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Mossbauer spectroscopy has been used to study in situ the transformation of Fe/Al+& and Fe/ 
ThOz catalysts under different stages of calcination, reduction, carburization, and Fischer- 
Tropsch synthesis reactions. At room temperature the calcined FefA1rO1 catalyst is composed of 
Fe3’ ions strongly interacting with the alumina support, and about 10% of bulk a-FerO,. The 
calcined Fe/Th02 sample consists of a bulk phase of a-FelO,. After reduction in flowing hydrogen 
at 4Oo”C, the Fe/A1203 catalyst contains about 70% of a-Fe and 30% of FeAl?O* (a spine1 phase). 
The calcined sample of Fe/Thor is completely reduced to a-Fe in flowing H2 at 400°C in 9 h. When 
the reduced Fe/A1201 catalyst is carburized at 250°C in synthesis gas (2Hr/CO), all the (Y-Fe is 
converted to an interstitial alloy of a composition resembling Hag&s carbide and &‘-Fe&. Carbu- 
rization of the reduced Fe/ThO* catalyst at 250°C in 2Hz/C0 converted about SO% of the a-Fe to x- 
FeC2. However, after the Fischer-Tropsch synthesis reaction, the remaining amount of tu-Fe in 
the catalyst is also changed to x-Fe&. The product distribution in the case of Fe/A&OS reveals a 
high selectivity for unsaturated and saturated C1 hydrocarbons. For the FeiThO, catalyst, calcined 
for 24 h, a high selectivity for C+Z10 hydrocarbons is shown. For the sample Fe/Thor calcined for 
48 h, a high selectivity for Cc hydrocarbon and oxygenated products is obtained. Q 1985 Academic 

INTRODUCTION 

The catalytic synthesis of hydrocarbons 
from a mixture of carbon monoxide and hy- 
drogen (synthesis gas) is a well-studied re- 
action; it was first reported by Sabatier in 
1902 for the synthesis of methane over a Ni 
catalyst. Since then, this reaction has been 
extensively studied (1-12) by many other 
workers and with a variety of catalysts. 
Many excellent reviews have been written 
that describe this work (13-16). 

However, nearly all of the early research 
was completed before the development of 
sensitive analytical instruments that can de- 
termine the surface chemistry of an in situ 
catalyst under reaction conditions. During 
the last 10 years many sensitive and sophis- 
ticated techniques have been developed for 
catalyst characterization; unfortunately 

1 To whom correspondence should be addressed. 

most of these techniques have inherent 
drawbacks such as the requirements of ul- 
trahigh vacuum or that the catalyst be in the 
form of a single crystal or a metal foil. The 
information on catalyst behavior obtained 
under these conditions can hardly be ex- 
tended to actual reaction conditions. In situ 
Mossbauer measurements, on the other 
hand, are ideal in this regard as the tech- 
nique can very well be used under the high- 
pressure and high-temperature conditions 
required for the reaction. Moreover, the y- 
rays used in the technique have negligible 
interaction with the reacting gases or with 
the catalyst; they have high penetration 
power which allows the atoms inside the 
pores of the samples to be “seen” as easily 
as those of the exterior of the support parti- 
cles. 

Using the sensitivity of the Mossbauer 
technique we report various characteristics 
of Fe/A1203 and FelThO catalysts under 
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reduction, carburization, and Fischer- 
Tropsch reaction conditions. Emphasis has 
been placed on the determination of any 
metal oxide-support interaction and the 
identification of various phases formed dur- 
ing different stages of the Fischer-Tropsch 
reaction. Mass spectrometry has been used 
to determine the dist~bution of reaction 
products for the two catalysts. 

EXPERIMENTAL 

Preparation of the Catalysts 

The Fe/Al203 and FelThOz catalysts 
were prepared from Fe3(C0)12 (Alfa prod- 
ucts) and Al20JTh03 (Davison chemicals) 
by an extraction procedure following the 
method described in Ref. (17). The percent- 
age of Fe loading in both catalysts is 14 
wt% as determined by UV-visible spec- 
troscopy. The samples just after the prepa- 
ration are designated as-prepared or “AP.” 
The AP samples were heated in air at 500°C 
for 24 h; they are designated as the calcined 
or HfOO samples. The samples obtained af- 
ter Fischer-Tropsch reaction will be desig- 
nated as the used samples. 

M&wbauer Measurements 

The Miissbauer spectra were accumu- 
lated with a microprocessor-based spec- 
trometer (Promeda) operated in a vertical 
geometry. The y-ray source was a 50-mCi 
J7Co in a Rh matrix. 

The Mossbauer spectra were analyzed 
and &ted in terms of a set of independent 
Lorentzians, with the help of a nonlinear 
least-squares fitting procedure. The isomer 
shifts were calculated with respect to the 
centroid of a-Fe at room temperature. The 
points shown in all the Mossbauer figures 
represent the experimental data points. The 
full lines are the result of a computer fit of 
these data points. The bars with the num- 
bers on all the Mossbauer figures represent 
the percentage effect. 

The processes of reduction, carburiza- 
tion, and Fischer-Tropsch synthesis were 
performed in a specially designed reactor 

which has been described previously (18). 
The catalyst under study was in pellet form 
and supported by a small quartz cell inside 
the reactor. The sample temperature was 
monitored with a Chromel-Alumel thermo- 
couple, which also provided the input sig- 
nal for a proportional temperature control- 
ler. About 200 mg of each catalyst was 
pressed to 28 MPa pressure to form pellets 
(1.5 cm diameter). These pellets were used 
as the Mossbauer absorbers. In situ Moss- 
bauer spectra were recorded during reduc- 
tion, carburization, and Fischer-Tropsch 
synthesis reactions. 

The as-prepared sample of Fe/A1203 was 
calcined in air at 500°C for 24 h. After cool- 
ing it was introduced in the reactor and left 
there until the end of the experiment. Re- 
duction was carried out by flowing hydro- 
gen gas in the reactor at the rate of about 
100 cm3/min at 400°C. The reduction of the 
Fe/A&O3 catalyst was carried out for a total 
period of 123 h. For carburization, a mix- 
ture of 2H2/C0 was allowed to flow in the 
reactor at 250°C for 42 h. To evaluate the 
catalytic activity of the Fe/A1203 catalyst 
for synthesis gas conversion, a mixture of 
2HdCO was allowed to flow over the cata- 
lyst at 300°C. The rate of flow for carburiza- 
tion and Fischer-Tropsch reactions was 
also about 100 cm3/min. A pressure differ- 
ence of about 138 kPa was maintained at 
the inlet (kept at 172 kPa) and the outlet for 
the three processes. 

The Fe/ThOz catalyst was studied under 
two different expe~men~l conditions. In 
the first set of experiments the in situ mea- 
surements were carried out on the sample 
which was calcined for 24 h at 500°C in air. 
After cooling to room temperature it was 
introduced into the reactor and was re- 
duced in flowing I& (inlet at 172 kPa and 
outlet at atmospheric pressure) at 400°C for 
9 h (rate of flow -100 cm3/min). Without 
exposing the catalyst to the atmosphere, it 
was carburized in a flowing mixture of syn- 
thesis gas (2H&IO) at 250°C for 4 h. The 
Fischer-Tropsch reactions followed at 
300°C using the same composition of HZ 
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and CO. The rate of flow of the gases for 
carburization and Fischer-Tropsch synthe- 
sis reactions was about 100 cm3/min. 

A similar procedure was followed in the 
second set of experiments. In this case, the 
sample was calcined in air at 500°C for 48 h. 
Using the same reactor, the sample was 
then reduced at 400°C for about 10 h and 
carburized for a total period of 33 h. Fi- 
nally, the Fischer-Tropsch reactions were 
conducted on the carburized sample for 7 h. 

57Fe Mossbauer spectra of the samples 
were recorded and computer fitted at vari- 
ous stages, viz., after calcination, following 
reduction, carburization, and Fischer- 
Tropsch reactions while the sample was in 
the reactor, and after exposure to air. A 
conversion electron Mossbauer spectrum 
(CEMS) of the Fe/ThO? used sample was 
also recorded by using a continuous-flow 
90% He/CH4 detector. 

Mass Spectrometric Measurements 

To determine the distribution of the hy- 
drocarbons in the effluent gases from the 
reactor, a mass spectrometer (Model SM 
1000 series, Spectrum Scientific) was used. 
Before recording the mass spectra of the 
products, blank runs of the line (back- 
ground) were recorded. The peak heights of 
the background were subtracted from the 
heights of the respective peaks in the actual 
spectra when the final analyses were made. 
Zn situ mass spectra of the effluent gases 
were recorded every hour for both the cata- 
lysts. 

RESULTS AND DISCUSSION 

FeIAl203 Catalyst 

The S7Fe Mossbauer spectrum of the as- 
prepared sample is shown in Fig. la. It con- 
sists of a symmetric broad doublet with an 
isomer shift (IS) value of 0.35 + 0.03 mm 
s-i and quadrupole splitting (QS) value of 
0.85 + 0.06 mm ss’. These are the typical 
parameters for isolated paramagnetic Fe3+ 
ions, probably in the form of some hydrox- 
ylated iron. A similar doublet has been ob- 
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FIG. 1. 57Fe Miissbauer spectra for (a) as-prepared 
(AP) and (b) calcined (H500) FelA1203 catalyst. 

served by Dezsi et al. (19) in their study on 
the as-prepared Fe&i02 catalyst. The spec- 
trum for the calcined (HSOO) sample (Fig. 
lb) consists of a dominant central doublet 
and a minor component in the form of a six- 
line pattern. The central doublet has the 
Mossbauer parameters IS = 0.37 -f- 0.03 
mm s’ and QS = 1.02 + 0.06 mm s-‘. This 
doublet has been identified as arising from 
Fe3+ ions strongly interacting with the alu- 
mina surface forming a compound contain- 
ing Fe, Al, and 0. There have been several 
studies in the literature reporting such a be- 
havior (20, 21). These studies have shown 
that such an interaction can make the re- 
duction of these iron species difficult. We 
will notice later in the text that this is true in 
the present study. The minor component in 
the form of a six-line pattern represents the 
bulk phase of a-Fe203. It corresponds to a 
hyperfine field of 510 + 5 kOe and IS = 0.38 
? 0.05 mm s-l. It is interesting to note that 
the spectrum of the sample calcined at 
500°C for 24 h exhibits only 10% spectral 
contribution from a bulk phase of a+Fe203. 

Figure 2 shows room temperature Moss- 
bauer spectra of the H500 sample after re- 
duction with hydrogen at different times. 
The variation of the different phases and 
the extent of reduction to a-Fe with time is 
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FIG. 2. Room-temperature j7Fe Mossbauer spectra 
of the Fe/A&Ox (H500) catalyst during reduction with 
different time of Hz treatment. Reduction was carried 
out by flowing Hz at the rate of about 100 cm3 mini at 
400°C. 

shown in Fig. 3. In 4 h of reduction the 
spectral contribution of a-Fe is only 7%. 
On increasing the time of hydrogen gas 
treatment, at first the spectral contribution 
of o-Fe increases steadily to 45% in a pe- 
riod of 34 h, but after that time, the process 
of reduction slows down and after 104 h, 
only about 65-70% of the spectral contribu- 
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FIG. 3. Contribution of the different iron phases to 
the Mossbauer spectra of Fe/A&O3 (HSOO) during re- 
duction at 400°C. 

tion is attributed to a-Fe. The amount of 
a-Fe does not increase on further H2 gas 
treatment. Therefore, about 30% of the 
remaining oxide apparently has strongly 
reacted with the support and formed a 
FeA1204 spine1 phase (see below). The two 
doublets indicated by a and b in the Moss- 
bauer spectrum (Fig. 2) after 123 h of reduc- 
tion (they are present in all other spectra in 
Fig. 2 and are designated as Fe*+(I) and 
Fe*+(II) in Table 1) are due to the Fe*+ ions 
in octahedral (B site) and tetrahedral (A 
site) of such a spine1 phase. From Fig. 3 it 
is evident that the spectral contribution 
of these two species changes very little 
throughout the entire process of reduction. 
In calculating the spectral contribution of 

TABLE 1 

Mossbauer Parameters for the Fe/A&O9 Reduced Catalyst at Room Temperature 

Time of 
reduction 

(h) 

a-Fe Fe’+ 

H(kOe) AA” ISb QSc A4 

Fe*+(I) 

IS QS AA 

Fez+(B) 

IS QS LU 

4 334 +- 3 1% 0.44 0.81 63% 0.87 2.07 30% - - - 
17 331 f 3 25% 0.33 1.04 33% 0.88 2.12 24% 0.76 1.05 18% 
34 331 f 3 45% 0.36 1.04 13% 0.91 2.14 30% 0.84 1.28 12% 

61 335 + 3 59% 0.44 1.03 7% 0.99 2.13 24% 0.89 1.24 10% 
104 332 + 3 65% 0.48 0.94 2% 1.07 2.11 20% 1.03 1.27 13% 
123 335 2 3 62% 0.47 0.95 5% 1.06 2.13 19% 0.98 1.28 14% 

a Area fractions (*5%). 
b Isomer shift values kO.04 mm s-i. 
c Quadrupole splitting values 20.08 mm s-i. 
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the various species, it was assumed that the 
recoil-free fraction is the same for all the 
phases. 

The various phases present in the sample 
during the process of reduction can be fur- 
ther analyzed, in particular, by a close 
study of the spectrum after 123 h of reduc- 
tion. The major phase in the sample is that 
of a-Fe, the spectral contribution of which 
changes from about 7% in 4 h to about 70% 
in 123 h. The other phase is that of Fe3+ iron 
interacting with the alumina support. After 
4 h of reduction the spectral contribution of 
this phase was about 65% in the sample; this 
amount is reduced to about 5% after 123 h 
of reduction. Apparently, this latter phase 
is mainly responsible for the production of 
metallic iron. The remaining two species as 
indicated in Table 1 and in Fig. 3 as Fe2+(I) 
and Fe*+(II), have the Mossbauer parame- 
ters (after 123 h of reduction) of IS = 1.06 
mm s-r and QS = 2.13 mm s-l, and IS = 
0.98 mm s-* and QS = 1.28 mm s-l, respec- 
tively. From the literature survey on the 
Mossbauer data for FeA1204 spinel, it was 
found that, in general, there is disagree- 
ment among the different reported values 
for the parameters of such a spine1 phase. 
According to Rossiter (22) FeA1204 at room 
temperature has an isomer shift of 1.08 mm 
s-r and total quadrupole splitting of 1.60 mm 
s-t. These values are close to the average 
values of the parameters in the present 
study (IS = 1.02 + 0.05 mm s-l and QS = 
1.70 + 0.05 mm s-r). On the other hand, 
from a Mossbauer and X-ray diffraction 
study it was found by Yagnik and Mathur 
(23) that the room-temperature Mossbauer 
spectrum for FeA1204 can be resolved into 
two quadrupole split doublets, one due to 
tetrahedral Fe*+ ion with IS = 1.10 mm s-r 
and QS = 1.39 mm s-l, and the other due to 
octahedral Fe*+ ions with IS = 1.52 mm ss’ 
and QS = 2.76 mm ssr. However, Dickson 
and Smith found (24) that a QS value of 
2.76 mm s-t is not expected for octahedral 
Fe*+ in a normal FeA1204 spinel. They 
found that the QS of octahedral Fe*+ ions 
should be = 2.00 mm s-l. 

In view of the above, Fe*+(I) and Fe*+(II) 
species observed with parameters as men- 
tioned in Table 1 can be assigned to Fe2+ 
ions in octahedral and tetrahedral sites, re- 
spectively. The presence of these two spe- 
cies after 4 h of reduction indicates that 
these were probably formed at the early 
stages of reduction. It is noticed that the 
isomer shift values (Table 1) of Fe2+(I) and 
Fe*+(II) increases linearly from 0.87 to 1.06 
and 0.76 to 0.98 mm s-l, respectively, with 
increasing time of reduction. The quadru- 
pole splitting values for Fe2+(I) do not 
change much but those for Fe*+(H) change 
from 1.05 to 1.28 mm ss’. This behavior 
indicates that the valence state and site 
symmetry of the Fe atoms have been 
changing with the reduction. This may be 
interpreted to mean that the chemical state 
of the compound (Fe-Al-O) formed on the 
alumina surface during calcination has been 
changing. In a period of 123 h of reduction, 
a part of the surface compound has con- 
verted and stabilized as a bulk spine1 phase 
of FeA1204 (30%) and a part has been re- 
duced to a-Fe (60%). 

Figure 4 shows the room temperature 
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FIG. 4. Room-temperature j7Fe Massbauer spectra 
of Fe/A1203 (HSOO) catalyst: (a) after 18 h of carburiza- 
tion; (b) after 42 h of carburization; (c) after 7 h of 
Fischer-Tropsch reaction. For carburization a mix- 
ture of 2HJCO was allowed to flow in the reactor at 
250°C for a total period of 42 h. 
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spectra of the HSOO sample after 18 h (Fig. 
4a) and 42 h (Fig. 4b) of carburization. Fig- 
ure 4c shows the spectrum of the used 
catalyst after about 7 h of the Fischer- 
Tropsch reaction. The Miissbauer param- 
eters of these spectra are given in Table 2. 
It can be seen that all the cr-Fe present in 
the reduced sample was converted to car- 
bides in a period of 18 h (Fig. 4a). Appar- 
ently, no changes were noticed in this spec- 
trum after 42 h of carburization (Fig. 4b). 
Both spectra were fitted in terms of four 
hypefine fields. The values of 212 (HJ, 190 
(Hz), and 117 (H3) kOe for these fields are 
close to those for bulk x-carbide which is a 
monoclinic interstitial alloy of composition 
Fe5C2 (II). The fourth field was found to be 
173 kOe (H4) and is assigned (6) to E’- 
Fe&. The area fractions of H1 : HZ = 1: 1 
is in agreement with the results obtained by 
Niemantsverdriet et al. (6). The dominant 
feature of the above two spectra is the pres- 
ence of Fez+(I) and Fe2+(II) species due to 
the FeA1204 spine1 phase; the amount of 
this phase is not affected by the carburiza- 
tion. The presence of a third doublet with 
IS = 0.33 mm s-l and QS = 0.75 mm s-I 
(doublet c in Fig. 4a) in the carburized sam- 

ple and the used HSOO sample is of great 
interest. As indicated by arrows in Fig. 4 
the intensity of this doublet has definitely 
increased after 7 h of the process of synthe- 
sis gas conversion. The parameters of this 
doublet appear to be consistent with those 
of the superparamagnetic particles of iron 
oxide. Such a species can be formed (9, 25) 
by the reaction between the oxygen (ob- 
tained by the dissociation of CO at the sur- 
face of the catalyst) and the metal (obtained 
by the oxidation of the iron carbide phase). 
It is worth mentioning again that no 
changes occur either in the hyperfine field 
of x-carbide phase or the FeA1204 spine1 
phase after 7 h of the Fischer-Tropsch re- 
action. 

The selectivities obtained from the carbu- 
rized sample from the microreactor at dif- 
ferent time intervals are shown in Fig. 5. It 
is evident that within 10 min of the experi- 
ment about 80% of the products is propyl- 
ene; no methane is initially produced. The 
maximum amount of methane, about 10% 
of the products, is produced after 1 h of 
the experiment. With increasing time the 
amount of methane decreases almost to 
zero; the unsaturated C3 hydrocarbon (pro- 

TABLE 2 

Mdssbauer Parameters for the Fe/A&O3 Catalyst after Carburization and Fischer-Tropsch 

Time 
00 

Iron carbides 

H IS 

After carburization 
Fe)+ Fe*+(I) FG+(II) 

IS QS IS QS IS QS 

212 * 5 0.28 + 0.05 0.33 + 0.04 0.75 + 0.08 0.88 + 0.04 2.28 t 0.08 0.80 + 0.04 1.58 A 0.08 
190 f 5 0.23 ? 0.05 
117 f 8 0.15 lr 0.07 
173 f 5 0.50 f 0.05 
209 f 5 0.25 2 0.05 0.35 k 0.04 0.77 + 0.08 0.88 ? 0.04 2.36 zt 0.08 0.84 5 0.04 1.72 f 0.05 
189 f 5 0.20 + 0.05 
119 2 8 0.15 + 0.07 
173 + 5 0.51 f 0.05 

After Fischer-Tropsch synthesis reactions 
211 f 5 0.30 + 0.05 0.36 + 0.04 0.72 f 0.08 0.85 + 0.04 2.25 + 0.08 0.73 2 0.04 1.46 f 0.08 
183 f 5 0.23 + 0.05 
113 -t 8 0.16 f 0.07 
174 k 5 0.52 f 0.05 

Note. Units: H in kOe; IS and QS in mm s-l. 
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FIG. 5. In situ study of the product distribution for Fischer-Tropsch reaction of carburized Fe/A120, 
catalyst with different time. 

pylene) decreases while the saturated C3 
hydrocarbon (propane) increases. 

FelThO;! Catalyst 

The Mossbauer spectrum of the AP sam- 
ple (Fig. 6a) is characteristic (19) of Fe3+ 
ions (IS = 0.33 & 0.04 mm s-l and QS = 
0.77 +- 0.08 mm s-i) in the form of some 
hydroxylated iron. The Mossbatter spec- 
trum of the H500 (24 h) catalyst (Fig. 6b) 
shows the presence of a six-line magneti- 
cally split hyperfine pattern with an internal 
field H = 519 + 5 kOe and isomer shift (IS) 
= 0.41 ? 0.04 mm s-i (Table 3). These pa- 
rameters are characteristic of a bulk phase 
of o-Fe203. It is noticed that the calcination 
for 24 h at 500°C totally converted the ferric 
hydroxyl-complex phase to a bulk cr-Fe203 
phase. A single line near 0 mm s-i in Fig. 6b 

FIG. 6. 57Fe Mijssbauer spectra for the FelThO cat- 
alyst: (a) AP; (b) HSOO (24 h). 

is due to the Fe impurity in aluminum foil 
used to prepare the Mossbauer absorber. 
Reduction for 9 h in flowing hydrogen at 
400°C changed almost all the iron oxide to 
a-Fe, as evidenced by the characteristic 
six-line pattern in Fig. 7a. It is important to 
mention that, unlike the Fe/Al203 catalyst, 
no spectral evidence of metal oxide-sup- 
port interaction was noticed. When the re- 
duced sample is exposed to the synthesis 
gas (2H2 + CO) at 25O”C, a complex spec- 
trum is observed (Fig. 7b) that is produced 
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FIG. 7. s7Fe Mossbauer spectra for the Fe/ThOz cat- 
alyst: (a) at room temperature after reduction in flow- 
ing H2 at 400°C for 9 h; (b) at room temperature after 
carburization at 250°C for 4 h; (c) at 300°C during the 
Fischer-Tropsch reactions; (d) at room temperature 
after 6 h of the Fischer-Tropsch reactions. Note: All 
the spectra of this figure were recorded while the sam- 
ple was inside the reactor. 
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TABLE 3 

Mossbatter Parameters for the Fe/Thor Catalyst 

Sample status Temp. Hyperline Quadruple Isomer Remarks 
field splitting shift 

We) (mm s-i) (mm s-i) 

As prepared 

After calcination for 
24 h at 500°C 

After reduction in 
H2 flow for 9 h 
at 400°C 

After carburization 
in HZ/CO flow for 
4 h at 250°C 

During F.T. synthesis 

After F.T. reactions 
(after 6 h) 

After calcination for 
48 h at 500°C 

After reduction in H2 
flow at 400°C for 
10 h 

After carburization in 
HZ/CO flow at 250°C 
for 33 h 

During F.T. synthesis 

After F.T. reactions 

0.77 2 0.08 0.33 f  0.04 Fe3+ ions in 
hydroxylated 
iron 

I Set of experiments 
(sample calcined for 24 h) 

Room 519 * 5 

Room 334 2 3 

212 + 5 

0.41 2 0.04 a-Fe203 (bulk) 

0.02 2 0.02 

Room 
183 + 6 
113 + 8 
333 2 3 

300°C 311 f  3 

0.33 2 0.03 
0.21 f  0.04 
0.27 2 0.06 
0.01 f  0.02 

- - 
0.54 2 0.08 0.09 2 . 0.04\ 

o-Fe (bulk) 

Room 216 + 5 
187 k 6 
116 f  8 

Room 508 AZ 5 

Room 331 * 3 

218 * 5 
Room 186 f  6 

114 * 8 
300°C - 

312 2 3- 

0.30 f  

0.22 2 0.06 
0.20 ” 0.05 1 0.06 

II Set of experiments 
(sample calcined for 48 h) 

0.40 f  0.05 

0.02 t 0.02 

0.33 f  0.05 
0.22 f  0.06 
0.26 k 0.06 

0.52 + 0.08 0.01 f  0.04 
- - 

Room 219 f  5 
190 + 5 
117 ? 8 0.31 + 

0.22 + 

0.05 I 

0.05 
0.28 k 0.06 

Fe& (x-carbide) 

cr-Fe 
a-Fe 
Fe& (x-carbide) 

FesC2 (x-carbide) 

a-FeZOr (bulk) 

a-Fe (bulk) 

Fe&r” (X-carbides) 

Ft& 
a-Fe 

FedA 

a With traces of a-Fe. 

by the superposition of spectra from a-Fe 
and the iron carbide phases. This spectrum 
is fitted in terms of a six-line pattern due to 
a-Fe, and three six-line patterns corre- 
sponding to the three different iron sites in 
the iron carbide. Values of these fields, as 
given in Table 3, match well with literature 
values (11) for the Hagg carbide, Fe& 
The possibility of the presence of a small 

amount of Fe& (cementite) cannot be ruled 
out, but the amount of this phase is cer- 
tainly not enough to cause any distortion in 
the spectrum. 

Two studies reported in the literature are 
worth mentioning in relation to the values 
of the hyperfine field and the isomer shift 
values for the Hagg carbide (Fe&,). The 
values of the hyperfine fields according to 
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Bernes et al. (26) were found to be 222 ? 3 
kOe for site I, 184 2 3 kOe for site II, and 
110 2 7 kOe for site III. The corresponding 
IS values were 0.30 2 0.04, 0.35 * 0.04, 
and 0.30 * 0.08 mm s-l, respectively. On 
the other hand. La Caer et al. (27) found 
the values of these parameters to be 216 -+ 
2, 185 ? 2, and 124 2 4 kOe for the hyper- 
fine fields and 0.27 + 0.02, 0.20 + 0.02 (or 
0.17 ? 0.02) mm s-* for the isomer shifts. 
The IS value for site III was not reported by 
the latter authors. 

Several studies report the various kinds 
of iron carbides during carburization or pre- 
treatment and Fischer-Tropsch reactions. 
Amelse et al. (1, 2) observed that in the 
case of the Fe/SiO?, catalyst, carburization 
in CO and H2 at 250°C resulted in the Htigg 
carbide, Fe& and e’-Fe2.2C. Similar 
results have been reported by Maksimov et 
al. (28) on the study of Fe/TiO*/CaO. 
Niemantsverdriet et al. (6) found that even 
at 35O”C, 12% of the carbides present in the 
sample were &‘-Fe&, 47% was the H&gg 
carbide, and the remaining 41% was ce- 
mentite (Fe$Z). In the present study on the 
Fe/A&O3 catalyst we also observed the for- 
mation of the Hggg carbide, FesCz and E’- 
Fed. 

The Miissbauer spectrum of the carbu- 
rized sample during Fischer-Tropsch syn- 
thesis at 300°C is shown in Fig. 7c. The 
Curie temperatures for iron carbides are 
about 450°C for E’-Fe2.2C, 380°C for &-Fe#, 
247-250°C for x-FeSC2, and 205-220°C for 
Fe& (II, 12). Therefore, the magnetically 
split six-line pattern due to x-FeSC2 col- 
lapses at 300°C into a quadrupole split dou- 
blet, whose parameters are given in Table 
3. Figure 7d shows the room-temperature 
M(issbauer spectrum of the sample after 6 h 
of Fischer-Tropsch reaction. This spec- 
trum clearly shows the presence of x- 
Fe5C2. A small amount of residual iron can 
also be seen outside the carbide spectrum. 
When the sample was exposed to the atmo- 
sphere and the transmission Miissbauer 
spectrum recorded, no change in the nature 

of the spectrum was observed. This indi- 
cates that the surface-to-volume ratio of the 
iron particles is very small and that the iron 
particles are large. 

In order to know more about the near- 
surface region of the used catalyst, a con- 
version electron MGssbauer spectrum of 
the sample was recorded (Fig. 8). The 57Fe 
CEMS technique involves the detection of 
back-scattered iron conversion electrons 
(mainly 7.5-keV K shell) which are emitted 
with a 90% probability during the decay of 
57Fe subsequent to absorption or resonant 
y-photons. Because these electrons are at- 
tenuated within the solid material the prob- 
ing depth of CEMS is limited to the outer- 
most 300 nm or so of the surface. The 
spectrum, shown in Fig. 8, once again, is 
characteristic of the Htigg carbide. This fur- 
ther shows that after 6 h of Fischer- 
Tropsch reaction, the bulk as well as the 
near-surface region of the partially carbu- 
rized samples becomes totally carburized. 

Very interesting results were obtained 
when the mass spectra of the products, re- 
corded after 15 min, 1, 3, and 5 h of Fi- 
scher-Tropsch reactions on the HSOO (24 h) 
catalyst were analyzed (Fig. 9). Within 15 
min of the reaction about 50% of the prod- 
ucts were found to be hydrocarbons in the 
range of G-Clo. This observation is in good 
agreement with the gas chromatographic 
result on the sample. By this technique the 
selectivity for the formation of Cg+ prod- 
ucts was found to be 56% (Table 4). As the 
time of Fischer-Tropsch reaction in- 
creases, the amount of the heavier products 
decreases and more of the lighter products 

-4 -3 -2 -1 0 1 2 3 4 
mmlsec 

FIG. 8. 57Fe conversion electron Miissbauer spec- 
trum of the Fe/ThO* used catalyst. 
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FIG. 9. Selectivities on an Fe/ThO* catalyst calcined 
for 24 hand carburized for 4 h. C,, methane; CT, ethyl- 
ene; C;, ethane; CT, propylene; CT, propane; CT, un- 
saturated Cd products; C;, saturated C4 products. 

(viz. methane and propane) are produced 
(Fig. 9). 

In the second set of experiments, the as- 
prepared sample was calcined for 48 h at 
500°C in air; as a result, a bulk phase of CY- 
FezOJ was obtained. The Mossbauer spec- 
trum of this sample is identical to that of the 
sample calcined for 24 h (Fig. 6b). The 
above sample was exposed to flowing HZ at 
400°C and was reduced to a-Fe in 9 h. To 
determine the effect of the longer period of 
carburization on the activity, the sample 
was carburized for 2, 6, 10, 14, and 33 h 
until no further carburization was obtained. 
The in situ Mossbauer spectra at room tem- 
perature after the above periods of carburi- 
zation are shown in Fig. 10. All these spec- 
tra are the superpositions of the spectra due 
to a-Fe and x-Fe&. However, the pres- 
ence of small amounts of E’-Fe& and 

TABLE 4 

Catalytic Conversion Data for the Fe/Th02 Catalysts 

Catalysts 

AP (as prepared) 
Calcined at 300°C 
Calcined at 500°C 

co Selectivity 
conversion for C,, 

15 15 
12 30 
19 56 

mm/sac 

FIG. 10. Room-temperature 57Fe Mossbauer spectra 
of the Fe/T’hC& catalyst after calcination at 500°C for 
48 h and reduction in flowing hydrogen at 400°C for 10 
h and after (a) 2 h; (b) 6 h; (c) 10 h; and (d) 14 h of 
carburization at 250°C in a flowing mixture of synthe- 
sis gas (2H,/CO). 

Fe,C carbides cannot be ruled out. One can 
easily monitor the height of the first peak 
due to a-Fe to determine the extent of car- 
burization; the height of this peak de- 
creases as the amount of carburized species 
increases. The height of the first peak be- 
comes smallest after 14 h of carburization 
and remains almost constant after 33 h of 
carburization. It is worth noting that even 
after 33 h of carburization, some iron re- 
mains unreacted. Figure 11 shows the vari- 
ation of the ratio of the spectral area A(t)/ 
A(0) vs time of carburization (A(r) = 
spectral area of the first peak of (Y-Fe after t 

1.0 l 
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t 
06 

3 

$0.4 

f 

. 

I . 

0.2 l l l .  .  

OJti 
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FIG. 11. Diagram showing the amount of iron 
changed to iron carbides with time for the FeiThO* 
catalyst under carburization conditions. 
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hours of carburization and A(0) = spectral 
area of the first peak of a-Fe initially at r = 
0). It is clear from this figure that the 
amount of carburized species in the catalyst 
increases rapidly for the first 5 or 6 h, after 
which the process slows down; after 12-14 
h, the spectral area of the carbide phase 
does not change indicating that no further 
carburization of the sample occurs. 

All the Mossbauer spectra recorded after 
different periods of carburization were fit- 
ted in terms of a six-line pattern due to a-Fe 
and three six-line patterns due to three dif- 
ferent iron sites in the x-carbide phase. The 
values of these parameters are given in Ta- 
ble 3. 

A Fischer-Tropsch synthesis reaction 
was carried out on the above-described car- 
burized sample. Figures 12a and 12b depict 
the Mossbauer spectra recorded at 300°C 
during the reaction, and at room tempera- 
ture (sample inside the reactor) after the re- 
action, respectively. A broad unresolved 
doublet with parameters given in Table 2 is 
obtained at 300°C. When the sample is 
cooled to room temperature the character- 
istic spectrum of x-FesC2 is obtained (Fig. 
12b). The latter spectrum is once again fit- 
ted with the superposition of three mag- 
netic hyperfnre fields due to the three sites 
of iron in the carbide phase. The spectrum 
(Fig. 12b) does not show the presence of 

’ -8 -6 -4 -2 II 2. 4 6 8 
I I I I I I I I II 

mmpec 

FIG. 12. S7Fe Mossbauer spectra of the Fe/ThO* cat- 
alyst: (a) at 300°C during the Fischer-Tropsch synthe- 
sis reaction; (b) at room temperature after 7 h of the 
Fischer-Tropsch synthesis reactions. (Sample was 
kept inside the reactor.) 

FIG. 13. Selectivities on an Fe/Thor catalyst 
calcined for 48 h and carburized for 32 h. C,(tot), total 
of C2 (in the hydrocarbons); Cr(oxy), oxygenated C,; 
Cxoxy), oxygenated C.,; C,(tot), total of C5 (in the hy- 
drocarbons); &(oxy), oxygenated C6. The maximum 
selectivity for C, is 4%; for C,(hydrocarbons), 4%; and 
for C&hydrocarbons), 2%. (These are not shown in the 
diagram.) 

any traces of a-Fe in the used sample. Also, 
even at 300°C x-Fe&* has not converted 
into cementite (Fe3C). Finally, when this 
sample is removed from the reactor, ex- 
posed to air, and its Mossbauer spectrum 
recorded, no changes were noticed; this 
suggests the presence of iron carbide parti- 
cles of large size in the catalyst. 

Analysis of the mass spectra of the prod- 
ucts recorded during the Fischer-Tropsch 
reaction are shown in Fig. 13. After approx- 
imately 15 min of the reaction, about 50% 
of the total products were found to be Cs 
hydrocarbons and about 30% Cq oxygen- 
ated products. However, after 45 min of the 
Fischer-Tropsch synthesis reaction, the 
amount of Cs products was reduced almost 
to zero and a maximum of CZ oxygenated 
products was formed. The remaining major 
products at this time were also in the form 
of C3 and C4 oxygenated products. When 
the reaction time was increased to 2 h, 
about 35% of the products were CS hydro- 
carbons. At this time Cd oxygenated prod- 
ucts were also formed. After 2.5 h the 
selectivity for the formation of Cs hy- 
drocarbons increased to 45% and for Cl 
oxygenated products, to 25%. For Cq oxy- 
genated products, selectivity decreased to 
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TABLE 5 

Summary of the Characteristics of Fe/A120s and Fe/Thor Catalysts 

Catalyst As prepared Catcined Reduced Carburized Used Selectivity 

Fe/AlrOr Fe3+ ions in 90% Fe-Al-O 70% Fe + All the iron x-Fe& + Higher selec- 
hydroxylated phase + 30% FeA1r04 was carburized &‘-Fe2 *C tivities for 
iron 10% cy-FerOl 

(bulk phase) 
(spine1 
phase) 
(123 h) 

Same (a) cr-Fe203 
bulk 
(100%) 
(24 h) 

(a) o-Fe 
(100%) 
(9 h) 

(b) a-FerOp 
bulk 
(100%) 
(48 h) 

(b) a-Fe 
(100%) 
(10 h) 

about 10%. Practically no variation in the 
amounts of the products was observed after 
3 h of the Fischer-Tropsch synthesis reac- 
tions. 

Finally, it will be useful and interesting to 
compare the results for the Fe/ThOz cata- 
lyst with the Fe/A&O3 catalyst. Such a com- 
parison has been given in Table 5. The im- 
portant conclusions from this table can be 
stated as follows. 

The as-prepared samples of the two cata- 
lysts show the presence of Fe3+ ions of 
some hydroxylated iron. However, in the 
calcined (H500) state, they are composed of 
different phases. The Fe/A&O3 calcined 
sample contains 90% of an iron species con- 
taining Fe-Al-O which is being formed at 
the alumina surface as a result of the strong 
metal oxide-support interaction, and 10% 
of bulk a-Fez03. The calcined sample of the 
Fe/ThOz catalyst contains mostly bulk (Y- 
FeZOj. 

After reduction in flowing hydrogen, the 
two catalysts show different phases. About 
70% of a-Fe and a spine1 phase of FeA1204 
are produced when the Fe/A1203 catalyst is 
reduced, thus demonstrating a metal oxide- 
support interaction. In the case of the Fe/ 
Th02 catalyst, no evidence of the presence 
of any kind of metal support interaction is 

to x-Fe&r + 
&‘-Fe, 2C 
(spine1 phase 
was not 
affected) 

(a) (Y-Fe + 
x-Fe& 
(4 h) 

(b) 90% 
x-Fe& + 
10% u-Fe 
(33 h) 

SP particles 
of a-Fez03 + 
FeA1204 
(7 h) 

(a) 100% 
x-Fe65 
(after 6 
h of 
F.T.) 

(b) 100% 
x-l+& 
(after 7 
h of 
F.T.) 

propylene and 
propane 

(a) Higher 
selectivi- 
ties for 
cs-Cl0 

hydrocarbons 
(b) Higher 

selectivi- 
ties for 
c3-cd- 
oxygenated 
product + 
Cs hydro- 
carbons 

observed as all the a-FezOj is reduced to Q- 
Fe. 

Under carburization conditions, almost 
all the reduced a-Fe produced in the 
reduction of the catalysts in H2 for Fe/A1203 
and Fe/Th02 catalysts is converted to x- 
Fe& The spine1 phase formed in the Fe/ 
A1203 catalyst apparently remains unaf- 
fected by the process of carburization. No 
major changes are observed in the nature of 
the catalysts under Fischer-Tropsch reac- 
tion conditions. 

The small yield of methane in the reac- 
tion products in the two catalysts in the 
present study is surprising. This clearly de- 
viates from the Anderson-Schulz-Flory 
(ASF) distribution of the products in the 
Fischer-Tropsch reaction. Detailed discus- 
sion of such a behavior of the catalysts will 
be presented elsewhere (29). 
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