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Abstract: The effect of K on 20%Co/0.5%Re/γ-Al2O3 Fischer–Tropsch catalysts with two different
cobalt particle sizes (small, in the range 6–7 nm and medium size, in the range 12–13 nm) was
investigated. The catalyst with the smaller cobalt particle size had a lower catalytic activity and C5+

selectivity while selectivities towards CH4 and CO2 were slightly higher than over the catalyst with
larger particles. These effects are ascribed to lower hydrogen concentration on the surface as well
as the lower reducibility of smaller cobalt particles. Upon potassium addition all samples showed
decreased catalytic activity, reported as Site Time Yield (STY), increased C5+ and CO2 selectivities,
and a decrease in CH4 selectivity. There was no difference in the effect of potassium between the
sample with small cobalt particles compared to the sample with medium size particles). In both cases
the specific activity (STY) fell and the C5+ selectivity increased in a similar fashion.
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1. Introduction

Biomass to liquid (BTL) via gasification and integrated Fischer–Tropsch synthesis (FTS) is an
attractive process for the production of green diesel and jet fuel [1]. The first step involves biomass
gasification to produce syngas (CO + H2) [2]. It was reported [3] that impurities in biomass feedstocks
and partial gasification can lead to contaminants (such as: tars, alkali, HCN, H2S, etc.) in the produced
syngas, which might cause catalyst deactivation and other problems downstream. Therefore, a series
of cleaning steps must be applied to fulfil the requirement for pure gas before entering the FTS
reactor [4]. Alkali salts (mainly potassium) are the dominant salts in fly ash composition after biomass
gasification [5]. Due to poor plant design or imperfections in the cleaning section, these alkali salts
might be present in the gas when entering the FTS section [6]. It was previously reported that alkali
has a strong negative effect on FTS activity on Co-based catalyst [7–12]. Poisoned samples were
characterized carefully, but none of the standard techniques applied showed significant differences
between the reference (unpoisoned) and poisoned samples. Hence, the catalyst loss in activity and
changes in selectivity that was observed were explained by the hypothesis that potassium is able
to move to the cobalt sites responsible for FTS when reactions or the pre-treatment conditions are
reached [11–13]. The mobility of potassium species under reaction conditions has been demonstrated
in other systems [14], where the transport mechanism was suggested to involve OH-groups on the
surface. Once the potassium reaches the cobalt particles there are very low barriers against transport on
the cobalt surface, as calculated using DFT, and the adsorption of K is favourable on all sites, including
sites such as the B5 and B6 sites often considered active sites for the FTS [15].

The effect of Co particle size on cobalt-based FT catalysts have been studied extensively [16–19].
A decreased turnover frequency (TOF) and increased methane selectivity has been found for FTS
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experiments (performed at 1 and 35 bar (H2/CO = 2)) for catalysts with Co particles smaller than
around 6 nm [18]. With decreasing Co particle size the fraction of sites that are less coordinated (like
steps, kinks, edges, and corners [20]) increases.

To better understand the nature of the effects reported on the cobalt-based FTS catalysts upon
alkali addition, here we report an investigation of the effect of potassium on alumina-supported cobalt
catalysts containing small or medium sized cobalt particles. A difference in the behavior could give
information on the nature of K poisoning, and on the role of various sites on the cobalt surface.

2. Results

Two alumina-supported catalysts, with different cobalt particle sizes, were prepared using the
incipient wetness impregnation technique. During the impregnation process, the pores of the support
are filled with the active metal solution by means of capillary forces. Thus, the particle size of the
active metal is determined during the drying procedure [21]. To be able to alter the particle size of
the active metal, one needs to use support with the wider pores, like α-Al2O3, since the wider pores
will consequently give a bigger particle size. By mixing the solvent (water) with ethylene glycol (EG)
during the impregnation step, a smaller cobalt particle size was achieved. In this way, the cobalt
particle size was successfully altered without changing the composition of the active material or the
physical properties of the support material. A summary of the characterization results is presented in
Table 1. Both the X-ray diffraction (XRD) and H2-chemisorption experiments showed decreased particle
size for the catalyst prepared using EG (Cat2). This catalyst (Cat2) showed higher dispersion (15.6
%) and consequently reduced particle size compared to the Cat1 (D = 7.7 %) (prepared without EG)
measured by H2-chemisorption. XRD measurements confirmed the reduction in Co3O4 particle size
from ~15 nm to ~5 nm upon ethylene glycol addition. The XRD profiles of all the catalyst with different
potassium loadings are illustrated in Figures 1 and 2. All the samples showed existence of the cubic
Co3O4 and Al2O3 phases, while potassium is not visible due to the low concentration. No difference
can be detected in the size or shape of the peaks regardless of potassium concentration, Figure 1. Upon
EG addition, all the Co3O4 peaks are broadened and less pronounced, while the Al2O3 peaks become
sharpened and more pronounced, Figure 2. This is in agreement with previously published work
where cobalt particle size was also altered using EG [16,17]. It was explained by EG acting mainly as a
surfactant, thus increasing the wetting ability of the cobalt salt solutions. Borg et al. [17] showed, using
transmission electron microscopy (TEM) images, that Co3O4 crystallites appeared in aggregates with
dimensions above 100 nm with pure water as a solvent, while the aggregates were absent when EG
was used.

Table 1. Characterization results.

Catalyst K Impurity
(ppm) D a (%) d(Co0) b

(nm)
BET Surface
Area c (m2/g)

Average Pore
Diameter (nm)

Pore Volume
(cm3/g)

d(Co3O4) d

(nm)
d(Co0) d

(nm)

Cat1 6 7.7 12.5 145 13.7 0.60 14.8 11.1
Cat1 551 7.7 12.5 137 12.2 0.46 15 11.3
Cat1 902 7.3 13.3 137 12.4 0.47 17.2 12.9
Cat2 15 15.6 6.2 143 12.2 0.52 4.9 3.7
Cat2 471 14.3 6.7 143 12.4 0.53 4.6 3.5
Cat2 886 15.1 6.4 152 10.6 0.48 4.8 3.6

a Standard deviation 3.3%; b Found by H2-chemisorption; c Standard deviation 4.7%; d Found by X-ray diffraction
(XRD) experiments.

Upon alkali addition, no significant differences are observed between Cat1 and Cat2. The measured
potassium loadings are close to the nominal values. The low level measured for the samples without
added potassium is due to the support containing traces of K. The particle size estimates did not change
upon the addition of potassium. All the catalysts showed almost the same surface area (~140 m2/g),
pore size (~0.5 nm), pore volume (~12 cm3/g), regardless of the EG or K loading, the deviations
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being within experimental error. These catalyst morphological findings are similar to our previously
published work with alkali poisoning [11].
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Temperature-programmed reduction (TPR) profiles of the catalysts Cat1 and Cat2 with different K
loadings are presented in Figure 3. All the samples showed a typical reduction profile often observed
for alumina supported Co catalyst [22]. The small first peak (around 220 ◦C) visible for some of the
catalysts represents the reduction and removal of residual nitrates from the cobalt precursor [23].
Two main peaks at ~330 ◦C and ~430 ◦C are referred to the transition from Co3O4 to CoO and CoO to
metallic Co, respectively [22]. The peak temperature of the first reduction peak was slightly decreased
to ~290 ◦C, while the second reduction peak was shifted to slightly higher temperatures (~490 ◦C)
for the catalyst prepared with EG. This is related to the particle size effect, indicating a more difficult
reduction to metallic cobalt, which was earlier reported by Jacobs et al. [24]. A lower degree of reduction
has also been reported for cobalt-based FT catalysts of similar particle sizes [17,25]. A slight shoulder
can be seen on the second reduction peak for the catalyst prepared with EG. Borg et al. [26] ascribed
this phenomenon to a larger spread in the particle size distribution, indicating a large variation in the
degree of interaction between particles and the support. There is no difference upon K addition, all
the samples follow the same trend as the unpoisoned catalysts, which is a similar observation as in
previously published work focusing on medium-sized cobalt particles only [9,12].
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The Fischer–Tropsch activity and selectivity results are presented in Table 2. Catalyst activity
measured as STY was found to be 0.054 to 0.027 s-1 for the Cat1 and Cat2 catalysts with Co particle
sizes of ~13 and ~6 nm respectively. The smaller cobalt particles also give significantly lower C5+

selectivity and higher CH4 and CO2. It is previously reported that catalyst activity on supported cobalt
catalysts is considered independent of cobalt dispersion [27] and support identity [28], but this only
holds for larger cobalt particles. Bezemer et al. [18] reported a strong influence of the cobalt particle
size (in the range 3 to 8 nm) on both the cobalt site-time yield and the C5+ selectivity using carbon
nanofibers as a support. The cobalt particle size effect was explained as a combination of CO-induced
surface reconstruction and non-classical structure sensitivity. In the present work, γ-alumina is used as
the catalyst support, and we observe the same particle size effect on the catalyst activity and selectivity,
in agreement with Borg et al. [17]. Wang et al. [29] showed that for very small Co particles (1.4–2.5 nm),
the Co surface was readily oxidized by water vapor, while for the larger Co particles (3.5–10.5 nm),
such oxidation was not evident. This was confirmed by Azzam et al. [30] where the poor catalyst
activity and higher CH4 and CO2 selectivities for the very small particles (1 nm) was ascribed to
catalyst oxidation by water. However, in the present work the particle size is in the range 6–13 nm
indicating that oxidation is not the reason for the dramatic effect in the specific activity. Yang et al. [16]
also reported increased turnover frequency (TOF) with increasing cobalt particle size. They explained
the effect by the increased CO coverage which is directly proportional with increasing Co particle size.
Den Brejeen et al. [31] reported, using SSITKA experiments, that small cobalt particles have higher
coverage of ‘irreversible’ adsorbed CO, which can block the surface and lead to lower activity, while
the coverage of H is increased which leads to more methane production.

The activity decreases severely upon increased K loading for both catalysts. The loss in specific
activity with the potassium loading is similar for the two samples, losing approximately 30% of the
activity with the highest K loading. The changes in catalytic activity are similar to those observed
previously [9–13].

Also in terms of selectivity is there little difference in the response to the potassium loading
between the two samples. Both catalysts showed increased C5+ and CO2, and decreased CH4 selectivity
upon K addition. Hence, the effect of potassium is the same independent of the cobalt particle size in
the range investigated here.

The main conclusion from this work is that K effects the cobalt based catalyst in the same way for
two distinctly different cobalt particle sizes. Although the catalyst with smaller particle size (Cat2)
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showed lower activity and a poorer selectivity, the K effect appears to be independent of Co particle
size. We have previously shown that step sites are preferred sites for CO and K adsorption [15], but
the difference between facets is small and the adsorption of K is energetically favored on all sites on
the cobalt surface. The smaller particles investigated here are likely to have a slightly larger fraction of
step and edge sites, but the difference is perhaps not large enough to be significant.

Table 2. Catalytic activity reported as site time yield (STY) and selectivities to C5+, CH4 and CO2 with
different catalyst and potassium loadings (Calculation procedures see the Supplementary Materials).

Catalyst K (ppm) STY (s-1) a C5+ (%) CH4 (%) CO2 (%)

Cat1 6 0.054 85.4 7.3 0.16
Cat1 551 0.041 86.6 6.8 0.23
Cat1 902 0.039 86.3 6.7 0.40
Cat2 15 0.027 79.3 10 0.23
Cat2 471 0.022 83.1 9.5 0.39
Cat2 886 0.019 81.0 9.2 0.55

a Standard deviation ± 7%.

3. Materials and Methods

The 20%Co/0.5%Re/γ-Al2O3 catalyst was prepared using a one-step incipient wetness
impregnation of an aqueous solution of Co(NO3)·6H2O and HReO4 [10]. The catalyst support
was from Sasol (Puralox γ-alumina). The catalyst was then dried in a stationary oven at 120 ◦C for 1 h.
The calcination procedure in flowing air in a fixed bed quartz reactor at 300 ◦C for 16 h, using a ramp
rate of 2 ◦C/min was applied after drying. Finally, the oxidized catalyst precursors were sieved to a
particle range of 53–90 µs. The prepared catalyst should be free from impurities, but by analysis a
small amount of K was found in the support (6 and 15 ppm) [26]. In order to achieve different particle
sizes, a method using mixtures of distilled water and ethylene glycol (EG) in the impregnation solution
was used [17]. One sample was prepared using only water as the solvent (Cat1), the second sample
was prepared using a mixture of 80 wt% water and 20 wt% EG (Cat2), the latter sample is expected to
have a smaller cobalt particle size. These two samples (in their calcined state) were post-impregnated
with 500 and 1000 ppm of potassium in the form of KNO3 dissolved in deionized water. Inductively
coupled plasma–mass spectrometry (ICP–MS) was used to analyze the amount of potassium present
in the catalysts. The catalysts samples were dried and calcined using the same conditions both after
the initial preparation and after post-impregnation with potassium.

In order to determine surface area, pore volume and average pore diameter of the prepared
catalysts, a Tristar II 3020 was used to perform a volumetric adsorption of N2. Prior to the measurement
at liquid nitrogen temperature, the catalyst samples (~70 mg, 53-90 µm) were outgassed in vacuum,
first at room temperature for 1h and then at 200 ◦C overnight. For calculation of the surface area the
Brunauer–Emmet–Teller (BET) [32] isotherm was used while to determine a pore volumes and average
pore diameters of the samples the Barret–Joyner–Halenda (BJH) [33] method was applied.

H2-chemisorption was carried out using a Micromeritics ASAP2010 unit. The catalyst sample
(0.2 g) was placed between quartz wool wads and loaded in the chemisorption reactor. Before the
measurements, the sample was reduced in flowing hydrogen at 350 ◦C for 16h with a ramping rate of
60 ◦C/h After reduction, the analysed samples were cooled to 30 ◦C under vacuum. Chemisorption data
was obtained at 30 ◦C between 0.020 and 0.667 bar H2 pressure. It was presumed that for each surface
cobalt atom there was one H chemisorption site and that neither Re, K nor the support contributed to
chemisorption. The particle sizes (in nm) were estimated using the following equation [34], where D is
cobalt dispersion in %:

d
(
Co0
)
=

96.2
D

TPR experiments were carried out in the Altamira AMI-300RHP. The catalyst sample (100 mg)
was loaded between wads of quartz wool and placed in a quartz u-tube reactor. Prior the measurement,
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the catalyst was treated in inert gas at 200 ◦C. The catalyst was then reduced in hydrogen flow (7%
H2/Ar 50 ml/min) to a temperature of 700 ◦C with a ramp rate of 10 ◦C/min. Finally, the samples were
cooled down to ambient temperature.

A D8 DaVinci-1 X-ray Diffractometer with CuKα radiation was used for all XRD experiments.
The analysis was run for 60 min for each catalyst sample, examining a range of 2θ from 10 to 75◦ at a
step size of 0.013◦ while using the X-ray source at 40 kV and 40 mA. The average cobalt oxide crystallite
thickness was calculated by Scherrer’s equation [35] using the (311) Co3O4 peak located at 2θ = 36.8◦,
and applying a K-factor of 0.89. Subsequently, the metallic cobalt particle size was estimated using the
relative volume contraction between Co3O4 and metallic cobalt [36]:

d
(
Co0
)
= 0.75d(Co3O4)

Fischer–Tropsch experiments wer perfomed in 10 mm ID steel tube fixed bed reactor at industrially
relevant conditions (210 ◦C, 20 bar and a H2/CO ratio of 2.1). The catalyst samples (1 g) were mixed
with inert SiC (20 g) and loaded between quartz wool wads to fix the location in the reactor. To improve
the heat distribution, aluminium blocks were placed around the reactor. The reactor was then placed in
an electrically heated furnace. Before hydrogen reduction, a leak test with He was performed. The in
situ reduction was carried out at 350 ◦C for 10 h with a ramp rate of 1 ◦C/min from ambient temperature.
After reduction, the samples were cooled to 170 ◦C. Prior to the syngas introduction (250 Nml/min),
He was used to build up a pressure to 20 bar. The temperature program was set to increase the
temperature first from 170 to 190 ◦C and then to the final temperature of 210 ◦C with ramping rates of
20 ◦C/min and 5 ◦C/min, respectively. Liquid Fischer–Tropsch products were separated in a hot trap at
∼87 ◦C and a cold trap at ambient temperature. Wax was collected in the hot trap while other liquids
(water and light hydrocarbons) were collected in the cold pot at. The C1-C4 gases were analyzed using
a HP 6890 gas chromatograph. N2 (internal standard), H2, CO, CH4 and CO2 were analyzed on a
TCD following separation on a Carbosieve column. Hydrocarbon products were separated with a
GS-Alumina PLOT column and detected on a flame ionization detector (FID). CH4 was used to combine
TCD and FID analysis in the calculations. The syngas contained 3 % N2 which is used as an internal
standard for quantification of the products to close the mass balance. Activity data were reported
based on measurements at constant feed rate (250 Nml/min) after 24 h time on stream. Then the
syngas flow was changed to obtain ∼50 % CO conversion. Selectivity data are reported at 50 ± 5%
CO conversion based on the analysis of C1–C4 hydrocarbons in gas phase after ∼48 h time-on-stream.
Since the focus is on the amount of higher hydrocarbons, the selectivity is reported in the usual way as
C5+ and CH4 selectivity.

4. Conclusions

The effect of potassium on Co-based FT catalysts was examined on two different particle sizes
of cobalt, small and medium. The catalyst activity decreased with decreased particle size, while
the morphological characteristics are unchanged. The C5+ selectivity decreased, while CH4 and
CO2 increased for the catalyst with smaller particle size. Upon potassium addition there was
no change in dispersion, surface area, pore size, pore volume, regardless of the particle size or
potassium concentration. However, all the catalysts showed a negative effect of K on catalyst activity.
C5+ selectivity was increased, while methane and CO2 decreased with increasing K concentration.
There was no difference in the potassium effect regarding the particle size, indicating that the catalytic
performance was affected in the same fashion.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/4/351/s1,
Calculation procedures, 1.1. Site time yield; 1.2. Selectivities.
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