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Abstract The effect of potassium promoter loading (0,

0.5, 1.0 and 2.0 atomic ratio) on the performance of pre-

cipitated iron catalysts was investigated during Fischer–

Tropsch synthesis using a continuously stirred tank reactor.

Characterization by temperature-programmed reduction

with CO, Mössbauer effect spectroscopy, and transmission/

scanning transmission electron microscopy were used to

study the effect of potassium promoter interactions on the

carburization, phase transformation and carbon layer for-

mation behavior of the catalysts. Under similar reaction

conditions, all four catalysts exhibited similar initial CO

conversions (*85 %), whereas stability was found to

increase with potassium loading up to 0.5 % (atomic ratio

related to the iron), and further increases in potassium led

to decreased activity. Unpromoted and excessively K loa-

ded (2.0K/100Fe) catalysts exhibited similar deactivation

trends with time and followed essentially similar conver-

sion levels with time-on-stream. The selectivity of various

potassium promoted catalysts was found to increase the

average molecular weight of hydrocarbon products with

increasing potassium loading. The deactivation rate was

related to carbon deposition which could embed the iron

carbide particles. If not enough K is present, Fe carbides

tend to oxidize with TOS; with excessive K-loading, car-

bon deposition/site blocking become problematic.

Keywords Fischer–Tropsch synthesis � Iron catalyst �
Potassium loading � Carbon layer formation � Mössbauer

spectroscopy � Transmission electron microscopy

1 Introduction

Fischer–Tropsch synthesis (FTS) is a commercially proven

and economically viable process for the production of

hydrocarbon fuels from low value natural gas, coal, and

biomass [1]. In the FTS reaction, synthesis gas produced

from natural gas reforming or gasification of coal or bio-

mass, and it is transformed to hydrocarbons in the presence

of cobalt, ruthenium, or iron catalysts. With diminishing

petroleum resources, increasing attention has focused on the

FTS production of liquid fuels from these alternative energy

sources. The product distribution is highly dependent on the

process conditions and the type of catalyst used. Iron-based

catalysts are very promising for FT processes because of

their high activity and low cost. Furthermore, they are pre-

ferred for FT synthesis utilizing synthesis gas derived from

coal or biomass owing to their intrinsic activity for the water

gas shift (WGS) reaction, which allows the use of synthesis

gas having low H2/CO ratio (e.g., 0.7) directly, without the

need for an upstream shift step.

Iron-based catalysts often contain small amounts of

potassium and some other metals such as manganese, cal-

cium, zinc, copper and magnesium as promoters to improve

activity and selectivity [2]; the relatively stronger basicity of

potassium influences the adsorption of reactants (CO and

H2) on the active sites. This leads to some effects on the FTS

activity, an enhancement in the selectivity to olefins, the

suppression of the formation of methane, and a selectivity

shift to higher molecular weight products [3–5]. Nearly all

iron-based FTS catalysts contain potassium as one of the
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promoters, although the amount can vary depending on the

desired product distribution. The overall effects of potas-

sium on the behavior of iron-based FTS catalysts have been

investigated over different catalyst systems [2–18]. Kölbel

[3] examined the effect of potassium on the surface prop-

erties of supported iron and precipitated Fe–Cu–SiO2 cata-

lysts, and found that the addition of potassium on the

precipitated iron catalyst enhanced CO chemisorption and

suppressed H2 chemisorption. The results were explained by

the fact that potassium donates electrons to iron and facili-

tates CO chemisorption, since CO tends to accept electrons

from iron (as described later in the discussion section). On

the other hand, hydrogen with its higher surface coverage is

inclined to donate electrons to iron, and the electrons

donated to iron from potassium weaken the strength of the

Fe–H bond. Hence, potassium strengthened the Fe–C bond

and weakened the Fe–H bond [8, 10, 13, 19]. The results of

Rankin and Bartholomew over Fe/SiO2 catalyst indicated

that the addition of potassium inhibits reduction of the cat-

alyst [18]. Dry and Oosthuizen [7] have reported that the

addition of potassium results in a decrease in the surface area

of fused magnetite catalysts. In addition, the carbonization

of iron during FTS proceeded more rapidly on potassium-

promoted catalysts [5]. The effects of potassium on the FTS

and WGS activities and product selectivity have also been

investigated over a variety of iron-based catalysts [13, 17,

19, 20]. While some researchers have reported that FTS

activity either increases [2, 6, 13] or passes through a

maximum as a function of potassium loading [11, 20], others

have found that potassium either has no effect on the activity

for FTS [21] or suppresses it [17, 20]. In our previous study

[22], we reported the activity/stability of an unpromoted and

a 2 % potassium promoted iron catalyst during FTS, and the

activities of these catalysts decreased in a similar manner

with time on stream.

The activity of iron-based FTS catalysts changed during

their operation because of sintering of metal particles, coke

formation, poisoning and phase transformation [23, 24]. It

is important in the design of iron-based FT catalysts to

achieve a clear understanding of carbon deposition and

phase transformations during different pretreatments and

under industrial FTS conditions. Results of previous stud-

ies have shown that the formation of surface carbides is

required before the catalyst can exhibit high activity [9, 17,

25]. It is well known that the distribution of iron phases in

the catalyst changes with time-on-stream [22, 26]. The

oxidation of the metallic iron and/or the iron carbide phases

is believed to be one of the factors contributing to catalyst

deactivation. Water (a primary product in the FTS reaction)

and CO2 (which is produced from the water–gas shift

reaction) are usually considered to be oxidizing agents for

iron phases [27, 28]. Apart from the oxidation of the iron

phases, several authors have implicated a graphite-like

carbonaceous compound in the deactivation of iron cata-

lysts [29, 30]. Coke formation from undesired side reac-

tions affects the intrinsic activity through the coverage of

sites and the blockage of pores [23, 24].

Structural (e.g., SiO2) and chemical promoters (e.g., K

and Cu) also influence FTS activity and selectivity. Yong

et al. [31] reported that a potassium containing catalyst

without SiO2 addition possessed a markedly higher activity

than catalysts containing SiO2. The decreased activity with

addition of SiO2 was attributed by the authors to a decrease

in the coordination of potassium due to the interaction

between potassium and silica. Also, other chemical pro-

moters (e.g., Cu), can facilitate reduction of Fe oxides at low

temperature and improve the formation of the active phase

for the FTS reaction [32]. These aspects are outside the

scope of this work. The aim of the present study is to explore

how the potassium loading influences the deactivation

trends of unpromoted and K-promoted (i.e., containing

variable concentrations of potassium) catalysts, and explain

the reasons why the deactivation rate passes through a

minimum with increasing K loading. FTS activity, selec-

tivity and stability of a precipitated iron catalyst, without

using any structural or other chemical promoters, were

investigated as a function of potassium promoter loading.

2 Experimental

2.1 Catalyst Preparation

The precipitated iron catalyst parent batch was prepared by

using a ferric nitrate solution obtained by dissolving iron

(III) nitrate nonahydrate (1.17 M) in deionized water. A

controlled flow of the iron nitrate mixture was added to the

precipitation vessel together with a stream of ammonium

hydroxide (14.8 M) that was added at a rate to maintain a pH

of 9.0. The slurry was recovered using a vacuum filter and

the solids were washed twice with deionized water. The final

filter cake was dried for 24 h in an oven at 110 �C with

flowing air. For this study, the iron catalyst base powder was

then impregnated with varying amounts of aqueous potas-

sium nitrate solution to produce a desired composition of

Fe:K = 100:0.5, 100:1.0, and 100:2.0 (atomic ratios). Cat-

alysts were then dried at 110 �C overnight, followed by

calcination at 350 �C in flowing air for 4 h.

2.2 Catalyst Characterization

2.2.1 Surface Area and Pore Size Distribution

The measurement of BET surface area and porosity of the

calcined catalysts was conducted using a Micromeritics
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Tri-Star system. Before performing the test, the tempera-

ture was gradually ramped to 160 �C and the sample was

evacuated at least 12 h to approximately 50 mTorr. The

BET surface area, pore volume (single point), and average

pore radius (single point) were obtained for each sample.

2.2.2 Temperature Programmed Reduction (TPR) of CO

Temperature programmed reduction (TPR) of CO profiles

of calcined catalysts were recorded using a Zeton-Altamira

AMI-200 unit equipped with a thermal conductivity

detector (TCD). The TPR was performed using a 10 % CO/

He gas mixture (referenced to helium) at a flow rate of

30 cm3/min. The catalyst samples were heated from 50 to

525 �C using a heating ramp rate of 10 �C/min and held for

1 h. A liquid-nitrogen trap was used to continuously

remove the CO2 produced.

2.2.3 Morphology and Phase Transformation by HRTEM

and STEM

The morphology and phase transformations of individual

catalyst particles were analyzed by transmission electron

microscopy (TEM). Samples were prepared on TEM cop-

per grids (200 mesh) from representative catalyst powders

after FTS and removal of residual FT products. TEM

imaging was performed using a JEOL 2010F field-emission

gun transmission electron microscope (accelerating voltage

of 200 keV and magnification ranging from 50 to 1,000 K).

Images were recorded with a Gatan Ultrascan 4 k 9 4 k

CCD camera and all data processing and analysis applied

the Gatan Digital Micrograph software. Furthermore,

scanning transmission electron microscopy (STEM)

imaging was performed with a high angle annular dark

field (HAADF) detector that was also used with a Gatan

imaging filter. This allowed the imaging of only the cata-

lyst particles while excluding the carbon deposits since the

light elements were not detected in HAADF. This provides

an excellent contrast in the TEM and STEM images that

reveal the carbon deposits.

2.2.4 Mössbauer Spectroscopy

Mössbauer spectra were collected in transmission mode by

a standard constant acceleration spectrometer (MS-1200,

Ranger Scientific). A radiation source of 30 mCi 57Co in

Rh matrix was used and spectra were obtained using a gas

detector. The catalyst samples collected from the CSTR

were dispersed in the rewax and present as a solid phase at

room temperature. For the low temperature measurements,

the samples were placed inside a vibration free closed cycle

cryostat (Cryo-Industries of America). Structural analysis

of the samples was performed by least-squares fitting of the

Mössbauer spectra to a summation of hyperfine sextets.

The least squares fitting procedure employed user defined

functions within the PeakFit program. The parameters for

each sextet in the fit consisted of the position, width and

height of the first peak, the hyperfine magnetic field, and

the quadrupole electric field. These parameters were

allowed to vary freely to obtain the best fit of the experi-

mental data. Errors in the determined percentages for the

Fe values are about ±3 % for well resolved spectra; in

those that contain several iron oxide and carbide phases,

the uncertainty increased with the complexity of the rep-

resentative spectrum (i.e., depending on the degree of

overlap and the weakness of the signal). However, these

complex spectra were obtained during the course of

transformation from a predominantly iron oxide form to an

iron carbide/oxide mixture and conform to a general trend.

2.3 Catalyst Testing

The FTS experiments were conducted in a 1 L CSTR

equipped with a magnetically driven stirrer with turbine

impeller, a gas-inlet and a vapor outlet line, and a SS-

fritted filter (2 micron) placed external to the reactor. A

tube fitted with a SS-fritted filter (0.5 micron opening)

extended below the liquid level of the reactor and was used

to withdraw reactor wax in order to maintain a nearly

constant liquid level in the reactor. Another SS dip-tube

(1/800 OD) extended to the bottom of the reactor and was

used to withdraw aliquots of the catalyst/wax slurry from

the reactor at different synthesis times. Separate mass flow

controllers were used to regulate the flow of hydrogen and

carbon monoxide at the desired rate. The gases were pre-

mixed in a mixing vessel before entering the reactor.

Carbon monoxide was passed through a vessel containing

lead oxide-alumina to remove traces of iron carbonyls. The

mixed gases entered the CSTR below the stirrer that was

operated at 750 rpm. The reactor slurry temperature was

maintained constant (±1 �C) by a temperature controller.

Catalyst (15 g) was added to C30 oil (310 g) in the

CSTR to produce a slurry that contained about 5 % iron

oxide. The reactor temperature was then raised to 270 �C at

a rate of 1 �C/min. The catalyst was activated using CO at

a space velocity of 3.0 sl/h/gcat at 270 �C and 175 psig for

24 h. At the end of the activation period, a sample of

activated catalyst (Sample # 1) was withdrawn via the

slurry withdrawal dip-tube of the CSTR. The FTS reaction

was then started by adding the synthesis gas mixture to the

reactor at a space velocity of 3.0 sl/h/gcat and a H2/CO ratio

of 0.7. The conversions of CO and H2 were obtained by

gas-chromatography analysis (micro-GC equipped with

TCDs) of the reactor exit gas mixture. The reaction pro-

ducts were collected in three traps maintained at different
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temperatures: a hot trap (200 �C), a warm trap (100 �C)

and a cold trap (0 �C). The products were separated into

different fractions (rewax, wax, oil and aqueous phase) for

quantification. However, the oil and the wax fractions were

mixed prior to GC analysis.

Catalyst/rewax slurry was withdrawn at different reaction

times via the dip-tube after sufficient purging. In a typical

catalyst slurry sampling procedure, about 30 g of catalyst

slurry was purged and then 1 g of catalyst slurry was col-

lected as a representative sample from the reactor at that time.

To prevent changes in catalyst electronic and geometric

structure, during sampling and removal of wax products,

catalyst was removed in a sampling bottle containing inert

gas, and the sample was transferred to an air-free environ-

ment (inert chamber); moreover, the typical Soxhlet extrac-

tion procedure was avoided. Instead, the withdrawn sample

was diluted with hot (about 70 �C) ortho-xylene to remove

the high molecular weight FT-wax fractions. It was not

possible to completely remove the FT-wax from the catalyst

particles by this method. However, the remaining wax acts as

a protective cover for the air-sensitive catalyst particles.

3 Results

BET surface area and pore size distribution results of un-

promoted and various potassium promoter loaded iron

catalysts are shown in Table 1. The surface areas for the

potassium promoted catalysts were found to be lower than

the unpromoted catalyst, which has an area of 43.2 m2/g.

With increasing potassium loading, the surface areas of the

catalysts were found to decrease. For the potassium pro-

moted catalysts, if the promoter oxide does not contribute

to the surface area, the corrected surface area would have

been higher than the obtained values listed in Table 1.

These values indicate that there is some pore blockage in

the promoted catalysts and this is likely due to the promoter

oxide clusters blocking a fraction of pores from the

adsorbing gas or in decreasing the porosity during the

second drying step. For the potassium promoted catalysts,

the average pore size shifts to higher values, suggesting

that the smaller pores are blocked and/or destroyed in

comparison to the unpromoted catalyst.

Temperature-programmed reduction with CO (CO-TPR)

was used to investigate the carburization behavior of cat-

alysts in flowing CO. The CO-TPR profiles of various

potassium promoter loaded iron catalysts are shown in

Fig. 1. The profiles show two apparent reduction/carburi-

zation peaks. Actually, a very weak peak before 240 �C is

also detected, which could be ascribed to the reduction of

hematite (a-Fe2O3) to magnetite (Fe3O4) and the first major

peak is located in the temperature range of 240–300 �C.

These peaks are associated with reduction of Fe2O3 to

lower oxides (i.e., Fe3O4 and defect-laden form of this

oxide) prior to carburization. The peaks are fully consistent

with our previous CO-TPR XANES/EXAFS studies [33–

35]. The second peak is located in the temperature range of

350–525 �C. This could be ascribed to the carburization of

iron oxides [36–38]. Primarily the second main peak is

significantly affected by the potassium promoter loading,

where the carburization rate is more rapid, and the peak

maximum is shifted to slightly lower temperature with

increasing potassium loading. These results clearly reveal

that the loading of the potassium promoter has a significant

effect on the carburization rates of iron catalysts.

The CO conversion levels for the unpromoted and var-

ious potassium promoter loaded iron catalysts are shown in

Fig. 2. To maintain experimental control, similar activation

and reaction conditions were maintained for all catalysts.

Unpromoted and various potassium loaded catalysts

exhibited high initial CO conversions, and all catalysts

showed similar initial CO conversions (*85 %). The sta-

bility of the catalysts increased significantly with the

addition of potassium promoter to the iron catalysts,

passing through a maximum at a potassium content of

about 0.5 %. Beyond this potassium concentration, with

increasing potassium loading a decrease in catalyst activ-

ity/stability was observed with time on stream. The

100Fe:2.0K catalyst displayed a similar initially high

Table 1 BET surface area and pore size distribution results of vari-

ous potassium loaded iron catalysts

Catalyst BET surface

area (m2/g)

Single point pore

volume (cm3/g)

Average pore

radius (nm)

100Fe:0.0K 43.2 0.203 9.4

100Fe:0.5K 40.2 0.210 10.4

100Fe:1.0K 39.8 0.212 10.7

100Fe:2.0K 29.8 0.199 13.4
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Fig. 1 CO-TPR profiles various potassium promoter loaded iron

catalysts

Fischer–Tropsch Synthesis 1707

123



activity like the other catalysts, but the activity decreased

significantly with time on stream and conversions were

comparable to the unpromoted catalyst. For the character-

ization (Mössbauer and TEM) studies, a total of three

catalyst slurry samples were collected during CSTR tests of

the unpromoted and various potassium loaded catalysts-

one sample after carbidization and an additional two

samples during FTS (one at the middle of the run and

another at the end of the run). Generally, CO conversion

will decrease immediately following withdrawal of the

catalyst sample from the reactor because the space velocity

is increased per gram of the catalyst remaining in the

reactor. To avoid that change in conversion, the amount of

catalyst that was withdrawn from the reactor was sub-

tracted and the space velocity was adjusted to maintain

similar conditions (conversion, partial pressures of CO and

hydrogen per gram of catalyst). The amount of catalyst

withdrawn from the reactor was determined based on the

amount of accumulated rewax and the amount of catalyst

loaded in the reactor; the percentage of error range

was ±5.

Mössbauer effect spectroscopy is a useful technique that

can provide quantitative information on the fractions of

various iron phases present in the catalyst samples [22].

The iron phase composition of unpromoted and various

potassium promoter loaded iron catalysts, after carburiza-

tion and during FTS, as determined by fitting the Möss-

bauer spectra at 20 K measurements, are listed in Table 2.

Although the FTS reaction does not occur in the bulk phase

of carbides, the carbides can have FTS-active sites on their

surfaces. Thus, it is proposed that iron carbides are the

main active phases for the FTS reaction [17, 39–42], and
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Fig. 2 CO conversion against time-on-stream for various potassium

promoter loaded iron catalysts (T = 270 �C, P = 13 atm,

H2/CO = 0.7, SV = 3 SL/gcatalyst/h)

Table 2 Summary of phase identification of iron from Mössbauer

spectroscopy analysis for various potassium loaded iron catalyst

Catalyst FT synthesis time (h) Fraction of Fe at 20 K (%)

Fe3O4 e9-Fe2.2C v-Fe5C2

100Fe:0.0K 0 7 21 72

42 38 3 59

281 85 0 15

100Fe:0.5K 0 17 0 83

96 32 0 68

285 40 0 60

100Fe:1.0K 0 11 7 82

95 25 21 54

285 23 44 33

100Fe:2.0K 0 19 8 73

117 19 58 23

284 7 88 5
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Fig. 3 The change in distribution of the iron phases on CO

conversion a unpromoted iron catalyst; b 0.5 % K promoted iron

catalyst
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their content can be used to monitor the formation of FTS

active sites. At the end of a 24 h activation period for the

unpromoted iron catalyst, low temperature Mössbauer

results reveal that the initial hematite converted to a mix-

ture of 72 % v-Fe5C2, 21 % e9-Fe2.2C and 7 % Fe3O4 and

that the potassium promoted catalysts had a similar content

of iron carbide (v-Fe5C2) phase after the 24 h activation

period. Figure 3a represents the effect of the changing

distribution of iron phases on CO conversion for an un-

promoted catalyst. The catalytic activity showed a gradual

decrease with time and the deactivation rate was found to

be 4.86 % per day. The iron carbide phase gradually

decreased while the corresponding oxide (Fe3O4) phase

increased with time. The CO conversion followed a similar

trend as the excessively K-loaded (2.0 K) catalyst but

deactivated slightly more rapidly.

Figure 3b shows the changing distribution of the iron

phases on CO conversion for the 0.5 K promoted iron

catalyst. CO conversion was found to be stable during

about 125 h on stream and after that slightly decreased

with time and the observed rate of deactivation was 0.58 %

per day. The iron carbide v-Fe5C2 phase decreased with

time from 83 % to only 60 % and the formation of e9-Fe2.2C

phase was not observed, whereas the corresponding Fe3O4

phase increased with time from 17 to 40 %. Figure 4a

shows the changing distribution of the iron phases on CO

conversion for the 1.0 K promoted iron catalyst. CO con-

version was found to be stable during about 60 h on stream

and after that slightly decreased with time on stream; the

deactivation rate was found to 0.94 % per day. The iron

carbide v-Fe5C2 phase decreased with time from 83 to

33 % and the corresponding of e9-Fe2.2C phase gradually

increased from 7 to 44 %, whereas the corresponding

Fe3O4 phase also slightly increased with time from 11 to

23 %. Figure 4b shows the changing distribution of the

iron phases on CO conversion for the 2.0 K promoted iron

catalyst. CO conversion was found to gradually decrease

with time and the loss of CO conversion was found to be

5.11 % per day. The iron carbide v-Fe5C2 phase gradually

decreased with time from 73 to 5 % and the corresponding

e9-Fe2.2C phase increased from 8 to 88 %, whereas the

Fe3O4 phase remained virtually unchanged or perhaps

slightly decreased with time. For the 2.0 K promoted cat-

alyst, the rate of in situ regeneration by re-carburization is

deemed to be high. Also, Mössbauer spectra of samples

revealed that the e9-Fe2.2C fraction had gradually increased

with time.

A TEM/STEM study was carried out to examine the

morphological effects caused by the K promoter on the

catalysts after FTS in a CSTR to compare the location and

buildup of amorphous carbon deposits on the surfaces of

the catalyst grains. The TEM/STEM investigation showed

that the un-promoted catalyst had many primary catalyst

particles that did not show any carbon buildup and amor-

phous carbon was observed in close proximity to catalyst

grains that show nanozones (carbide core and outer iron

oxide layer with a rim of carbon buildup at the surface

(Fig. 5)). In contrast, the potassium promoted catalysts

showed increased amorphous carbon buildup with an

increase in potassium promoter loading (Figs. 5, 6). With

an increase in K-promoter loading the catalyst also shows a

general trend of increased particle size for both poly

crystals and nanozones. The 1.0 % K-promoted catalyst

was unique in that it had a bimodal particle size distribu-

tion. By comparison, the 2.0 % K-promoted catalyst had

much larger nanozones and also larger poly crystals and

more amorphous carbon (Fig. 6). The TEM imaging helped

greatly to observe differences in the amorphous carbon

buildup and location among the un-promoted and K-pro-

moted catalysts and the variances are illustrated in Fig. 7.

Most importantly, carbon layer formation around catalyst

grains increases with increasing K-loading both in its

selectivity towards individual grains and in its layer
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Fig. 4 The change in distribution of the iron phases on CO

conversion a 1.0 % K promoted iron catalyst; b 2.0 % K promoted

iron catalyst
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thickness. On the other hand, carbon buildup in the un-

promoted catalyst occurs more randomly and primarily

with nanozones and seems to leave primary catalyst grains

uncoated. The schematic in Fig. 8 shows a side-by-side

comparison of the relative degree of carbon buildup and

also locations of carbon deposits for the four catalysts used.

Differences in the degree of carbon buildup for un-pro-

moted versus K-promoted catalysts after FT synthesis were

observed in conjunction with differences in the location of

amorphous carbon. While the un-promoted catalyst had the

smallest particle size range (many primary catalyst parti-

cles without nanozones) and a more random buildup of

amorphous carbon, the K-promoted catalysts had a bimodal

particle size range for the 0.5 and 1.0 % potassium pro-

moted catalysts and at higher K-loading (2.0 %), mainly

large poly-crystals and large nanozones remained. The

highest potassium loading led to the greatest amount of

carbon being deposited on the catalyst surface.

The catalyst samples that were analyzed using TEM/

STEM represent the catalyst particles after FTS samples

were withdrawn from the reactor before the end-of-run.

With the exception of distinct layers of amorphous carbon,

the used catalyst particles are polycrystalline. The catalyst

particles usually include numerous crystallites arranged in

layers and make up individual nanozones in the used cata-

lyst grains, as shown in Figs. 5, 6 and 7. Primary catalyst

particle size before FT synthesis was typically observed to

be *5 nm and can range from 5 to 20 nm. The degree of

particle growth after FT synthesis appears to be governed by

the amount of potassium used as promoter. Specifically, the

un-promoted catalyst had the smallest particle size increase

after FT while the 2.0 % K promoted catalyst had the

highest degree of particle size growth. It is important to

point out that only a fraction of the catalyst grains in any of

the samples of the 0.5, 1.0 and 2.0 % K promoted catalyst

samples increased in size and all samples showed a broad

size range from 5 to 150 nm. However, when comparing the

samples, the higher potassium loading led to a higher degree

of particle size growth. It was also observed that the 1.0 %

K promoted sample after FT synthesis had a bimodal size

distribution with particles either in the *5–10 nm size

range or in the 50–150 nm size range. This indicates a

particle size growth that is *10 times that of the primary

catalyst grains.

Fig. 5 STEM images at two

different magnifications of

unpromoted and 0.5 %

K-promoted iron catalysts
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The effect of potassium promoter loading on the

product selectivities of iron catalysts is shown in Table 3.

In FT synthesis, it is known that the conversion level

influences the selectivity, in part due to increasing partial

pressure of water [43, 44] and by decreasing the partial

pressure of reactants. It is therefore important to compare

the catalysts at a similar CO conversion level. Experi-

ments were run with the iron catalyst at a constant con-

version of CO of ca. 55 %. With increasing the potassium

loading, the selectivities of light hydrocarbons (methane

and C2–C4) were lower and the corresponding higher

hydrocarbon (C5?) selectivities increased. Carbon dioxide

selectivity was also found to increase with increasing

potassium loading. Table 3 shows that the average

molecular weight of hydrocarbon products increases with

increasing potassium loading relative to the unpromoted

catalyst. The increase in average molecular weight of

hydrocarbon products is likely due to an enhancement of

CO and suppression of H2 surface coverage in the pre-

sence of potassium. Since chain termination results from

the hydrogenation of the iron-carbon bond, the presence

of potassium enhances the probability of continued chain

growth, i.e., formation of higher molecular weight

products [3, 8, 13]. As can be seen in Table 3, the chain

growth probability (a) increased with increases in potas-

sium loading. The olefin/paraffin ratios as a function of

carbon number for various potassium promoted iron cat-

alysts are shown in Fig. 9. The olefin content increases

from C2 to C3/C4, reaches a maximum value, and then

decreases with increasing carbon number. Ethene is the

most reactive olefin with respect to hydrogenation, and its

selectivity is lower than that of C3 and C4 olefins,

whereas the increase in hydrogenation activity (i.e., lower

olefin content) of higher molecular weight olefins may be

attributed to their increased reactivity, to a greater

absorption of long chain molecules and, more likely, to

their longer retention time in the reactor. Olefin to par-

affin ratio was found to increase with increasing potas-

sium promoter loading as potassium promotion suppresses

the secondary hydrogenation of olefins.

4 Discussion

It is well known that potassium is used as a chemical

promoter in iron-based catalysts. Since potassium is

Fig. 6 STEM images at two

different magnifications of

1.0 % K-promoted and 2.0 %

K-promoted iron catalysts
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assumed to donate electron to the vacant d orbital of the

transition metal as evidenced by the lowering of the metal

work function [45], its presence would enhance the disso-

ciative adsorption of CO, while suppressing H2 adsorption

[12, 45, 46]. Therefore, potassium facilitates the carburi-

zation of catalysts in CO [8, 46, 47] as demonstrated by the

lower temperatures and faster rates observed in Fig. 1.

These results are in good agreement with previous studies

of potassium promoted iron catalysts [12, 48].

A large number of studies have been performed to

investigate the effect of potassium on the FTS activity over

various iron-based catalysts under different reaction condi-

tions [2, 3, 6, 11–13, 17, 19, 20]. It was reported that FTS

activity can either increase or decrease with an increase in

potassium loading; some researchers have found that it

passes through a maximum as a function of potassium

content, or even that it has no direct relationship with

potassium level. Anderson [2] found, however, that the

activity of potassium promoted alumina supported iron

catalyst was even lower than that of un-promoted catalysts.

Bukur et al. [13] found that potassium significantly

improved FTS activity within the range of 0–0.5K/100Fe,

but beyond this concentration the effect of promotion was

negligible. Kölbel [3] postulated that the reduced catalysts

containing potassium had a higher concentration of active

sites than with un-promoted catalyst, and therefore accel-

erated the FTS activity. With further increases in the

potassium content, the active sites may be blocked by

potassium, resulting in a decline in catalyst activity. Fur-

thermore, as stated earlier, the addition of potassium is in

favor of carbon deposition on the surface, which leads to the

formation of inactive carbon covering the active sites on the

surface and thus leads to a further decline in the FTS activity

[6, 19]. The effect of potassium promoter loading on FTS

activity/stability observed in the present study passes

through a maximum at 0.5K/100Fe, and further increases in

potassium loading increased the deactivation rate.

In the present study, all of the catalysts exhibited high

initial activity, but the activity was found to decrease with

time on stream. The rate of deactivation was low for the

100Fe:0.5K catalyst, and the deactivation rates were sim-

ilar for the unpromoted and 100Fe:2.0K catalysts

Fig. 7 TEM images of

un-promoted and potassium

promoted iron catalysts

compared at similar

magnification (20 nm). Carbon

buildup is indicated with arrows
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(Table 3). Deactivation rates were observed to increase

according to the following trend: 100Fe:0.5K \ 100-

Fe:1.0K \� 100Fe \ 100Fe:2.0K. Deactivation of the

iron catalysts may be explained by the following four

mechanisms, which have been described in the literature.

Those are: (1) active iron carbide phases are gradually

oxidized to magnetite (Fe3O4), which is relatively inactive

for FTS [28, 49, 50]; (2) deposition of inactive carbona-

ceous compounds takes place on the surface of the catalyst,

thereby limiting the contact between reactant gases and the

catalytically active phase [17, 29, 51–53]; (3) sintering,

which is the loss of catalytic surface area due to ripening or

migration and coalescence of iron phases [54, 55]; and (4)

poisoning and deactivation by sulfur compounds, which are

typically present in most syngas feeds. In the present study,

the same syngas was used from two pure H2 and CO tube

trailers and so the possibility of poisoning by sulfur com-

pounds was ruled out. For the unpromoted iron catalyst,

Mössbauer results indicate that the iron carbide phase (v-

Fe5C2) gradually decreased while the corresponding oxide

(Fe3O4) phase increased with time (Table 2). The decrease

in CO conversion (Fig. 2) for the unpromoted catalyst can

Fig. 8 Schematic

representation of the carbon

buildup for un-promoted and

K-promoted iron catalysts after

FT synthesis

Table 3 Effect of product

selectivity for various potassium

loaded iron catalysts

(Reaction conditions:

T = 270 �C, P = 13 atm,

H2/CO = 0.7)

Catalyst Deactivation rate

per day (%)

CO

conversion

(%)

CO2

selectivity

(%)

SelectivityCO2 free

(%)

Chain growth

probability (a)

C1 C2–

C4

C5?

100Fe:0.0K 4.86 59.0 41.4 6.2 25.1 68.7 0.83

100Fe:0.5K 0.58 57.3 44.6 5.2 23.1 71.7 0.84

100Fe:1.0K 0.94 55.6 47.9 4.5 20.3 75.2 0.88

100Fe:2.0K 5.11 56.1 48.1 3.0 12.5 84.5 0.91
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be explained by the gradual increase in the inactive Fe3O4

phase that forms as a result of the oxidation of the catalyst.

TEM results of the unpromoted catalyst showed that the

formation of a carbonaceous layer on the catalyst surface

was very small. Our previous study [56] on the effect of

water co-feeding to an iron-based FT catalyst (promoted

with silica, potassium, and copper) showed that the effect

of water was very sensitive to the reaction temperature. At

high temperatures (270 �C), the co-feeding of 10 % water

at a CO conversion level of about 50 % resulted in

increased WGS activity, leaving the FT activity virtually

constant. However, at 230 �C, the total CO conversion was

depressed drastically and irreversibly. This deactivation

was related to the oxidation of the iron carbide to magne-

tite; Mössbauer results further confirm this oxidation. In

this study, even though the reaction was carried out at

270 �C, the present catalyst did not contain any structural

or chemical promoters. The observed deactivation is likely

due to the water produced during FTS oxidizing the iron

carbides of the unpromoted iron catalyst [27, 28, 57].

For the 100Fe:0.5K catalyst the activity was stable

until *200 h on stream, and after that it slightly decreased

with time; the deactivation rate was low at 0.8 % per day.

Mössbauer results showed that the iron carbide phase (v-

Fe5C2) slightly decreased from 83 to 60 %, while the

corresponding oxide (Fe3O4) phase slightly increased from

17 % to only 40 % even after *280 h on stream. Slight

deactivation after 200 h TOS might be due to some extent

of oxidation of the catalyst because this catalyst did not

contain other chemical promoters (e.g., Cu). TEM results

of the 0.5K/100Fe catalyst showed that the formation of a

carbonaceous layer on the catalyst surface was very small.

For the 100Fe:1.0K catalyst, the activity was slightly less

stable and the deactivation rate was 0.9 % per day.

Mössbauer results indicated that the iron carbide phase (v-

Fe5C2) gradually decreased from 82 to 33 %, and the

corresponding Fe2.2C phase increased from 7 to 44 %,

while growth of the oxide (Fe3O4) phase was similar

(11–23 %) during *280 h on stream. TEM results of the

1.0K/100Fe catalyst showed that the formation of the

carbonaceous layer on the catalyst surface was slightly

higher. The primary route of catalyst deactivation may be

carbon deposition on the surface of the catalyst.

With the 100Fe:2.0K catalyst, the iron carbide v-Fe5C2

phase gradually decreased with time and the corresponding

e9-Fe2.2C phase increased, whereas the Fe3O4 phase

remained virtually unchanged or perhaps slightly decreased

with time. Therefore, the deactivation could not be

explained by the oxidation process as was the case for the

unpromoted catalyst, since the fraction of the Fe3O4 phase

remained nearly the same. TEM results of the 2.0 % K

promoted catalyst showed that a thick amorphous carbon

deposited around the surface of the catalyst particles; this

massive build-up of carbon growth that occurred with

synthesis time led to the deactivation of the catalyst.

Similar findings were observed by Dwyer [58], who

reported that potassium promotion of an unsupported iron

catalyst causes an order of magnitude loss in CO conver-

sion and an increase in high molecular weight material

while inducing the growth of a 2-mm-thick hydrocarbo-

naceous layer on the catalyst surface. This layer was not

present in the unpromoted catalyst. They confirmed carbon

layer formation by using X-ray photoelectron spectroscopy

measurements. Similarly, de Smit et al. [59] reported that a

catalyst containing h-Fe3C and amorphous carbide phases

showed a lower activity and selectivity, mainly due to the

buildup of carbonaceous deposits on the catalyst surface,

suggesting that amorphous phases and the resulting textural

properties play an important role in determining catalyst

performance. Lohitharn and Goodwin [60] reported that

addition of potassium at relatively low concentrations

promoted the activity of the catalysts, while the activity of

the catalysts declined with excess addition of K probably in

large part due to an increased amount of carbon deposited

via the Boudouard reaction. The intrinsic site activities

(TOFITK) of all the Fe catalysts determined using SSITKA

were essentially identical, regardless of the concentration

of added K. This indicates that addition of K to unpro-

moted Fe catalysts did not greatly affect the activity of the

active sites. Rather, the higher retention of catalyst activ-

ities observed for the K promoted Fe catalysts were due

primarily to the maintenance of the number of active sur-

face intermediates leading to hydrocarbon products.

The data for the unpromoted and K promoted catalysts

show that a carbide phase (in this case, the v-Fe5C2 phase)

is necessary to obtain high activity for the FTS reaction.

For the unpromoted catalyst, the decrease in catalytic

activity parallels the amount of iron carbide in the catalyst
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Fig. 9 Olefin/paraffin ratios for various potassium promoted iron

catalysts (T = 270 �C, P = 13 atm, H2/CO = 0.7, CO conversion

*55 %)
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and this clearly shows that the carbide is a significantly

more active catalyst than Fe3O4. A simple relationship of

activity to the carbide phase would be misleading. Based

only on the catalytic activity and the iron carbide phases

present, one would conclude that v-Fe5C2 is catalytically

active and that Fe2.2C is not, or at least much less, active.

This would be an incorrect conclusion since the formation

of significant amounts of carbon surrounds most of the

catalyst particles. This carbon mass therefore limits the

contact of the gaseous reactants with the catalyst surface so

that a reliable determination of the relative activities of

different iron carbides cannot be made by just considering

the type of iron carbide phase that is present.

5 Conclusions

The activity and stability of the catalysts pass through a

maximum for the 100Fe:0.5K catalyst and further

increases in potassium loading decrease the stability. CO-

TPR results reveal that increasing the potassium loading

enhances the carburization rate of the catalysts. Möss-

bauer spectroscopy results reveal that for the unpromoted

catalyst, the deactivation of the catalyst was due to oxi-

dization of the catalyst, due to the formation of Fe3O4

with increasing TOS, and the corresponding v-Fe5C2

phase decreased. For the 100Fe:0.5K catalyst, the pre-

sence of the v-Fe5C2 phase was still high even

after *280 h on stream. For the more highly loaded

potassium (1 and 2K) catalysts, the iron carbide phase (v-

Fe5C2) gradually decreased, whereas the other iron car-

bide phase (e9-Fe2.2C) steadily increased and the corre-

sponding magnetite phase remained relatively unchanged.

TEM analyses demonstrated that with increasing the

potassium loading, the formation of carbon around the

catalyst surface gradually increased with time on stream.

The results of this study clearly indicate that the presence

of an iron carbide phase (in the present case, v-Fe5C2) is

necessary to obtain high FTS activity. Based on the cat-

alytic activity and the iron carbide phases present, e9-
Fe2.2C appears to be less active as a FTS catalyst. This

would be an incorrect conclusion, since the formation of

significant amounts of carbon surrounds most, or all, of

the catalyst particles. This carbon mass therefore limits

the contact of gaseous reactants with the catalyst so that a

reliable determination of the relative activities of different

iron carbides cannot be made. The selectivity of these

catalysts to higher average molecular weight FTS pro-

ducts increased with increasing potassium loading, which

is likely due to an enhancement of CO coverage and

suppression of H2 surface coverage in the presence of

potassium.
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