for the 

dynamics of free boundaries. Journal of Computational Physics 39, 201-225. 

Kozinski, A.A. and King, C.J. 1966. The influence of diffusivity on liquid phase 

mass transfer to the free interface in a stirred vessel. AIChE Journal 12, 1, 

109-116. 

Launder, B.E. and Spalding, D.B. 1972. Lectures in mathematical models of 

turbulence. Academic Press, London, England. 

Luo, J.Y., Issa, R.I. and Gosman, A.D. 1994. Prediction of impeller-induced 

flows in mixing vessels using multiple frames of reference. IchemE Symposium 

Series 136, 549-556. 

Nagata, S. 1975. Mixing. Principles and applications. John Wiley & Sons, New 

York. 

Perng, C.Y. and Murthy, J.Y. 1992. A moving mesh technique for the 

simulation of flow in mixing tanks. AIChE Annual Meeting, Miami, FL, 109b. 

Ranade, V.V.  1997. An efficient computational model for simulating flow in 

stirred vessels: a case of Rushton turbine. Chemical Engineering Science 52, 

4473-4484. 

Ranade, V.V. and Dommeti, S. 1996. Computational snapshot of flow generated 

by axial impellers in baffled stirred vessels. Chemical Engineering Research 

and Design 74, 476-484. 

Scargiali, F., D'Orazio, A., Grisafi, F. and Brucato, A. 2007. Modelling and 

simulation of gas-liquid hydrodynamics in mechanically stirred tanks. Trans 

IChemE, Part A, Chemical Engineering Research and Design 85 (A5), 637-646. 

Serra, A. Campolo, M. and Soldati, A. 2001. Time-dependent finite-volume 

simulation of the turbulent flow in a free-surface CSTR. Chemical Engineering 

Science 56, 2715-2720. 

Smagorinsky, J. 1963. General circulation experiments with the primitive 

equations. Monthly Weather Review 91, 99-165. 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 



  

 49 

Spalding, D.B. 1985. Computer simulation of two-phase flows (R.W. Lewis. 

Computational techniques in heat transfer). Ed. Pineridge Press, Swansea, UK. 

Torré, J.P., Fletcher, D.F., Lasuye, T. and Xuereb, C. 2007. An experimental 

and computational study of the vortex shape in a partially baffled agitated 

vessel. Chemical Engineering Science 62, 1915-1926. 

Watson, G., Zéberg-Mikkelsen,C.K.,  Baylaucq, A. and  Boned, C. 2006. J. 

Chem. Eng. Data 51, 112-118.  

Yeoh, G.H. and Tu, J. 2009. Computational techniques for multiphase flow. 

Elsevier. 

Zéberg-Mikkelsen,C.K., Watson, G., Baylaucq, A., Galliéro, G. and  Boned, C. 

2006. Comparative experimental and modeling studies of the viscosity behavior 

of ethanol +C7 hydrocarbon mixtures versus pressure and temperature. Fluid 

Phase Equilibria 245, 6–19.  

 

UNIVERSITAT ROVIRA I VIRGILI 
COBALT NANOPARTICLES FOR FISCHER-TROPSCH SYNTHESIS: FROM COLLOIDAL TO WELL-DEFINED SUPPORTED NANOCATALYSTS 
Jorge Alonso  Delgado Delgado 
Dipòsit Legal: T 976-2015 


	TapaTesisJorge_v3_soft.pdf
	JADelgado_Thesis_v1.pdf
	00_Portada and initial pages, table contents_VersionCorta_no_aknowledge.pdf
	1_Chapter I_desp_v6.pdf
	2_Chapter II_objectives_v1.pdf
	3_Chapter III-experimental modelization_v3.pdf
	4_Chapter IV_v5.pdf
	5_Chapter V_solvents_v1_VersionLarga.pdf
	6_Chapter VI_size effect_v5.pdf
	7_Chapter VII_polymers_v7.pdf
	8_Chapter VIII_conclusions and last pages.pdf
	TOTAL_FinalReport_revised_B5_v2.pdf




