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Fischer-Tropsch synthesis was performed at semi-industrial conditions (300°C, 1515 kPa, 
H2/CO = 1) on various oxide (SiO2, A1203, TiO2, ZrO2)-supported iron catalysts. The carbonaceous 
materials deposited on the catalysts after 260 h on stream were characterized by FTIR spectroscopy 
and thermogravimetry during temperature-programmed oxidation, and by 57Fe M6ssbauer spectros- 
copy. The characteristics of the carbonaceous deposits were strongly affected by the nature of the 
catalyst supports. At least five different forms of carbonaceous materials have been identified: 
aliphatic, aromatic, oxygenated, carbidic, and amorphous. Iron carbides have been found in all used 
catalysts. M6ssbauer spectra of all used catalysts after heating in air at 400°C showed reoxidation of 
all carbides to a-Fe203. A tentative correlation of the carbonaceous deposit characteristics with the 
nature of the catalyst supports is offered. 

INTRODUCTION 

When a supported metal catalyst is ex- 
posed to a reaction mixture containing car- 
bon monoxide or hydrocarbons at high tem- 
perature, various forms of carbonaceous 
materials are deposited on the catalyst sur- 
face. Some forms of such deposits cause 
catalyst deactivation, whereas others assist 
and are indeed necessary for the chemical 
reaction to proceed. Deactivation of cata- 
lysts by carbonaceous deposits is a problem 
of serious magnitude for the petroleum in- 
dustry in the conversion of coal and heavy 
feedstocks to clean fuels, in steam re- 
forming, in Fischer-Tropsch synthesis, and 
in many other important catalytic pro- 
cesses, as is evidenced by the fairly exten- 
sive published literature [e.g., (1-15)]. 

In spite of considerable effort many ques- 
tions remain to be answered concerning the 
chemical, physical, and morphological 
properties of various carbonaceous materi- 
als. Various factors relevant to the nature 
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of the catalyst supports, which may play a 
significant role in shaping the characteristics 
of carbonaceous materials, are not straight- 
forwardly understood. Also, a specific 
knowledge of carbonaceous deposits related 
to catalysts performing under industrial con- 
ditions appears not to be well represented 
in the open literature. For example, data for 
the supported iron catalysts tested during 
prolonged Fischer-Tropsch synthesis are 
scarce. 

The objective of this study was to deter- 
mine the effect of silica, alumina, titania, 
and zirconia supports on the characteristics 
of carbonaceous materials. The character- 
ization of these materials, deposited during 
260 h on stream on supported iron Fischer- 
Tropsch catalysts tested under semi-indus- 
trial conditions, was carried out by FTIR 
spectroscopy and thermogravimetry during 
temperature-programmed oxidation. In ad- 
dition, 57Fe M6ssbauer spectroscopy was 
employed to obtain the data related to the 
chemical state of iron on the catalyst. 
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TABLE 1 

CharacteristicsofFreshCatalystPowders 

Catalyst Fe BET surface area 
(wt%) (m2/g-cat) 

Fe/SiOz 4.99 273 
Fe/AlzO 3 5.16 223 
Fe/TiO 2 5.15 46 
Fe/ZrO2 5.06 3.2 

EXPERIMENTAL 

Materials 

The oxide (A1203, SiO2, TiOz, ZrO2)-sup- 
ported 5 wt% iron catalysts were prepared 
by the conventional impregnation method. 
The following reagents were used; Fe(NO3)3 
9HzO (B.D.H. Chemicals Canada, guaran- 
teed reagent), SiOz (Davison Specialty 
Chemical Co., Grade 57), y-Al20  3 (Kaiser 
Chemicals, Versal GH), TiO 2 (Degussa Can- 
ada Ltd., P-25), and ZrO 2 (Alfa Division, 
Ventron Co.). The required amount of a sup- 
port was dried at 150°C for 24 h, A given 
amount of aqueous solution of Fe(NO3) 3 
was slowly poured over the dry supports 
with gentle and even mixing. Then, the cata- 
lyst pastes were air-dried at 90°C for 24 h in 
an oven. After drying, the catalysts were 
calcined at 450°C for 24 h and sized to give 
70-100 mesh fraction. The catalyst powders 
were mixed with stearic acid (1-5 wt%), 
pelletized to 3 × 4 mm pellets, and calcined 
at 450°C for 20 h. As the silica-supported 
iron catalyst did not pelletize well, the cata- 
lyst after calcination was milled and a 6-8 
mesh sample was collected. These materials 
are referred to as "fresh catalysts." Before 
pelletizing, all catalyst powders were ana- 
lyzed for metal content by atomic absorp- 
tion and BET surface area by nitrogen ad- 
sorption. The results are given in Table 1. 

Apparatus and Procedure 

Catalyst performance in the Fischer- 
Tropsch synthesis was tested in a 
high-pressure, fully automated computer- 
controlled, fixed-bed down-flow reactor 

system. Conversion of the synthesis gas 
was carried out at 300°C, 1515 kPa pres- 
sure, and a H2/CO ratio of 1. Steady state 
was reached after 50 to 100 h on stream and 
was maintained throughout the duration of 
all the runs. CO conversions after steady 
state was reached were 75, 40, 35, and 
25% for ZrO2, SiO 2, AlzO3, and TiO2- 
supported catalysts, respectively. The ef- 
fective H2/CO ratio remained between 0.9 
and 1.2 as measured at the reactor exit. 
The computer-controlled six zone furnace 
with heating and cooling action gave tem- 
perature profiles of the catalyst beds within 
-5°C. Only the Fe/SiO2 and Fe/ZrO2 cata- 
lysts developed occasional hot points at 
the top edge of the bed as temperature 
raised to 330 and 350°C, respectively. Fur- 
ther experimental details and the reactor 
system used are described elsewhere (16). 

After 260 h on stream the catalysts were 
flushed with argon for 30 rain at 300°C then 
cooled to room temperature in flowing 
argon. Used catalysts were removed from 
the reactor and subjected to further tests. 
Each catalyst bed was 300 mm long in the 
25-mm inside diameter reactor. Each bed 
was divided into four 75-ram axial sections 
upon removal. Samples taken from each 
section were kept separate and subjected 
to all tests described below. No substantial 
differences were observed between repre- 
sentative samples taken from different sec- 
tions of the catalyst bed. Only the Fe/SiO2 
and Fe/ZrO2 catalysts removed from the top 
section of the catalyst bed showed higher 
amounts of the carbonaceous deposits than 
the other sections of the bed, most likely 
due to the hot points described above. All 
the experimental data described in this re- 
port were obtained for the catalyst bed sec- 
tions located 150-225 mm below the top of 
the catalyst bed. 

The crystal structures of the fresh and 
used catalysts were analyzed by CuKa 
X-ray diffraction. The amount of carbon 
and hydrogen was determined by high- 
temperature combustion analysis. A 
SEMCO, NANOLAB 7 scanning electron 
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microscope (SEM) was used to examine the 
fresh and used catalysts. 

Thermogravimetric analyses (TGA) were 
performed with a Perkin-Elmer TGA-7 
thermogravimetric analyzer from 35 to 
700°C at a heating rate of 20°C/min in air or 
nitrogen streams flowing at 30 ml/min. 

The temperature-programmed oxidation 
(TPO) of the carbonaceous materials depos- 
ited on the used catalysts was carried out 
with simultaneous infrared spectroscopy of 
the surface. The apparatus used was an all- 
metal closed circulation system incorporat- 
ing a quadrupole mass spectrometer (Bal- 
zers QMG 112) and a high-/low-pressure and 
high-temperature infrared cell coupled to a 
FTIR spectrometer (Nicolet SX-60) (17). 
The catalysts were pressed into self-sup- 
porting disks (13 mm in diameter, 20-30 mg) 
for infrared spectroscopy measurements. 
Before TPO, the catalysts were evacuated 
at room temperature overnight and subse- 
quently at 150°C for 2h. The TPO was car- 
ried out from 30 to 500°C at a heating rate of 
10°C/min in 10.6 kPa of dry air. All infrared 
spectra were recorded in absorbance with a 
resolution of 4 cm-  1. 

The 57Fe M6ssbauer transmission spectra 
of all catalysts in their calcined and used 
forms were obtained at room temperature. 
A 25-mCi y-ray 57Co source in a rhodium 
matrix was used. The 14.4-keV 3,-rays were 
detected with a Kr-CO2 proportional 
counter. The spectrometer was calibrated 
with a standard a-Fe absorber. The absorb- 
ers consisted of the powdered catalysts 
spread out over the sample support in uni- 
form thickness of 100 mg/cm 2. 

RESULTS AND DISCUSSION 

Elemental and SEM Analysis 

The results of elemental analysis of all 
used catalysts are summarized in Table 2. 
The amounts of carbonaceous deposits var- 
ied for each catalyst. Iron supported on 
ZrO2 was the only catalyst that did not con- 
tain hydrogen. The C/Fe atomic ratio for 
this catalyst was about 0.5, which roughly 
agrees with the stoichiometry of iron car- 

TABLE 2 

Results of Elemental Analysis of Used Catalysts 

Catalyst C (wt%) H (wt%) ~ C/Fe 

Fe/SiO 2 3.72 0.24 3.47 
Fe/AI203 2.53 0.43 2.28 
Fe/TiO 2 0.72 0.03 0.65 
Fe/ZrO 2 0.59 0.00 0.54 

Not corrected for the presence of water. 

bides and might indicate that most of the iron 
was in the form of carbide. The Fe/SiO2 and 
Fe/AI203 catalysts contained considerably 
more carbon, indicating a carbon content in 
excess of that required for carbide forma- 
tion. These results suggest that the composi- 
tions of the carbonaceous materials depos- 
ited on a supported iron catalyst are strongly 
influenced by the nature of the catalyst 
support. 

No filamentous carbon was detected on 
any of the used catalysts by SEM (magnifi- 
cation 5 × 103). However, considerable sur- 
face reorganization as compared to the sur- 
face of fresh catalysts was very apparent. 

Thermogravimetric Analysis 

Figure 1 shows the results of TG analysis 
in which the carbonaceous materials accu- 
mulated on the used catalysts were oxidized 
in a stream of air between 35 and 700°C. 
There are significant differences between 
the catalysts. A derivative form of the TG 
curve obtained by TPO of the used Fe/SiO 2 
catalyst exhibits two weight loss peaks at 
about 340 and 550°C, in addition to the water 
peak. The lower temperature weight loss 
peak has a composite nature, revealed by 
a shoulder at about 280°C. The shoulder at 
280°C coincides with the position of the sin- 
gle weight loss peaks in the TG curves of 
Fe/A1203 and Fe/TiO 2 catalysts. The TG 
pattern of the Fe/ZrO 2 catalysts is obscured 
by the simultaneous presence of the weight 
gain and loss peaks. The weight gain can be 
explained by reoxidation of H~igg carbide 
to iron oxide. The amount of the weight 
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FIG. 1. TPO patterns of used catalysts: (a) Fe/SiO2, (b) Fe/AI203 , (c) Fe/TiO 2 , and (d) Fe/ZrO 2 . Arrows 
indicate the start of infrared scanning and corresponding infrared spectra are shown in Figs• 2-5. 

increase agrees roughly with the stoichiom- 
etry of  FesC2 to Fe203 t ransformation.  

Infrared Spectroscopy during TPO 

The conditions of  the TPO exper iments  
described in the previous  paragraph were 
reproduced in the infrared cell. Infrared 
spectra  were  recorded at certain tempera-  
tures during TPO of  the carbonaceous  mate-  
rials deposi ted on the used catalysts.  The 
arrows on the TG curves  in Fig. 1 indicate 
the start  of  infrared scanning and the corre- 
sponding infrared spect ra  are shown in Figs. 
2-5.  The peak  intensities in all infrared spec- 
tra are normalized to the same catalyst  
mass.  

Fe/SiO 2 catalyst. In the case of  the used 

Fe/SiO 2 catalyst ,  several  infrared bands  
were observed  in the spectral  range 
3300-1200 cm -1 at room tempera ture ,  as 
shown in Fig. 2. The bands near  2926 and 
2853 cm-1 can be assigned to a symmet r i c  
and symmetr ic  C - H  stretching vibrat ions in 
- C H 2 -  species,  respect ively (19). The band 
near 2926 cm-1 has a shoulder near  2970 
cm-~ which can be assigned to asymmet r ic  
C - H  stretching vibrat ion in -CH3  species 
(19). The weak band near  1451 cm -1 can 
very likely be assigned to C - H  deformat ion  
vibration in oligomeric - C H  2- or  to C - H  
deformation vibration in - C H  3 species 
(20-23). The infrared bands near  1982, 1871, 
and 1621 c m - l  arose f rom the SiO 2 support  
itself (19). The intensities of  the bands  near  
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FIG. 2. Infrared spectra of carbonaceous deposits on Fe/SiO2 used catalyst. Spectra were recorded 
during TPO, as indicated by arrows on curve (a) in Fig. 1. Spectra are displaced vertically for clarity. 

2926, 2853, and 1451 cm -~ started to de- 
crease after the temperature reached 250°C. 
All these bands practically disappeared 
from the spectra at about 450°C. The band 
at 2336 cm- ~ assigned to carbon dioxide was 
observed only above 250°C. This tempera- 
ture coincided with that of the starting point 
of weight loss in the TG spectrum. Obvi- 
ously, carbon dioxide was a major product 
from oxidation of the carbonaceous materi- 
als. These results indicate that the carbona- 
ceous materials detectable by infrared spec- 
troscopy on the used Fe/SiO2 catalyst are 
most likely saturated oligomers (24). These 
oligomers upon oxidation formed the weight 
loss peak at 340°C in the derivative form 
of the TG pattern. Since all infrared bands 

associated with the carbonaceous materials 
were removed at 450°C, the weight loss peak 
at 550°C must have been formed by oxida- 
tion of an infrared inactive form of the car- 
bonaceous deposit. 

Fe/Al203 catalyst. The infrared spectra of 
the used Fe/AI203 catalyst are shown in Fig. 
3. Several bands with frequencies at 2970, 
2927, 2850, 1591, 1559, 1462, and 1332 cm -1 
were observed in the spectral range 
1200-3300 cm-l at room temperature. The 
weak bands at 2970, 2927, and 2850 cm- 
belong to the C-H stretching region in 
-CH 3- and -CH 2- surface species. The 
C-H deformation vibrations of the same 
species gave rise to a shoulder at about 1420 
cm -~ and a band at 1332 cm -l. The assign- 
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FIG. 3. Infrared spectra of carbonaceous deposits on Fe/A1203 used catalyst. Spectra were recorded 
during TPO, as indicated by arrows on curve (b) in Fig. 1. 

ments of the strong bands at 1591, 1559, and 
1462 cm- I have been a controversial subject 
in the literature and were thoroughly dis- 
cussed in the previous paper (17). It was 
concluded that these infrared bands could 
be assigned to C-O vibration in carboxylate 
type surface species (17, 25, 26) and aro- 
matic ring C ~ C  stretching vibration (17) in 
polyaromatic species. A small contribution 
from a surface carbonate should also be con- 
sidered. The same interpretation is adopted 
in the present paper. As shown in Fig. 3, all 
infrared bands characteristic o f - C H  3 and 
-CHz-  surface species disappeared from the 
infrared spectra at 400°C. All the other 
bands practically vanished at 530°C. There- 
fore, oxidation of a saturated oligomeric 

form of the carbonaceous deposit consti- 
tuted the weight loss peak at 280°C in the 
derivative form of the TG spectrum. The 
aromatic and carboxylate species contrib- 
uted mainly to the high-temperature side tail 
of this peak. 

Fe/Ti02 catalyst. The infrared spectra ac- 
quired during examination of the used 
Fe/TiO2 catalyst are shown in Fig. 4. The 
bands with frequencies at 2970, 2926, 2854, 
and 1305 cm- 1 are characteristic of various 
modes of vibrations of t h e - C H  3 and - C H  2- 
surface species, as described for the used 
Fe/A1203 catalysts. These species were 
practically eliminated from the catalyst sur- 
face in the course of TPO at about 330°C. 
The assignments of the two strongest bands 
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FIG. 4. Infrared spectra of carbonaceous deposits on Fe/TiO2 used catalyst. Spectra were recorded 
during TPO, as indicated by arrows on curve (c) in Fig. 1. 

in the spectral range below 1700 cm-1 near 
1531 and 1428 cm -1 recorded at room tem- 
perature were not trivial. These bands had 
composite structures and they evolved dur- 
ing TPO into two new infrared bands with 
frequencies near 1557 and 1380 cm- 1, before 
vanishing from the spectra at about 400°C. 
This was the main difference between the 
species on Fe/TiO2 and the species having 
similar infrared frequencies below 1700 
cm- 1 on Fe/A1203 , which needed a substan- 
tially higher temperature to be removed 
from the catalyst surface. 

In additional experiments the infrared 
spectra of the used catalysts were recorded 
during temperature-programmed desorp- 

tion (TPD), when the catalysts were heated 
in the same manner as that for the TPO 
experiments but in a stream of nitrogen, 
without being exposed to oxygen. Appar- 
ently, all carbonaceous materials deposited 
on the Fe/TiOz catalyst were removed at 
450°C just by the heat treatment. On the 
other hand, in the case of the Fe/A1203 cata- 
lyst, even after 30 rain at 500°C the infrared 
spectrum showed two strong bands at 1569 
and 1462 cm -1. This amplifies the earlier 
assignment of these bands to polyaromatic 
species deposited on the Fe/AI203 catalyst 
and excludes the existence of such species 
on the Fe/TiO2 catalyst. Considering the fre- 
quencies of the infrared bands below 1700 
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FIG. 5. Infrared spectra of Fe/ZrO 2 used catalyst. Spectra were recorded during TPO as indicated by 
arrows on curve (d) in Fig. 1. 

cm -~ (17,27) for  the used Fe/TiO 2 catalyst 
and the fact that a thermal treatment was 
sufficient to decompose  and then desorb the 
materials associated with these bands, the 
presence of  various forms of  surface carbon- 
ates is postulated on the used Fe/TiO2 cata- 
lyst. A contribution of  surface carboxylates 
cannot  be excluded. 

Fe/ZrO 2 catalyst. An infrared spectrum 
of  the used Fe/ZrO 2 catalyst recorded at 
room temperature  before TPO is shown in 
Fig. 5. The catalyst was almost opaque to 
the infrared beam and had to be diluted with 
KBr  at a weight ratio of  1 :2  to allow re- 
cording of  a spectrum. No infrared bands 
were observed in the spectral range 

1200-3300 cm -  ~. However ,  infrared spectra 
of  the used catalyst without KBr  diluent 
were recorded after the sample was oxidized 
above 450°C during TPO. The infrared band 
at 2336 cm -~, which is characteristic of  
CO 2, was the only band observed.  Appar- 
ently, an infrared inactive form of  carbona- 
ceous deposits, which produced CO 2 upon 
oxidation, existed on the used Fe/ZrO 2 cat- 
alyst. 

Methylene groups. The calculated rela- 
tive intensity ratios of  the - C H  3 (--2970 
cm-1) and - C H 2 -  ( -2925 cm-1) associated 
infrared bands are 0.24, 0.81, and 0.69 for 
the used Fe/SiO 2, Fe/AI203, and Fe/TiOz 
catalysts, respectively. A much greater  rela- 
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tive strength of the -CH3 associated infrared 
bands for the oligomeric species in the spec- 
tra of used Fe/AI203 and Fe/TiO2 catalysts 
indicates that they are either considerably 
more branched or have shorter chains than 
those formed on the Fe/SiO2 catalyst. Ac- 
cordfng to the empirical formulas derived by 
Jones (28) for the solutions of n-paraffin 
hydrocarbons, the intensity of the 2970 cm- J 

(CH 3) band is (8n + 258) and that of the 
2925 cm -~ (CH2) band is (77n - 18), where 
n is the number of methylene groups in the 
chain. The numbers of methylene groups in 
hydrocarbon chains of the oligomeric spe- 
cies adsorbed on the Fe/SiO2, Fe/AI203, 
and Fe/TiO2 catalysts calculated by this in- 
frared method are 25, 5, and 6, respectively. 
It must be recognized that the accuracy of 
this calculation depends very much on the 
arbitrary assumptions that the oligomers 
formed on catalysts are linear and that the 
above equations derived for hydrocarbon 
solutions can be applied to adsorbed species 
(21, 22). However, even if the accuracy of 
the above calculation is doubtful, the con- 
clusion that the oligomers formed on the 
Fe/SiO, catalyst are either much less 
branched or have longer chains than those 
formed on the other catalysts seems to be 
unquestionable. Of course, it is not possible 
to judge whether these carbonaceous mate- 
rials play the role of intermediates in the 
Fischer-Tropsch synthesis, since insuffi- 
cient information is available. However, it 
is worth mentioning that the selectivity to- 
ward branched alcohols observed on the 
Fe/AI203 and Fe/TiO2 catalysts was high 
and the fraction of internal C4 olefins was 
large (16). 

MOssbauer Spectroscopy 

The 5VFe M6ssbauer spectra of the inves- 
tigated catalysts in fresh and used form are 
shown in Figs. 6 and 7, respectively. The 
spectra differ drastically for different sup- 
port materials. The results of the analysis 
based on the least-squares fits of the spectra 
are collected in Tables 3 and 4. The follow- 
ing spectral parameters are given: IS is the 

isomer shift (in reference to metallic a-Fe), 
which represents the valent state of iron 
(s-electron density at iron nuclei); QS is the 
electric quadrupole splitting, which repre- 
sents the quadrupole interaction of iron nu- 
clei with the electric field gradient created 
both by d-electron shell of iron ions and by 
nearest ions in the lattice; Heff is the mean 
effective hyperfine magnetic field at iron nu- 
clei; and A is the percentage area under each 
spectral component. Usually it is assumed 
that the M6ssbauer area ratios are equal to 
a relative amount of the associated species. 
This approximation is commonly used in the 
pertinent literature (29-35), although it is 
valid only when bond strength of iron spe- 
cies or dispersion of the phases in question 
are not very different. The estimates of the 
sizes of the iron oxide particles given below 
have been based on the calibration data re- 
ported by Kiindig et al. (36) and by MCrup 
et al. (37). However, it must be noted that 
such estimates are not unambiguous: espe- 
cially when the spectrum is not magnetically 
split, assignment to c~-Fe203 and particle 
size determination on the basis of IS and QS 
alone can only be tentative. 

Fresh catalysts. The spectra of fresh cata- 
lysts contain both ferromagnetic (sextuplet) 
and paramagnetic (doublet) components. 
The spectrum of Fe/SiO2 exhibits a relax- 
ation pattern consisting of a sextuplet of 
broad lines (40% of a total spectral area) and 
a poorly resolved central doublet (60% in 
area), which may be ascribed respectively 
to very small particles of c~-Fe203 ( -9  nm) 
and lepidocrocite y-FeOOH. The presence 
of y-FeOOH in this catalyst may indicate 
that the process of thermal dehydration was 
in this case either not complete or reversed 
by a long exposure to the atmospheric mois- 
ture. The spectrum of Fe/A1203 consists 
mostly of a central doublet representing 
small (<13 rim) particles of c~-Fe,O3, with 
only about 15% of the iron in the form of 
larger crystallites. The spectrum of Fe/TiO 2 
consists of a sextuplet characteristic of large 
(>13 nm) particles of c~-Fe203 , but in addi- 
tion it shows a central doublet (36% in area) 
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due to the presence of smaller particles. Fi- 
nally, the spectrum of Fe/ZrO2 shows a very 
well defined pattern of six narrow absorp- 
tion lines, which indicates that all iron oc- 
curs in the form of well-defined particles of 
a-Fe203, with a diameter larger than 13 nm. 

Small dimensions of iron oxide crystal- 
lites on the four support materials were con- 
firmed by X-ray powder diffractograms. 

T A B L E  3 

Computer -Fi t ted  Parameters  f rom M6ssbauer  
Spectra  o f  Fresh  Catalys ts  Presented  in Fig. 6 

Catalyst Component IS QS Hen A 
(mm/s) (mm/s) (T) (%) 

Fe/SiO 2 a-Fe20~(-9 nm) 0.32 -0.13 48.6 40 
7-FeOOH 0.39 0.49 - -  60 

f 0.38 -0.24 50.3 15 
Fe/Al203 a-Fe203(< 13 nm) 1 0.33 0.99 - -  85 

0.37 -0.22 50.4 64 
Fe/TiO2 o~-Fe203(- 13 nm) 1 0.34 0.78 - -  36 

Fe/ZrO 2 a-Fe203(>13 nm) 0.37 -0.20 51.2 100 

T A B L E  4 

Computer-Fi t ted  Parameters  f rom M f s s b a u e r  
Spectra of  Used  Catalysts  ~ Presented  in Fig. 7 

Catalyst Component IS QS Hcff A 
(ram/s) (ram/s) (T) (%) 

Fe/SiO 2 ( 0.25 0.04 22.5 ] 
x-Fe~C2 l 0.23 0.04 17.6~ 53 

0.40 0.04 l l . 0 J  
Fe304(6 nm) 0.63 - 0.11 42.6 14 
Fe 3÷ 0.37 1.07 - -  33 

Fe/A1203 [ 0.27 0.14 21.4] 
x-FesC 2 ~ 0.21 0.10 18.2~ 20 

L0.36 0.04 l l . 3 J  
Fe304(7 nm) 0.54 -0.10 44.6 6 
Fe ~+ 0.38 1.00 - -  55 
Fe 2+ 0.97 2.14 - -  19 

Fe/TiO2 f0 .19  0.11 21.0] 
x-FesC2 ~ 0.18 0.00 18.7~ 10 

L 0.36 0.04 10.8J 
Fe 3÷ 0.36 0.71 - -  52 
Fe 2+ 1.08 0.77 - -  38 

Fe/ZrO2 ( 0.25 0.11 21.6 ] 
x-Fe~C2 ~ 0.17 0.07 18.9~ 86 

Lo.22 O.ll l l . l J  
Fe 3+ 0.37 1.00 - -  14 

Catalysts exposed to air before measurements. 
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FIG. 7. 57Fe M6ssbauer spectra of used catalysts: (a) Fe/SiO2, (b) Fe/AI203, (c) Fe/TiO 2, and 
(d) Fe/ZrO2. 

Well-defined narrow peaks of Fe203 could 
only be distinguished on the diffractograms 
of Fe/ZrO 2 and Fe/TiO2, whereas only very 
broad poorly defined peaks due to iron oxide 
crystallites could be seen in the case of 
Fe/Al203 and Fe/SiO2. The sizes of iron ox- 
ide crystallites, as estimated from the broad- 
ening of the diffraction lines using the Scher- 
rer formula, were in fairly good agreement 
with those determined from the M6ssbauer 
spectra. 

From these results it can be inferred that 
in the fresh catalysts the order of increasing 
the average size of iron oxide particles was 
Fe/SiO2, Fe/Al203 , Fe/TiO 2 , and Fe/ZrO 2 . 
Thus, the observed size of iron oxide parti- 
cles is clearly correlated with the surface 
area of the oxides used as the support mate- 
rials. 

Used catalysts. M6ssbauer spectra of the 
catalysts used in the Fischer-Tropsch syn- 
thesis for 260 h are shown in Fig. 7. Gener- 
ally, the spectra represent the superposition 
of iron carbides and iron oxide patterns. The 

spectrum of the Fe/ZrO 2 catalyst has been 
best fitted with three carbide sextets, with 
the hyperfine fields Her f = 22, 19, and 11 T. 
Consistent with the literature data (33-35), 
such a spectrum can be attributed to H~igg 
carbide, x-FesC2. The spectrum of used 
Fe/SiO2 indicates the 53% fraction of 
x-FesC2 carbide in addition to very finely 
divided Fe304 particles (14%) and Fe 3+ spe- 
cies (33%). In Fe/Al203 and Fe/TiO2, the 
fraction ofx-FesC 2 was only -20  and - 10%, 
respectively. In the spectrum of the Fe/TiO 2 
catalyst, the remaining peaks could be at- 
tributed to Fe 3+ species and Fe 2+ species. 
A significant fraction of the Fe 2+ species 
(-20%) has been also observed in the used 
Fe/Al203 catalyst. 

In the X-ray diffractograms the presence 
of the carbide crystallites was clearly indi- 
cated only in the case of the Fe/ZrO2 cata- 
lyst. In other catalysts the carbide particles 
were either too small or too poorly crystal- 
lized to exhibit any diffraction features. 

Since all used catalysts were exposed to 
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air at room temperature it is likely that iron 
species that might exist in the working cata- 
lysts were converted to iron oxides. 
Whether air exposure at room temperature 
oxidizes carbonaceous deposits or not is de- 
batable. Although direct experimental evi- 
dence that would fully exclude such a possi- 
bility is not available, it does not seem highly 
plausible. TPO experiments showed that 
temperatures higher than 100°C were re- 
quired to commence weight loss due to car- 
bonaceous materials oxidation. Also, oxy- 
genated carbonaceous materials were 
detected by FTIR only on the Fe/A1203 and 
Fe/TiO2 catalysts for reasons other than air 
exposure, as discussed later. 

Reoxidized catalysts. Specimens of spent 
catalysts were heated in air at 400°C for 10 
min. The M6ssbauer spectra (not shown) 
measured after heating revealed in each case 
Fe 3+ in a form of a-Fe203 particles with a 
dispersion similar to that observed in fresh 
catalysts. This proves that the carbides de- 
compose fairly easily and oxidize upon heat- 
ing in the presence of oxygen. This result 
agrees with the FTIR and TPO data obtained 
at similar conditions for the same spec- 
imens. 

CONCLUSIONS 

Any species containing carbon formed on 
a catalyst surface during Fischer-Tropsch 
synthesis was classified in this work as a 
carbonaceous material. This definition goes 
beyond the narrower and somewhat arbi- 
trary description of carbonaceous materials 
presented in the literature [e.g. (9, 10)]. The 
forms of carbonaceous deposits identified in 
this work are summarized in Table 5. 

It is obvious that characteristics of the 
carbonaceous materials were strongly in- 
fluenced by the nature of the support. In the 
present study direct experimental evidence 
has been obtained for the existence of all 
forms of deposits except for amorphous car- 
bon postulated to be present on Fe/SiO 2. 
The latter was infrared inactive, could not 
be removed from the catalyst surface by 
simple heat treatment, and did not contrib- 

ute to the M6ssbauer spectra of carbides. 
A temperature of 550°C was necessary to 
oxidize this carbonaceous material. There- 
fore, the assignment of the amorphous form 
of carbon is, although logical, somewhat 
speculative as direct experimental evidence 
is not presently available. It should be 
noted, however, that amorphous carbon 
does not have an obvious characteristic fea- 
ture that is easy to determine experimen- 
tally. Since all catalysts were removed from 
the reactor in their active state after steady- 
state conditions were reached, it is very 
likely that at least part of the carbonaceous 
materials accumulated on the catalyst sur- 
face, besides well documented carbides, 
played some role as an active intermediate 
in the synthesis. 

The most challenging assignment would 
be to elucidate correlation between signifi- 
cant factors related to the nature of a cata- 
lyst support and the characteristics of car- 
bonaceous materials. A complete picture 
cannot be given as too many variables must 
be considered. However, a tentative rela- 
tionship based on this study is offered. 

The formation of oxygenated forms of 
carbonaceous deposits on Fischer-Tropsch 
catalysts, such as carbonates and carboxyl- 
ates, is not very well documented in the 
literature. Their influence on the catalytic 
performance of these catalysts is not 
known. It is very likely that these forms 
of carbonaceous materials on the Fe/AlzO 3 
catalyst are linked with the ability of alu- 
mina support (17, 23) to contribute lattice 
oxygen for oxidized moiety. The abundance 
of similar moieties on the used Fe/TiO2 cata- 
lyst may be explained by the presence of 
titania species (TiOx) (38) on the surface of 
metal particles during Fischer-Tropsch 
synthesis. It has been suggested (38) that 
the TiO x species resulted from the reducibil- 
ity of titania support and the strong metal 
support interaction and that they might 
maintain an appropriate amount of oxygen 
on the surface, which in turn might control 
the balance between "active" and "inac- 
tive" carbon species. In the present study 
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TABLE 5 

Forms of Carbonaceous Deposits on Supported Iron Catalysts Observed or Elucidated from the 
Present Study 

Form of carbonaceous deposit 
Catalyst 

Aliphatic Aromatic Oxygenated Carbidic Amorphous 

Fe/SiO 2 o o o 
Fe/AI20 s o o o o 
Fe/TiO 2 o o o 
Fe/ZrOz o 

only a small fraction of Fe ( -  10%) has been 
seen in carbides on the used Fe/TiO2 cata- 
lyst, but substantial amounts of the carbona- 
ceous oxidized moieties were detected. One 
may speculate that the rate-determining step 
is shifted to CO dissociation on Fe/TiO2 and 
the fast hydrogenation of "act ive" carbon 
(39) does not allow the iron carbide buildup. 
Oxygen of the titania support may be used 
to convert either CO or surface carbon into 
inactive oxidized moieties. 

In the present study, undoubtedly, the 
particle size of iron oxide in fresh catalysts 
seemed to be correlated with surface area. 
It is likely that after reduction such a corre- 
lation will hold. Nevertheless, particles of 
iron oxides in the fresh Fe/ZrO2 catalyst 
were the largest as confirmed by M6ssbauer 
spectroscopy. The influence of metal parti- 
cle size on the morphology of carbonaceous 
deposits seems to be well documented, at 
least in the case of filamentous carbon for- 
mation, which involves carbide participa- 
tion (40, 41). It is postulated here that the 
almost complete conversion of iron into iron 
carbides detected in the used Fe/ZrO2 cata- 
lyst is related to the large particles of iron 
(oxide). 

High acidity of the alumina support may 
stimulate the aromatic character of the car- 
bonaceous deposit (42, 43). A significant 
portion of the carbonaceous materials may 
be deposited on the support itself (17, 44). 
Convincing experimental evidence of direct 
attachment to iron was presented only for 
carbides. On the other hand, basicity of the 

SiO 2 support may be responsible for long 
carbon chain oligomers (45) detected on the 
used Fe/SiO2 catalyst, as discussed pre- 
viously. Also, it has been noted that the rate 
of carbon hydrogenation is relatively low 
on silica-supported catalysts (39) because of 
support basicity (45). This may explain the 
accumulation of the amorphous carbons de- 
tected on the used Fe/SiO2 catalyst in the 
present study. Further studies are required 
to derive better correlations. 

Resistance to reduction of the supported 
iron catalysts has been noted in a rather small 
part of the relevant literature, which dealt 
mainly with M6ssbauer investigations. It has 
been explained by strong support metal inter- 
action [TiO2 (38), AI203 (35)], surface decora- 
tion [SiO 2 (46)], or formation of chemical 
compounds on the surface of the catalysts 
[A1203 (35, 38, 47), SiO 2 (31, 48)]. It has been 
stated (31) that the reduction behavior of sup- 
ported iron catalysts is not well understood 
since it depends on iron loading, the prepara- 
tion method, and pretreatment conditions. 
However, it is likely that significant amounts 
of iron oxides coexist with the metallic 
iron and the iron carbides even at 
Fischer-Tropsch synthesis conditions. 
These oxides may also contribute oxygen for 
the formation of carbonates and carboxylate 
species detected in the present study of alu- 
mina- and titania-supported iron catalysts. 
Also, unreduced iron oxide phases can cata- 
lyze a water-gas-shift (WGS) reaction (49), 
which may result in promotion of lighter hy- 
drocarbon formation. 
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