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ABSTRACT

Mbossbausr spectroscopy indicates that a 24 hour pretreatment in
~ CO at 260°C and 8 atm. in a tetralin solvent aimost completely converts
ulrafine iron oxide (about 3 nm) to fron carbide. However, pretreatment
in hydrogen under the same conditions resulted in reduction of about
23% of the iron to metallic Fe; the remainder was Fe,0,. Exposure of
the CO pretreated catalyst to 2 1:1 H/CO syrithesis gas resulted in‘the
gradual reoxidation of the carbides to Fe;0,. During the first 2 hours of
exposure of the H, pretreated sample to synthesis gas, the metallic fe

" - was converted 1o iron carbides. Further exposure of the H, pretreatment
sample to synthesis gas did not result in a composition change of the
catalyst Therefore, it is concluded that iron carbides with different
oxidation characteristics were formed int these two cases.
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INTRODUCTION

Pretreatrnent has a great impact on the compounds present in
iron catalysts and on the Fischer-Tropsch (FT) synthesis activity and
selectivity. For a catalyst pretreated in hydrogen at 300°C or above, iron
may initially be present in the metallic state. However, it converts rapidly
to carbide phases or oxides when exposed to syngas under reaction
conditions [Amelse, et al, (1981); Raupp and Delgass, {1979); Shen, et
al. (1981); Dry, (1981); Anderson, (1956); Satterfield et al.,, (1986)]. An
oxide catalyst that is pretreated in CO or directly exposed 1o syngas may
be corwverted from Fe,Q, to low valence oxides or carbides [Anderson,
(1956); Pennline, et al., {1978); Dictor and Beli, (1986}]. In these cases,
the composition of the iron phases changes with pretreatment and - -
reaction time [Niemartsverdriet and Van Der Kraan, (1981); Zarochak
and McDonald, (1986); Bukur, et al. {1989)]. I has been reported that

pretreatment in CQ results in a better catalyst than one pretreated in

hydrogen [Anderson, (1956); Zarochak and McDonald, (1986); Bukur, et

al. (1989)]. ‘Many studies have aimed at defining the active iron phase

-Sy correlating the structure of the catalyst to FT synthesis activity

[Amelse, et al., (1981); Raupp and Delgass, (1979); Anderson, (1936);

Satterfield et al., (1986); Niemantsverdriet and Van Der Kraan, (1981);

Matsumoto and Bennett, {(1978); Dwyer and Hardenbergh, (1984); Dwyer

and Sormmorjal (1978); Kerbs, etal., (1979)]. However, there is no clear
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consensus as to which phase provides the superior activity [Zarochak
and McDonald, (1986); Bukur, et al. (1989)].

A recent study focused on the effect of pretreatmert on the -~
structure, catalytic activity and selectivity of a high surface area Fe,O,
catalyst in a continuously stirred tank reactor (CSTR) [Huang et al.
(1992)]. Catalyst samples were withdrawn periodically from the reactor
and characterized by X-ray diffraction (XRD) and transmission electron
MICroSCopy (TEM}; It was of interest to utilize Mossbauer to characterize
further the chemical states of iron in these catalysis.

EXPERIMENTAL
talyst Activation and as Reaction

A process scheme described earlier [Huang et al. (192)] that
empioyed a 300 mL CSTR was used for the present study. A slumy of

.2.2g of ultrafine Fe,0, (United Technologies, surface area 270 m%/g) in
180 cc of tetralin (Fisher, 99%) was charged into the CSTR.

Preuéa:ment gas wes introduced and the reactor was pressurized 1o 105
psig (8 atm absolute). The temperature of the reactor was then
increased from ambient to 260°C at a rate of 1.5°C/min with a gas flow
rate of 2.57 L/g-Fe/h (or 5.57 L{g-Fe/h for a H/CO = 1.03 mixture) and a
stirrin_g rate of 1200 rpm. The reactor was then held at 260°C for 24 hrs.
After étcﬁvaﬂon, syngas (H/CO= 1.03) was introduced to the reactor at a
fiow rate of 557 Lig-Fefn. CO and H, conversions and gas product.
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selectivities were obtained by analysis of the exit gas using a Carle gas
analyzer. During the activation process and the syngas reaction period,
a small amount of catalyst was withdrawn from the reactor at several
designated times for characterization.
Mossbauer Spectroscopy

The Massbauer experimens were carried using a constant
acceleration spectrometer described in more detail elsewhere [Huffman
and Huggins, 1978, 1980; Huggins and Huffman, 1979; Huffman 1980).
The radioactive source consisted of 50-100 mCi of Co in a Pd matrix.
The samples were in powder form and were loaded into Plexiglass
compression holders presenting a thin aspect 10 the gamma ray beam.
All spectra were analyzed by a least-squares fiting procedure which
models the spectra with a series of Lorentzian peaks. The percentages

of the total sample iron contained in each iron-bearing phase identified

are determined from the relevant peak areas by procedures discussed in

eavriier papers [Huffman and Huggins, 1978; Huggins and Huffman,
1978].
RESULTS
The first series to be considered is the material treated in
hydrogen for 24 hours. After 24 hours of reduction at 260°C, the

MBssbauer spectrum (Figure 1) showed that the catalyst was a mixture
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of metallic iron (36%) and magnetite (64% of the iron; 32% a-sitz and

32% B-site) {Table I). After the catalyst was exposed for 2 hours to the

Table I

The Compositions of the Ultrafine Iron Catalysts Pretreated in

.f, CO or H, and then Exposed at 260°C to Synthesis Gas
% (COH, =1) at 7 atm.
g Hydrogen Pretreatment
4 Time in |
. Syngas Other
Hrs. Fe Fe,.C Fe., Fe,C Phases _ Magnetite
A-Site B-Site
0 36 32 32
2 2 2 2 32 33
11 24 10 bt 29 34
24 23 10 & 30 33
CO Pretreatment
0 84 | 33" 4
2 66° : 30°
10 o2 | 217 20 37
48 8 2° 37 53
100 43 57

a Minor, inconciusively identified, phases.

b. lron carbide, unassigned; possibly a component of FegC,.

c. Based on incomplete fit, mbaure-of carbides and ca. 30% magnetite.
. ‘Ferric cmcle.



syngas mixture (COfH, = 1.03), the Mossbauer spectrum (Figure 2)

showed that the magnetite portion of the catalyst was essentially

I Magnetite
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. Figure 1. (leff) MOssbauer spectrum of the ulirafine iron oxide
o following 24 hours in flowing hydrogen at 260°C for 24
hours.
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Figure 2. (right) MGssbauer spectrum of the material from Figure 1
following 2 hours in synthesis gas (CO/H, = 1.03) at
260°C.. .




unchanged; however, the metallic iron had been converted to a mixture
of Fe, ,C (24% of the iron, 2% in superparamagnetic (spm) form) and
Fe,C (12% of the iron). M&ssbauer spectra taken after 11 hours (Figure

3) and 24 hours exposure to the syngas mixture were essentially
101

100. - ' spm Fe2 2C
| I 7 T ] Magricfite
100 - wissiige | | 5. o

295

Transmisalon (3%)
8

1z 8 4 ¢ 4 8 12
Velocity {mmis)

Figure 3. (left) MGssbauer spectrum of the sample in Figure 2
following 11 hours exposure to syngas.

idertical to that obtained after 2 hours. The iron phase percentage
observed after 11 and 24 hours were identical, within the aawrécy of the
measurement: magnetite - 63%, Fe,C - 10%; Fe,,C - 27% {3-5% spm).
it should be noted that the accuracy of the iron -phaée percentages is
approximately + 2-3%. Therefore, the identification of minor phases ‘
containing less than about 5% of the total iron is censidered to be

somewhat uncertain. However, the presenqe of such minor phases dceﬁs'

not materially affect the condlusions of this research.
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The percentages of iron contained in the observed phases for the
sarnples exposed 1o syngas foliowing 24 hours reduction at 260°C in

hydrogen are shown as a function of exposure ime in Figure 4. ltis
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Figure 4. (right) The change with exposure time in syngas of the

iron chemical state following 24 hours of pretreatment in

hydrogen (Fe, A; Fe,.C, Il Fe,C, [k Fe,0, O)-
evident that the only change during the syngas treatment is the
transformation of the metallic iron formed during the hydrogen reduction
10 the iron carbides. There is essentially no change in the amount of
Fe,O, during the 24 hour exposure 10 syngas. |

The next series of catalysts that were characterized had been

exposed to CO for 24 hours at 280°C and then for increasing time in a
syngas mixture. The sample, affer 24 hours exposure 10 CO, is present
only in c:arbidé forms (Figure 5). Only 4% of the sample ron is present
as an unidentified ferrous iron oxide. The peaks comresponding to 220
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Figure 5. (left) M&ssbauer specirum of the iron oxide following 24
hours pretreatment in CO at 260°C.

arcd 180 kG are due 1o x-Fe;C,, and this accounts for 63% of the total
iron. It is not possible to identify the phase of the ron carbide that
produces the absorption at 104 kG that accounts for 33% of the total

iron. it may represent a surface or vacancy perturbed component of the

Fe C, phase.

After 2 hours exposure to the syngas, the MOssbauer specrum
(Figure 6) has undergone changes from the one obtained following 24
hours in CO. Because of the complexity of the spéctrum and the poor
signal/noise ratio, a satisfactory fit to the data could not be obtained.
Based upon the inc:t;mplete fit, it is estimated that about 33% of the iron
is present as magnetite and the remainder as a complex mixture of iron

carbides.
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Figure 6. (right) M&ssbauer spectrum of the sample of Figure 5
following 2 hours of exposure to synthesis gas (CO/H, =
1.03) at 260°C.
Exposure to the syngas for 10 hours resulted in a further change

in the sample and the M&ssbauer spectrum shown in Figure 7. During
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Figure 7. ({left) Mmbauer spectrum of the sample of F‘gune 5
' follomng 10 ‘hours exposure to syngas. -
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this period, further oxidation of the carbides occurred so that 57% of the

iron is present as magnetite (20% A-site and 37% B-site). The iron

carbides were mostly the x-Fe C, phase. *
Exposure of the sampie to syngas for 48 hours resulted in

additional oxidation of the iron carbide (Figure 8). Magnetite (37% A-site

101

100.
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Figure 8. (right) M&ssbauer spectrum of the sample in Figure §
: following 48 hours in syngas.

and 53% B-site) now constituted 90% of the iron. The iron carbide may
| be y-Fe,C, or ¢'-Fe,,C; it is not possible to make a posttive identification
from the spectrum. | '
After expasure to syngaé for 100 hours, the catalyst was
completely oxidized so that only magnetite peaks are observed in the

spectrum (Figure 9; 43% A-site and 57% B-site).
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Figure 9.  (lefl) Mbssbauer spectrum of the sample in Figure 5 after
100 hours exposure to synthesis gas.

The changes of the iron compounds over the 100 hour period of

exposure 10 syngas. are shown in Figure 10. It is apparent that the
' 120

100

-Compositlon, %

Syn. Time (Hr.)

Figure 10. (right) The change with expogsure time in synthesis gas
of the iron chemical state following 24 hours. of
pretreatment in CO. (Fe,Q,, M. Fe,0,, O; Fe carbides, A).:




carbide forrmed during the pretreatment in CO is niot stable under the
conditions existing during the period of exposure to the synthesis gas.
Reoxidation continues throughout so that only magnetite was observed
after 100 hours of exposure 10 the syngas.
DISCUSSION
There is general agreement between the MSssbauer data of this

study and the characterization réa:lts reported earlier for these two
series of samples [Huang et al. (1992)]. XRD studies conducted earlier
clearly indicated that CO is & better reducing agent than H,. These
results are consistent with a static TG/DTA study which showed that CO
is better than H, for the reduction of c-Fe, O, [Richard et al. (1983)]. The
incomplete transfarmation of Fe,0, to iron carbide after 24 hours of

activation in CO, as indicated by our XRD -data, is consistent with a
Mbssbauer specu'oscbpicsu.ndymatshowed_ﬂw-pr&sence of magnetite
Fe, 0, and Fe,C, in an amorphous Fe,0, after 24 hours of activation in
CO at 270°C [Bemy and Smith, (1989)]. However, Zarochak and

| McDonald have mpomedamplezetarsfmnanonchemaFe-K-QJ
(65'0.29‘06) catalyst 1o czrbldicmnstaao"Cand under 200 psig 00
during 24 hours in a slurty phase autoctave [1986]. The presence of K,
which has been reported 10 acoeleratecarbw:zahon ]_'Pichlerand Merkel,
(1949). ‘Vogier-et al, (1984)], &s well asme rnghertemperamre {280 vS.

= i__-MC)mpme (200vs 105pag) mmenrsmdy weré: offeredas
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possible explanations for the difference between their results and our
earlier results. However, our Massbauer data for the uitrafine
unpromoted iron oxide catalyst used in this study indicate that essentially
all of the oxide was converted to the carbide by a 24 hour treatment with
CO at 260°C and 7 atm. Considering the past and current data, it
appears that the iron is mostly present in a carbide form following CO
pretreatment; this appears 1o be true whether or not & K promoter is -
present.

The observation that only 86% of the iron is converted to a
metallic form after 24 hours activation in H, at 260°C is surprising, but
this has also been reported [Berry and Smith, (1989)). I is possible that
the condenser in the reactor set-up (Figure 1) which was used fo trap
tetralin vapor may also condense water vepor during the course of
reaction; this water may reoxidize metzllic Fe to Fe;0,.

After 10 h of syngas. co'rwersion. the catalysts activated in

" hydrogen and CO showed only Fe;0, by XRD. This has.been reported

for catalyshs wihich showed mainly fron carbide or o-Fe phase after
adtivation [Zarochak and McDonald, (1986); Jellinek and Frankuchen
(1948)]. and has been atiributed 1o the presence of water vapor,
particutarly at high conversion.

The present M&ssbauer data yieid somewhat different conclusions.

I particular; it is found that the catalyst is completely reduced to carbide -
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during CO activation and that the carbide formed is predominantly Fe,C,
(chi-carbide). This carbide is converted 10 Fe,0, during syngas
conversion as shown in Figure 10. Hydrogen activation, however, yields
a catalyst in which 36% of the iron is present as iron metal and 64% as
magnetite. During syngas conversion, the iron metal is quickly converted
to a carbide mixture that appears 1o be quite stable and shows no
conversion to magnetite aft_er 24 hours of treatment, as shown in Figure
5. The carbide formed from iron metal during syngas treatment is a
midture consisting of approximately 1/3 Fe,C (cementite) and 2/3 Fe, C;
these carbides apparently resist oxidation much better during syngas
treatment than does Fe C,.

Carbide phases were often observed in earlier studies of Fe
catalysts [Anderson, (1956); Dictor and Bell, (1986)]. However, the
catalysts in those studies are low surface area materials or contain alkali
promoters. An outer layer of large particles of catalysts may retard
oxidation of carbide or metallic phase. The alkali promoter which has,
been reported to accelerate carburization is also expected to stabilize ﬁ\e
carbidic phases. Thus in the present study, the use of higher surface
area Fe,Q, and the lack of alkal prométer in the catalyst may be the
reason for the obsewaﬁi'an of only_Feao_., by XRD in the catalysts éfter 10

or more hours of syngas cenversion.
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The XRD patterns in the earlier study [Huang et al, (1992)]
indicate that Fe,O, is the only crystalline phase present for the catalyst at
the poimt of maximum activity, and this does not depend upon the
activation gases. Huang et al. [1992] took this to imply that Fe,0, is the
active phase, or that the active phase can not be datected by XRD. The
Mdssbauer data indicate that this conclusion must be modified, at least
for the CO pretreated material where carbide as well as oxide is present.
However, the fact that, after 2 hours in syngas, Fe, O, already has been
completely transformed into Fe,Q, and that this material shows only
minimum activity while a Fe,0, phase that was observed for the catalyst
activated in H, for 24 h showed a much higher activity, indicates that
bulk Fe,0, is not fikely to be the active phase for CO hydrogenation.
Furthermore, &t maximum activity, the particle size of Fe,Q, for the
catalyst activated in CO was 74% of that for the catalyst activated in
hydrogen. The CQ conversion for the CO adlivated catalyst, however,
was 3 fimes that of the catalyst activated in hydrogen. Therefore, the
vpresénoe of an active éurfaoe or bulk phase supported on the surface of
Fe 0, is likaly.

IMagneﬁte is & member of the spinel group which has a unit cell of
32 close-packed oxygen atoms in which 8 tetrahedral (A) and 16
_ octahedral (B) sites can be occupied by the cations [Murad and

-

~ Johnison, {1987)]. ‘In normal spinels, 8 divalerit cations per unit:cel
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occupy the A sites and 16 cations occupy the B sites. Inverse spinels
have 8 divaient cations in the B sites with trivalent cations in the
remaining 8 B and the A sites. In the room temperature MGssbauer
spectrum of magnetite, the A to B site iron ratio is typically 1:1.8 - 1.9
[Topsée and Mdrup, (1975)]; tHis is close to the theoretical value of 1:2
for the ideal spinel structure. In addition, an A:B ratio << 2 measured
by Mossbauer spectroscopy may indicate the presence of B site
vacancies and compositions intermediate between Fe,0, and y-Fe, O,
{which aiso has the spinel structure).

Norval and Phillips [(1986)] reported the A to B site ratio for the
oxidized form of severai commercial iron ammonia synthesis catalysts
which contained small amounts of aiuminum, silicon, potassium and/or
potassium promoters. The reported values of Ato B ranged from 1:0.2
10 1-1.3. The ratio for the ICI 35-4 catalyst {containing the wt.% indicated
Al 1.4; Si, 0.5; K, 1.7; andCa, 1.9) had a ratio of 1:0.9, which was in
excellent agreement with the ratios of 1:0.9 -1.0 reported by others
tYo‘_shiokaetaiL. (1968); Peev, (1976)].

Thus, while se_veral' investigators have obtained an A to B ratio that
wés.neér 1-1, they utilized promoted iron oxide materials so that it was
reasonable to explain the low ratio by a preferertial substitution of the B

sites by the promoter. However, for the oxide present after either H, or

. CO pretreatment, and at all fimes during exposure to syngas, the Ato B
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site ratio is very close to 1:1; these values are summarized in Tabie H.

The ratio for the material following reduction for 24 hours in hydrogen is
: 1:1; this ratio increases only marginatly, if at all, during 24 hours
exposure t0 the synthesis gas. It appears that the magnetite formed by
oxidation, during 100 hours of exposura to the synthesis gas, of the iron
carbides formed during the CO pretreatment, has an A to B site ratio

that is greater than that of the hydrogen pretreated sample. it therefore

Table II

ey g e, A - -

The A to B Site Rafio for the Magnetite Phase in the Catalysts

:

: . Exposureto

i Pretreatment Synthesis Gas, hrs. A to B Ratio
g H, 0 1:1

g H, 2 1:1

§ H, 11 1112
3 H, 24 | 114
1-' _ co 10 | 112
jl ' coO 48 1114
'Ji CO 100 1:1.3
{
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appears that the magnetite phases present in the materials pretreated
with H, and CO are nat the same following the pretreatment and
synthesis.

The attainment of a similar selectivity independent of the initial
pretreatment in the earlier study [Huang et al., (1 992)] suggested the
sarne, or at least similar active phase(s). It has been proposed that,
under reaction conditions, a number of compounds coexist on the
surface of an iron catalyst: iron oxides, iron carbides and metallic iron
[Niemantsverdriet, et al., (1982)]. Iron carbides have been proposed as
the active phase [Raupp and Delgass, (1979); Niemantsverdriet and Van
Der Krazn, (1581)), and that th2 fraction of ron carbides on the catalyst
surface determines the activity [Niemantsverdriet and Van Der-Kraan,
(1981)]. Cthers, howsever, have proposed that metaliic iron {Dwyer and
Somorjai, (1978); Kerbs, et al., (1979)]. or iron oxides [Reymond, et al.,
{1982); Blanchard, et al., {1982); Hofer, (1956)] are the active phases. In
the present study, the nature of the active sites was not dstermined.
Nevertheless, the present study suggests that a commoen, or at least
similar, active phase can be obtzined after a period of syngas
conversion. Furthermore, the amount of iron carbide, if it is the active
form of iron, Is too small in these catalysts 1o be easily detected in the

Mossbauer spectra
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