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3.3.0 Task 4.  Catal yst Testin g

3.3.1  Deactivation of Iron-based Catal ysts for Slurr y-Phase Fischer-

Tropsch S ynthesis

ABSTRACT

Deactivation rates and aged catalyst properties have been investigated as a

function of time on stream for iron-based Fischer-Tropsch catalysts in the

presence/absence of potassium and/or silicon. There is a synergism in activity

maintenance with the addition of both potassium and silicon to an iron catalyst. The

addition of silicon appears to stabilize the surface area of the catalyst. Catalysts

containing only iron or added silicon with or without potassium consist mainly of iron

oxide at the end of the run. However, iron carbides are the dominant phase of the iron

catalyst with added potassium alone. Catalyst surface areas increase slightly during

synthesis. The bulk phase of the catalyst does not correlate to the catalyst activity. The

partial pressure of water in the reactor is lower for potassium-containing catalysts and is

not a reliable predictor of catalyst deactivation rate.

INTRODUCTION

The Fischer-Tropsch Synthesis (FTS) converts synthesis gas (a mixture of CO

and H ) to hydrocarbons. Iron-based catalysts lose activity with time on stream (TOS).2

The rate of deactivation is dependent on the presence/absence of promoters such as

potassium and/or  binders such as silica [1,2]. Several possible causes of catalyst

deactivation have been postulated [3]: (i) Sintering, (ii) Carbon deposition, and, (iii)

Phase transformations. With respect to phase transformations, there is considerable

disagreement whether the active phase for the FTS is iron oxide or carbide [4,5]. In
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addition, certain reactor conditions, such as a high  partial pressure of water, are known

to cause a decline in activity [6].

There were two major objectives of this study. Firstly, the effects of the addition

of potassium and/or silicon on catalyst deactivation rates and changes in catalyst

properties with TOS were investigated. Secondly, the possible causes of catalyst

deactivation were examined by following aged catalyst properties and reactor conditions

as a function of TOS for each catalyst. The FTS was carried out in a continuous-flow

stirred slurry reactor to ensure uniformity in catalyst aging and reactor conditions

throughout the reactor. The aged catalyst properties examined as a function of TOS

were total surface areas, carbon deposits and phase transformations.

EXPERIMENTAL

Four precipitated iron-based catalysts were used. The first catalyst consisted of

only iron. The other catalysts contained either added potassium, added silicon or both.

The catalysts were designated in terms of the atomic ratios as: 100Fe, 100Fe/3.6Si,

100Fe/0.71K and 100Fe/3.6Si/0.71K. The catalysts were prepared by continuous

precipitation from iron (III) nitrate and concentrated ammonium hydroxide. For silica-

containing catalysts, a colloidal suspension of tetraethyl ortho silicate was mixed with

the iron nitrate solution prior to precipitation. Potassium was added to the catalysts in

the form of potassium tertiary butoxide during the loading of the FTS reactor.

The FTS was carried out in a 1 liter continuous flow stirred tank slurry reactor.

The vapor phase products exiting the reactor passed through two traps in series. The

first trap was maintained at 100 C while the second was maintained at 0 C. The secondo o

trap served to condense almost all of the water present in the product stream. Further

details of the reaction system and product analysis (both on- and off-line) have been
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reported previously [7]. A known amount (~ 70 g) of the catalyst was charged to the

reactor along with 300 g of a hydrocarbon oil supplied by Ethyl Corp. (carbon number

range of about C  - C ). The catalyst was pretreated with a continuous flow of CO at25 30

2.0 NL/hr-gFe at 270 C, 175 psig for 24 hours. Subsequently, the FTS was carried outo

at 270 C, 175 psig with a synthesis gas having an H /CO ratio of 0.7 at a flowrate of 3.4o
2

NL/hr-gFe. Both during pretreatment and synthesis, small amounts of catalysts (0.1 to

0.2 g per sample) were removed from the reactor at various TOS. The aged catalyst

samples were Soxhlet-extracted with xylene prior to analysis. These aged catalyst

samples were examined to determine BET surface areas, elemental carbon and

hydrogen contents and bulk catalytic phases. 

Elemental carbon and hydrogen contents were determined using a Leco CHN

analyzer wherein the catalyst sample was placed in a furnace at 1350 C under flowingo

oxygen. All of the carbon and hydrogen in the sample was converted to CO  and water2

repectively which were then measured. Bulk catalyst phases were determined by two

methods: X-ray diffraction (XRD) and Mossbauer spectroscopy (MS). X-ray diffraction

patterns were obtained using a Phillips APD X-ray diffraction spectrometer equipped

with a Cu anode and a Ni filter operated at 40 kV and 20 mA (CuK�=1.5418

Å).Mossbauer spectra of the catalyst samples were obtained with a constant

acceleration spectrometer using a radioactive source consisting of 50 to 100 mCi of

Co in a Pd matrix. 57

RESULTS AND DISCUSSION

The conversion of synthesis gas is a measure of the FTS activity of a catalyst.

The catalysts studied show varying rates of decline in synthesis gas conversion with

TOS (Figure 1). Note that the conversions for different catalysts are compared at the
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same synthesis gas space velocity which is defined as normal liters of synthesis gas

per gram of iron in the reactor. The addition of silica alone (100Fe/3.6Si) slows the

decline in FTS activity as compared to a catalyst containing only iron (100Fe). In

contrast, the addition of potassium alone increases the deactivation rate as compared

to a catalyst containing only iron (100Fe). The catalyst containing both silica and

potassium (100Fe/3.6Si/0.71K) exhibits the lowest deactivation rate. Hence, there is a

synergism in the maintenance of FTS activity with the addition of both silica and

potassium.

The surface areas of the catalysts are substantially decreased during

pretreatment (Figure 2). During synthesis, however, the surface area of the catalysts

increases slightly. It is postulated that this slight increase may be due to the deposition

of porous carbon on the catalyst surface. Catalysts containing silica exhibit higher

surface areas on preparation, and during pretreatment and synthesis. Hence, silica

appears to stabilize the surface area of the catalysts. Since the total surface area

increases during synthesis, the presence/absence of sintering during FTS cannot be

deduced from BET surface area measurements. 

The catalyst sample is exposed to air for a short time during XRD and MS.

However, using similar procedures Mossbauer spectra have been previously obtained

showing 97% of the iron in a catalyst as iron carbide and substantial (36%) amounts of

metallic iron in another catalyst [8]. Hence, re-oxidation of catalyst phases during XRD

and MS is negligible. The results from XRD indicate the following events occurring

during pretreatment and synthesis: The catalyst as charged into the reactor is in the

form of an oxide and/or an oxyhydroxide. During pretreatment in CO, the catalyst is

rapidly converted to Fe O  which is subsequently partially converted in a slow step to a3 4



230

mixture of carbides (Fe C  and Fe C) as shown in Figure 3. During synthesis, the5 2 2.2

relative amounts of carbide and oxide change dependent on the catalyst composition.

For the catalyst containing only potassium, the catalyst at the end of the run consists of

mainly carbides (Figure 3) while for the other catalysts the oxide is the dominant phase

at the end of the run (example of 100Fe given in Figure 3). These qualitative

observations are consistent with quantitative results obtained by MS. Since the catalyst

containing potassium alone has the highest deactivation rate, it is tempting to conclude

that the iron oxide is the active phase, or at least more active than the carbide, for the

FTS. However this is not true as the bulk composition of the catalyst, as shown below,

does not correlate to the catalyst activity. Figure 4 shows quantitative results of the bulk

composition of the catalyst obtained by MS as a function of TOS for the catalyst with

the lowest deactivation rate (100Fe/3.6Si/0.71K). The results are similar to those for the

catalyst containing only iron but are different from those obtained for the catalyst

containing iron and potassium but no silicon. The bulk composition of the catalyst

changes greatly with TOS. At small TOS, iron carbide is the dominant phase while at

long TOS the catalyst consists predominantly (80%) of iron oxide. Note, however, that

synthesis gas conversion for this catalyst varied only slightly (between 80 and 90%)

with TOS. Hence, the particular active phase of the catalyst (oxide or carbide) cannot

be deduced from bulk catalyst compositions.

 The carbon measured as a result of high temperature oxidation can be due to

either CH  species on the catalyst surface, or the oxidation of iron carbides, or thex

oxidation of carbon deposits. The contribution of CH  species can be estimated byx

elemental analysis of hydrogen and assuming the value of x to be 2. The remaining

carbon measured on the catalysts (Figure 5) ranged from 10 to 30 wt.%. Note that if all
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the iron in the catalyst were converted to carbide the carbon amount would be 8 to 9

wt.% assuming the iron carbides are Fe C  and Fe C as shown by XRD and MS.5 2 2.2

Hence, substantial amounts of carbon deposits were present on the catalyst surface.

The addition of potassium to the catalyst containing only iron (100Fe/0.71K) increased

the amount of carbon measured as well as its rate of increase. However, this may have

been due to the high amount of carbide formed on this catalyst during synthesis as

shown by XRD and MS. The catalyst with the lowest deactivation rate

(100Fe/3.6Si/0.71K) contained substantial amounts of carbon at the end of the run

even though its activity was quite stable. Recall that this catalyst consisted mainly of

iron oxide so that the carbon measured consisted mainly of carbon deposits. Hence,

the amount of carbon deposits on the catalysts does not correlate with the rate of

deactivation.  

As stated previously, almost all of the water present in the product stream is

condensed in a trap downstream of the reactor maintained at 0 C. It is further assumedo

that the  uncondensed gases leaving the trap are saturated with water.  The partial

pressure of water is then calculated by measuring the total flow rate of the

uncondensed gases and the composition of the other products and unconverted

reactants. This procedure yields oxygen component balances of greater than 96%.  The

value of the partial pressure of water in the reactor depends on the presence/absence

of potassium promoter (Figure 6). The partial pressure of water is low for catalysts

containing potassium and decreases slightly with TOS. In contrast, the partial pressure

of water is higher for catalysts without potassium and increases with TOS. Low water

partial pressures for potassium-containing catalysts may be due to the higher rates of

the water gas shift (WGS) reaction observed over these catalysts. A high partial
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pressure of water is known to deactivate the catalyst [6]. However, the results shown in

Figure 6 indicate that the value of the partial pressure of water does not correlate to the

rate of catalyst deactivation. For instance, both the catalyst with the highest and lowest

deactivation rates (100Fe/0.71K and 100Fe/3.6Si/0.71K respectively) exhibit similar

partial pressures of water.

It has been postulated that changes in the amount of iron oxide on the catalyst

surface (as opposed to the bulk followed by XRD and MS) can be followed by a

comparison of the ratios of the rates of the FTS to that of the WGS with TOS [9]. It is

postulated [9] that iron oxide is more active than iron carbides for the WGS than for the

FTS and hence, a decrease in the ratio of the rate of the FTS to the rate of the WGS

indicates an increase in the amount of iron oxide on the catalyst surface. However,

none of the catalysts examined in this study show a decline in the reaction rate ratio

with TOS (Figure 7). For catalysts containing potassium, the reaction rate ratio changes

negligibly with TOS, while the reaction rate ratio actually increases with TOS  for the

catalysts without potassium. Further, the increase in the reaction rate ratio with TOS for

catalysts without potassium may not be due to changes in surface phases. We have

earlier shown [10] during kinetic studies that the ratio of the reaction rate of the FTS to

that of the WGS increases with residence time (not TOS) or synthesis gas conversion

for iron-based catalysts. Hence, the increase in the reaction rate ratio observed for two

of the catalysts studied may be a consequence of decreasing synthesis gas conversion

(due to deactivation) rather than a change in surface catalyst phases.  

CONCLUSION

Increasing and decreasing deactivation rates of iron FTS catalysts are observed

upon the addition of potassium and/or silicon respectively. There is a synergism in the
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maintenance of activity with the addition of both potassium and silicon leading to a low

deactivation rate.

Changes in catalyst properties and reactor conditions with TOS depend upon the

presence/absence of potassium and silicon. The addition of silicon appears to stabilize

the surface area of the catalyst both on preparation and during pretreatment and

synthesis. At the end of pretreatment, all of the catalysts studied consist of a mixture of

iron oxide (Fe O ) and iron carbides (Fe C  and Fe C). During synthesis, the catalyst3 4 5 2 2.2

containing potassium alone is converted predominantly to iron carbides at the end of

the run. The other catalysts, however, decline in the amount of iron carbide and

increase in the amount of iron oxide during synthesis. The addition of potassium alone

to an iron catalyst substantially increases the amount of carbon (from carbon deposits

and carbides) measured by high temperature oxidation of aged catalyst samples. The

partial pressure of water in the reactor is low and decreases with TOS for potassium-

containing catalysts while it is higher and increases with TOS for the catalysts without

potassium.

Possible causes of catalyst deactivation have been investigated in this study.

The surface areas of aged catalyst samples increase with TOS during synthesis

possibly due to porous carbon deposits. Hence, information from total surface area on

sintering as a possible mechanism of deactivation is inconclusive. Measurement of the

amount of carbon deposits on the catalysts by high temperature oxidation is

complicated due to the contribution from iron carbides. The bulk composition of the

catalyst having the lowest deactivation rate changes greatly during synthesis whereas

the synthesis gas conversion changes negligibly. This implies that the catalyst bulk

composition does not correlate to the rate of activity decline. The value of the partial of
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water as well as its variation with TOS are similar for the catalysts with the highest and

lowest deactivation rates. Hence, water partial pressure is not a reliable predictor of the

catalyst deactivation rate.
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Figure 1. Synthesis gas conversion as a function of time-on-stream.

Figure 2. Catalyst surface areas as a function of time-on-stream (TOS).  Negative
TOS denote catalyst pretreatment; positive TOS denote Fischer-Tropsch
synthesis.
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Figure 3. X-ray diffraction results for two catalysts (100Fe and 100Fe/0.71K) during
pretreatment and at the end of synthesis ((1) Fe O , (2) �-Fe C , (3) �-3 4 5 2

Fe C).2.2

Figure 4. Bulk composition of catalyst: 100Fe/3.6Si/0.71K from Mössbauer
spectroscopy as a function of time-on-stream.  Negative TOS denote
catalyst pretreatment; positive TOS denote Fischer-Tropsch synthesis. 
S.P. denotes superparamagnetic.
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Figure 5. Amount of carbon deposits and carbon in the form of iron carbide as a
function of time-on-stream (TOS). Negative TOS denotes catalyst
pretreatment; positive TOS denotes Fischer-Tropsch synthesis.

Figure 6. Partial pressure of water as a function of time-on-stream.
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Figure 7. Ratio of the reaction rates of the Fischer-Tropsch synthesis to the water-
gas shift reaction as a function of time-on-stream.
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3.3.2  Fischer-Tropsch S ynthesis.  Conversion of Alcohols over Iron Oxide

and Iron Carbide Catal ysts

ABSTRACT

Both iron oxide (Fe O ) and iron carbide catalysts are active for the dehydration2 3

of tertiary alcohols; the oxide catalyst is not reduced nor is the carbide oxidized by the

steam generated during the dehydration reaction.  Secondary alcohols are selectively

converted to ketones plus hydrogen by both the iron oxide and carbide catalyst.  Fe O2 3

is reduced to Fe O  during the conversion of secondary alcohols.  Both iron carbide and3 4

oxide catalysts dehydrogenate a primary alcohol (C ) to an aldehyde; however, then

aldehyde undergoes a secondary ketonization reaction to produce a symmetrical

ketone with 2n-1 carbons.  These results suggest that dehydration of alcohols to

produce olefins makes a minor, if any, contribution during Fischer-Tropsch synthesis

with an iron catalyst at low pressure conditions.

INTRODUCTION

The conversion of syngas, a mixture of CO and H , was initially believed to occur2

through the formation of an iron carbide which subsequently underwent hydrogenation

to hydrocarbons (1).  Later, a mechanism was advanced which involved the formation

of an oxygen-containing surface species which underwent a series of combination-

dehydration steps, ultimately leading to a primary alcohol or an alkene (2).  Isotopic

tracer studies by Emmett and co-workers provided data which was considered to

provide strong support for the oxygen-containing intermediate (3-11).  As sophisticated

surface science instrumentation became available, their use showed that the metal

surface was covered with carbon but that little, if any, surface oxygen could be

detected.  Thus, a mechanism involving the dissociation of CO to form C and O
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adsorbed on the surface became widely accepted (for example, 12-15).  In this

mechanism, the adsorbed O was hydrogenated to water which rapidly desorbed while

the adsorbed C was hydrogenated to form adsorbed CH, CH  and CH  groups.  While2 3

any of these groups could be involved in the formation of ethylene and higher

hydrocarbons, the methylene groups was considered in most mechanisms to be the

surface species which underwent polymerization to produce an Anderson-Schulz-Flory

distribution of hydrocarbon products.

In the case of an iron Fischer-Tropsch catalyst, the carbide phase could be

formed following activation in either CO alone or with a mixture of CO/H  (16,17).  In2

addition, any metallic iron formed by hydrogen reduction of the iron oxide catalyst

precursor was quickly converted to iron carbides when the activated catalyst was

exposed to the synthesis gas (18).  However, during synthesis the iron carbide was

gradually converted to a mixture containing both iron carbides and Fe O ; the extent3 4

and rate of formation of the iron oxide phase depended upon the operating conditions

such as CO conversion, water-gas-shift activity, promoter levels, and time-on-stream. 

Thus, the iron in a "working, steady-state" catalyst is present as a mixture of the oxide

and carbide phases.  However, while an attractive model for the working catalyst was a

surface layer of iron carbide supported on a core of Fe O , data to define the structure3 4

of the working catalyst is still lacking (19).

Recently, isotopic tracer studies using a variety of alcohols, alkenes and carbon

dioxide have produced results for iron catalysts that were consistent with a chain

initiating species that contains oxygen (20-27).  Thus, it is of interest to define the

pathways for conversion of various alcohols using iron oxide and iron carbide catalysts

and that is the subject of this paper.
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EXPERIMENTAL

Catalyst.  The iron oxide catalyst was prepared by adding concentrated ammonia

to a 1M iron nitrate solution to produce a pH of about 10.5.  The solid was collected and

washed by repeated dispersion/filtration cycles; at the end of the washing cycles the pH

was in the 7-8 range.  After drying overnight at 110 C, the material had a BET surfaceo

area of 252 m /g.  The material following calcination at 300 C had an X-ray diffraction2 o

pattern consistent with �-Fe O .  An iron oxide catalyst that contained 6 wt.% thoria was2 3

also prepared using a published procedure (28); this material was also �-Fe O2 3

following calcination at 300 C.o

The iron carbide catalyst was prepared by treating the �-Fe O  sample for 24 hr.2 3

in a flow of CO at 1 atm. and 300 C.  Prior to use, the sample was flushed with nitrogeno

for 30 minutes.  To obtain a sample of the carbide catalyst for X-ray analysis, the

material was passivated at room temperature by passing nitrogen containing 1%

oxygen over the iron carbide for about three days.

Conversions.  A plug flow quartz reactor with the catalyst located in the middle

was utilized.  Glass beads were placed on top of the catalyst bed to serve as a

preheater and a thermowell extended into the middle of the catalyst bed.  During the

run the alcohol was added by a syringe pump at atmospheric pressure without a diluent

gas.  Liquid samples were collected at appropriate intervals.

The iron oxide catalyst was activated overnight in a flow of air at 300 C prior to ao

run.  To start a run, the air flow was terminated and the catalyst was flushed with dry

nitrogen for 30 minutes.  The nitrogen flow was stopped and the alcohol flow was then

started.  The alcohols were purchased from Aldrich and were used without purification. 
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The liquid samples that were collected at appropriate time intervals were analyzed by

g.c. using a DB-5 column.

The iron carbide catalyst was prepared and flushed with nitrogen for about 15

minutes immediately prior to use for the alcohol conversions.

RESULTS

The conversion of 2-octanol at 275 C showed that the iron oxide catalyst waso

very selective for dehydrogenation but had little dehydration activity (Figure 1).  Prior to

the run the catalytic material was �-Fe O  (Figure 2a) but following the run the catalyst2 3

contained both �-Fe O  and Fe O  (Figure 2b).  Thus, the hydrogen produced during2 3 3 4

alcohol dehydrogenation was effective in reducing the catalyst to Fe O , and the extent3 4

of reduction would presumably depend upon the length of the time that the catalyst was

exposed to the flow of alcohol.

The conversion results for the thoria-containing catalyst are very similar to the

run with the �-Fe O /Fe O  catalyst mixture.  While the selectivity for dehydrogenation2 3 3 4

is slightly lower for the thoria containing catalyst, it has a selectivity and activity that is

similar to the iron oxide catalyst (Figure 1).  Following 5 hr. use as a catalyst for the

conversion of 2-octanol, the X-ray diffraction pattern of this material was similar to that

of the �-Fe O  catalyst that did not contain thoria (Figure 3).  However, peaks at 2� =2 3

31.9, 45.8 and 66.8, corresponding to ThO , were evident in the X-ray diffraction pattern2

for this material in addition to those for a mixture of �-Fe O /Fe O  (Figure 2c).2 3 3 4

3-Methyl-3-pentanol, a tertiary alcohol which cannot undergo direct

dehydrogenation to a ketone, was converted with the �-Fe O  catalyst.  At 230 C, the2 3
o

catalyst was active only for dehydration to produce a mixture of cis- and trans-3-methyl-

2-pentenes.  Following 5 hr. use as a catalyst, the alcohol flow was terminated, the
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catalyst flushed with nitrogen at reaction temperature, and then cooled to room

temperature in a nitrogen flow.  The X-ray diffraction pattern of the material was

identical to that of the initial catalyst (Figure 3), indicating that the conversion of this

tertiary alcohol did not effect any reduction of the catalyst, and this is the expected

result.  The conversion data for 3-methyl-3-pentanol (Figure 4) show that the tertiary

alcohol is converted more rapidly than 2-octanol, a secondary alcohol.

3-Methyl-3-pentanol was also converted with an iron carbide catalyst using

similar conditions as with the Fe O  catalyst except for the flow.  Since the flow rate was2 3

about 1.7 times greater with the iron carbide catalyst, the iron carbide catalyst is about

twice as active for 3-methyl-3-pentanol dehydration as the iron oxide catalyst is.

3-Pentanol was run at 230 and 260 C.  At these two temperatures, the selectivityo

for dehydrogenation is almost the same although the conversion at 260 C is higher thano

that at 230 C.  For both of these runs, the catalytic activity for 3-pentanol conversion dido

not decline significantly during the run (Figure 5).  The X-ray diffraction pattern of the

catalyst exhibited peaks corresponding to both �-Fe O  and Fe O  following the2 3 3 4

conversion of 3-pentanol (Figure 3b)  These experiments confirm that the reduction of

the catalyst occurs due to exposure to the secondary alcohol.

In another run, the �-Fe O  was reduced at 270 C for 5 hr. in a flow of hydrogen2 3
o

and then cooled to 230 C in hydrogen flow.  A flow of 2-octanol was initiated and theo

flow of hydrogen was terminated.  The catalyst exhibited activity for 2-octanol

conversion; however, the selectivity for dehydrogenation was lower (ca. 0.83 vs. 0.96)

at 230 C than at 270 C (Figure 4).o o

The �-Fe O  was treated with CO at 260 C for 18 hr. to convert the iron oxide to2 3
o

an iron carbide.  Following the treatment with CO the catalyst was flushed with nitrogen,
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then a flow of 2-octanol was started and the nitrogen flow was terminated.  This iron

carbide catalyst had an activity and selectivity for dehydrogenation that exceeds that of

the catalyst comprised of a mixture of �-Fe O  and Fe O  (Figure 6) and does not loose2 3 3 4

activity during 8 hrs.  Following use as a catalyst for 8 hrs., the sample was flushed with

nitrogen and cooled to room temperature.  The X-ray diffraction pattern of this sample

following use as a catalyst contains peaks that are consistent with both iron carbides

and Fe O  (Figure 7), with the carbide being the dominant component.  A chemical3 4

analysis of the sample following use as a catalyst showed that it contained 9.0 percent

carbon, a value that is consistent with the sample being Fe C (9.67% C).2.2

While secondary alcohols may be formed during the Fischer-Tropsch synthesis,

a primary alcohol is the dominant alcohol for each carbon number.  Thus, 1-octanol was

converted over the iron oxide and the iron carbide catalysts.  This alcohol underwent

conversion by dehydrogenation to the aldehyde.  The conversion increased initially and

then remained essentially constant with time.  The aldehyde underwent a secondary

reaction that involved decarbonylation (and/or decarboxylation) to produce CO/CO  and2

the formation of a 15-carbon number symmetrical ketone.  This reaction has been

observed frequently during the conversion of primary alcohols with metal oxide catalysts

that possess dehydrogenation properties (29).  Likewise, the selectivity for 1-octanal

decreased as the conversion increased.  Initially 40 mole% of the products from the

conversion with the catalyst was 1-octanal and the remainder was 8-pentadecanone;

after the first hour 1-octanal accounted for only 26-29 mole% of the products, the

remainder being 8-pentadecanone.  As the activity of the iron carbide increased , the

selectivity for 1-octanal decreased from 88 mole% to about 65 mole%.  Thus, the iron

carbide catalyst exhibited an activity for 1-octanol conversion that was about 3-4 times



246

that of the iron oxide catalyst and it had a selectivity for 1-octanal that was 2-2.5 times

that of the iron oxide catalyst.  Neither the iron oxide nor the carbide catalyzed

dehydration of 1-octanol since only traces octenes were observed.

DISCUSSION

The catalytic material remains Fe O  during the conversion of 3-methyl-3-2 3

pentanol.  This is not surprising since a tertiary alcohol cannot undergo

dehydrogenation; rather it is dehydrated to produce an olefin and water.

The iron carbide catalyst does not undergo measurable conversion to the oxide. 

Likewise, the greater activity of the iron carbide, compared to Fe O , suggests that even2 3

the surface remains the carbide during the dehydration of 3-methyl-2-pentanol and the

generation of water vapor.

On the other hand, Fe O  is reduced, at least partially, to Fe O  during the2 3 3 4

conversion of secondary alcohol.  However, the iron oxide is not converted to an iron

carbide during the conversion of this alcohol, at least not to an extent so that the

carbide phase can be detected by X-ray diffraction (XRD).  The sample containing 6

wt.% ThO  also underwent conversion to a mixture of Fe O  and Fe O ; in addition, a2 2 3 3 4

ThO  phase was formed so that it could be detected by XRD.  This is surprising since it2

has been reported that when this amount of thoria is present in an iron catalyst it

provided a material that had superior activity for the water-gas shift reaction than a

similar material that did not contain thoria (28).  It is difficult to understand why thoria

should impact the activity for water gas shift if phase separation occurs in a reducing

atmosphere.

If Fe O  is treated in CO to produce iron carbides, the material that remains2 3

following conversion of 2-octanol during 8 hrs is predominantly iron carbides.  Thus, the
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carbide is not converted to the oxide in the presence of the small amount of water

produced during the dehydration of 2-octanol, primarily during the early reaction period,

to an extent such that the oxide(s) can be detected by XRD.

Except during an initial break-in period, the pure iron oxide and the iron oxide

sample containing 6 wt.% ThO  were very selective dehydrogenation catalysts for2

primary and secondary alcohols.  Only with the tertiary alcohol, where dehydrogenation

is not possible, was the iron oxide catalyst selective for dehydration.

With the secondary alcohol, the iron oxide catalyst was very selective in

dehydrogenating the alcohol to the corresponding ketone.  Essentially no secondary

reaction products were observed.

With the primary alcohol, the iron oxide catalyst was selective for

dehydrogenation to the corresponding aldehyde.  However, the aldehyde underwent a

secondary reaction in which it was converted to a symmetrical secondary ketone plus

either CO or CO .  This reaction is known to occur when primary alcohols are converted2

over a variety of metal oxide catalysts (29).  In this reaction it resembles the

ketonization reaction that many metal oxide catalysts effect when starting with an acid. 

However, the mechanism for these reactions has not been clearly elucidated to date.

The iron carbide catalyst has a selectivity that resembles that of iron oxide but it

is about twice as active for the conversion of the secondary alcohols.  The higher

activity of the iron carbide catalyst implies that either the surface is not oxidized to the

oxide during the conversion of the alcohol or the oxycarbide that is formed on the iron

carbide surface is more active that the iron oxide surface.  The chemical composition of

the gas phase is such that the iron is expected to be present in the carbide phase (30). 

A similar conclusion is reached for the conversion of 1-octanol over the iron oxide and
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carbide catalysts.  The iron carbide is about 4 times as active for the conversion of 1-

octanol as the iron oxide and has only about half the activity for the formation of a

symmetrical ketone from the primary dehydrogenation product, 1-octanal.

It has been demonstrated convincingly that alcohols can serve to initiate chain

growth during the Fischer-Tropsch reaction (27).  Furthermore, when using a promoted

iron catalyst, the alcohol incorporates into the Fischer-Tropsch products about 50-100

times greater than the alkene that would be formed from dehydration of the alcohol. 

The present data indicate that the primary reaction of an alcohol that is formed during

the Fischer-Tropsch synthesis is to undergo dehydrogenation to the aldehyde and this

is true for both Fe O  and iron carbide catalysts.  The present results indicate that3 4

reincorporation of the alcohol into Fischer-Tropsch products is not through an alkene

intermediate that is formed by the dehydration of the alcohol.  The results are

consistent with the Fischer-Tropsch mechanism requiring an initiation step that involves

an oxygen-containing species, and not a surface carbon or carbene intermediate.
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Figure 1. The conversion of 2-octanol for the Fe O  (�) and Fe O -ThO  (�)2 3 2 3 2

catalysts and the selectivity for dehydrogenation for the Fe O  (�) and2 3

Fe O -ThO  (�) catalysts [275 C, 1 atm, LHSV = 3.2 h ].2 3 2
o -1

Figure 2. The X-ray diffraction patterns for:  (a) the Fe O  catalyst (bottom); (b) the2 3

Fe O  catalyst after use for the conversion of 2-octanol (middle), and (c)2 3

the thoria containing catalyst after use for the conversion of 2-octanol
(top).
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Figure 3. The X-ray diffraction patter for the Fe O  catalyst following (a) use for the2 3

conversion of 3-methyl-3pentanol (top) and (b) of Fe O  following use for2 3

the conversion of 3-pentanol (bottom).

Figure 4. The conversion (�) and dehydrogenation selectivity (�) for 3-pentanol
(LHSV = 1.5 h ) with the Fe O  catalyst; the conversion (�) and-1

2 3

dehydration selectivity (�) for 3-methyl-3-pentanol (LHSV = 3.2 h ) with-1

the Fe O  catalyst; and the conversion (�) and dehydration selectivity (�)2 3

for 3-methyl-3-pentanol (LHSV = 5.4 h ) the iron carbide catalyst (230 C,-1 o

1 atm).  
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Figure 5. The conversion (�) and dehydrogenation selectivity (�) for the Fe O2 3

catalyst following reduction in hydrogen at 230 C, 1 atm, LHSV = 1.5 h .o -1

Figure 6. Conversion of 2-octanol with Fe O  (275 C, 1 atm, LHSV = 3.2 h ) (�) and2 3
o -1

iron carbide (275 C, 1 atm, LHSV = 3.2 h ) (�) and the dehydrogenationo -1

selectivity with Fe O  (�) and iron carbide (�).2 3
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Figure 7. X-ray diffraction scan of the iron carbide catalyst following use for the
conversion of 2-octanol at 275 C, 1 atm and LHSV = 3.2 h .o -1

Figure 8. The conversion (�; 275 C, 1 atm, LHSV = 3.3 h ) of 1-octanol with Fe Oo -1
2 3

and iron carbide (�; 275 C, 1 atm, LHSV = 3.3 h ) and theo -1

dehydrogenation selectivity to 1-octanal for Fe O  (�) and iron carbide2 3

(�). [The low selectivity is due to formation of 8-pentadecanal from 1-
octanal by secondary reactions].


