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Section 5

STUDIES OF CARBURIZATION, SWELLING AND
PROMOTER DISTRIBUTION IN IRON CATALYSTS

5.1 Introduction

The properties of fully carburized iron Fischer-Tropsch catalysts
have been the subject of several studies.l* However the changes of the
surface and bulk yroperties of the catalysts that accompany carburizztion
19 HZ/CO gas mixtures under specified conditions have received less
attenticn. During carburization of iron, the bulk reactions lead to the
formation of different iror carbides which can undergo further solid—-phase
reactions, Both classes of reactions are temperature dependent,l-4 as
summarized in Table 5-1. Our experiments were designed to examine the
kinetics of carbon deposition, incurporation, and the development of
ferromagnetic phases by simulitareous measurements of mass change and
magnetic susceptibility during temperature-programmed and isothermal
carburization., We have examined the magnetic properties of iron catalysts

that ERDA~PERC had subjected to Fischer-Tropsch synthesis conditions.

5.2 Catalyst Samples

Samples of the iron catalysts B-2 and B—6 provided by ERDA-PERC
were produced from a mixture of magretite and the appropriate oxides,
by calcining the mixture in an open iron cruvible for 15 min in an
induction furnace to 1740 to 1775 K.s The chemical analyses of the

catalysts after calcining are shown in Table 5-2, The most significant

®x
References for Section 5 are given on page 5.15.
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difference between the catalysts in the high S:L(Z)2 contert in B~2, Most

.2 3+
likely, the formation of irop silicate contributed to the high Fe +/:E‘e
in B=2 as compared to B-6.

Two usual catalysts, Raney iron and Fused irorn, provided by

ERDA-PERC were also examined to detertine their magnetic properties.

5.2,2 Magnetic Susceptibility Apparatus

To study simultaneously the rate of carbon bulldup and the
magnetic properties of the catalysts, we used a magnetic susceptibility
apparatus equipped with an electronic microbalance {Cabn Model RS). We
used a modified Faradzy technique to measure magnetization where the
vertical magnetic fleld pradient was provided by a set of zlectro-

magnetic gradient coils mounted on the flat pole faces of a 12-inch
magnet. The assembly of the gradient coils, its power suppliy, and the
hang-down tube with furnace for beating the sample in various gaseous
atmospheres were purchased from George Associlates (Berkeley, California).
Two thermocouples were employed; one in the gas stream just below the
catalyst sample to measure the catalyst temperature, and one near the
furnace to control its temperature. The gradient coils were operated

at a frequency of 5 ¢ps, and 2ll measurements were normalized to a coil
current of ]1.00A. The electrical signal from the microbalarce was used
to record mass changes and magnetization a2s a function of the magnetic
field (0 to 8 kOe) or as a funciion cf sample temperature (300 to 925 X)),
i.e,, thermomagnetic anmalysis (TMA)., For the TMA aralysis, we used a
lower field of 2,5 kDe to cbtain more distinct Curie tenpe:ratures8 and
to decrease the effects of the magnet on the microbaiance, For recording
the magnetization, a lock-in amplifier was used to convert the 5 cps
component in the microbalance signal to a d¢ woltage.

Catalyst samples (30 mg) were placed ina smgll quartz container
suspended from the microbalance by a quartz fiber. The system was
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initially purged with helium (100 cm3 min_l) at room temperaiure, A
separate stream of helium flowed continuously through the microbalance
case, For reduction of the catalysts, we followed the procedure
recommended by ERDA-PERC. First hydrogen flow (100 cm3 min-l) was
established, then the temperature was programmed to rise at i8 K hr-1

from 450 to 725 K, and finally the sample was cocled in hydrogen. Changes
in temperature and sample mass were recorded continuously during the

reduction.

The reduced catalysts were carburized under either jisothermal
or temperature-programmed conditions at 1 atm. Unless otherwise stated,
the carburizing gas was a mixture of H2 and COQ (HZ/CO = 3 by vol),

5.2.3 High Pressure Tubular Reactor

For high pressure carburization (1 to 10 atm) a tubular reactor
was used., It was constructed of stainless steel (304 SS), with an
internally mounted Pyrex glass frit to support the powdered catalyst
and was designed so that the gas flowed into the reactor and through
the catalyst bed before leaving the reactor. In a typical experiment,

0,090 g catalyst was loaded onto the glass frit of the high-pressure

. reuctor. The sample was reduced in Ifiowing Hz {space velocity of

‘ a =
2 x 10 hr 1) at 1 atm while the temperature was raised linearly from

450 to 725 K over a 16-hr period. The catalyst was subsequently cooled
to 450 X and exposed to a flowing stream of Bz/CO = 1/1 (space velocity
of 5 X 105 hr) at 1 or 10 atm while the temperature was programmed to
rise from 450 to 573 K at 2 linear rate of 0.62 or 0.80 K min_l. Ths.
catalyst was then cooled to room temperature in syngas and removed for

analyses by TMA, x~ray, and Auger electron spectroscoby (AES).



5.2.4 Catalytic Measurement

Surface reactivity of the Fischer-Tropsch catalysts and carbon
buildup were evaluated in two different experimental systems. One
system, consisting of a microreactor, was used in a continuous flow
(15 psi) mode. In this system, the catalyst (0.5 g) was reduced in H,
(15 hr at 623 K followed by 2 hr at 723 K} and then expased to a car-
burizing gas (Hz/Co or He/CD) at 1 atm., Product content was determined
by gas chromatographic analysis on a temperature-programmed silica-gel
column. The other system made use of the temperature programmed surface
reaction (TPSR) technique. In that system, the catalyst was reduced
as before in a microreactor, Zlushed with He, exposed to known amounts
of €D, again flushed with He, and then to flowing H2 while the temper-
ature of the catalyst was raised at a prescribed linear rate from 293
to 770 K. The effluent from the reactor was sampled by a mass spectro-
meter, which rapidly and repetitively scanned through the mass rance

from C1 to C9 hydrocarbons,

5.2.9 Gas Purification

The CO (Matheson ''lUltra-pure' 92.8%) was rid of iron carbonyl
by passing the sample through a copper tube packed with 1/8-inch Kalser
A1203 spheres and coprer turnings and cooling it imn a bath of dry ice
and acetone, Hydrogen and helium (Matheson, prepurified) were passed

through traps in 1llquid nitrogen.
5.3 Results

5,3.1 Hydrogen Reduciion

Mass losses during reduction of catalysts B=-2 and B-6 at atmo-

spheric pressure were less than the theoretical values for complete
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reduction of the iron to the metallic state on the basis of the catalyst
composition (Table 5~2), The results suggest that reduction of B-2 was

less complete than B-6, possibly due to the presence of iron silicate.

Also listed in Table 5-2 are the saturation magnetization values
measured for these catalysts. After reduction, the magnetization was
much lower for catalyst B-2 than for B-6. Thermomaghetic analysis (TMA)
identified magnetite as the only ferromagnetic phase in the unreduced

catalyst, and iron in the reduced samples.

5,3.2 Mass increase Resulting from Carburization

The increase of mass of catalyst B-6 during a 72-hr carburlzation
experiment under partial nonisothermal conditions is shown in Figure 5-1.
During the first 4 hr the temperature was programmed to rise from 425

to 598 K at a constant heating rate, after which it was held constant

at 598 K.

An wdditional series of measurements were carried out under
isothermal conditicns at 1 atm (Figure 5-2). For these experiments,
carburization was limited to a period less than 6 hr. Tke data, analyzed
in terms of the parabolic rate law, exhibit two distinct regions of
carburization (Figure 5-3). The parabelic rate constants have been
calculated from the initial and final slopes (Table 5-3). The parabelic

rate constants yield the activation energies and preexponential factors

summarized in Table 5-4,

5.3.3 Magnetization Resulting from Carburjzation

TMA measurements were made after isothermal carburjzation and
after temperature-programmed carburization of catalysts B-2 and B-6.
For these TMA analyses, We replaced the flowing syngas by helium and

lowered the temperature from the reaction temperature to 350 X, From
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the Curie temperatures so evaluate’, we assigned specific ferromagnetic
phases in accordance with publizied cata {Table 5-5). The fraction of
+he total magnetization force due to a given phase was estimated by
extrapolating the TMA curve of a given ferromagnetic phase to 300 K.
The procedure for this estimation is iliustrated in Figure S5~4 for TMA
curves of carburized catalyst B-6 (H2/C0 =1.5, 573 K, 4 hr). Ve

obtained the upper TMC curve by raising the temperature of the sample

from 350 to 950 K, and the lower curve, by then lowering the temperature

from 950 to 350 K.

The difference in the TMA curves can be accounted for by a

reaction above 650 K between Fezc and Fe that resulted in formation of

Feac. Therefore, when this reaction can occur, it is necessary to limit

the TMA to temperatures less than 650 K. In any case, the relative
magnetization due to the varicus ferromagretic phases can only be sSemi-
quantitatively estimated because of the unknown domain size of the

ferromagnetic phases,

The changes in the ferromagnetic phases during the 72-hr car-
burization of catalyst B~6 (Figure 5-5) were measured by TMA at the
times indicated in Fipure 5-1. As the w-Fe phase decreased, the Fezc

(Hagg) pbase increased, and the Fe,C (cementite) phase exhibited a

3
transient existence reaching a maximum at about 5§ hr.
For the isothermal carburizatfon of catalysts B-2 and B-6, the

TMA results (Table 5-6) exhibit the following trends:

© For a given carburization temperature the total
magnetization force was much greater for catalyst

B-6 than for B-2

@ Wwith increasing temperature the fractional contribution
to the total magnetization by hexagonal, close= '

packed (hcp) rezc and o-Fe decreased and that by
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Fe2C (Hagg) increased. This latter effect is due to

the higher stability of Hagg carbide over hcp FeZC,

as confirmed in a separate isothermal carburization

of catalyst B-6 at 598 K. After a weight gain of 2.5
and 4.5 wth TMA revealed only Fezc (Hagg), not FeZC {(hcp)

nor FeSC.

Ir. the carburized catalysts, another ferromagnetic component,
with a Curle temperature at about 423 K, was present, This component
is probably associated with the Kzo-Fezos phase.1 Its magnetization
was small, about 3 to 6% of the total, and its contribution was not

included in the datz in Table 5-6.

The effect of reating rate during carburization (Hzlco = 3/1)
on the magnetic properties of the catalysts were studied at 1 atm in
the magnetic susceptibility apparatus and in the tubular reactor
(Table 5=-7). The mass gain of the samples carburized at 1 atm in the
susceptibility apparatus was 6.5 + 0.2 wt., To examine in more detail
the effect of pressure on the formation of different bulk phases during
carburization at a constant heating rate (0.62 K-min_l) we performed
additional experiments in the tubular reactor (Table 5-8). The TMA

results indicate that

0 fThe total magnetization increased with heating rate

Fezc (Hagg) was the dominant ferromagnetic phase above
573 X

8 At comparable heating rates catalyst B-€ exhibited

greater magnetization than did B-2
rezc (hep) was observed only in catalyst B-2

For a given catalyst, the carburization pressure
bad a negligible effect on the relative amounts of
the ferromagnetic phases produced.
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The Curie temperature of a ferromagnetic phase which we assigned
to Fezc (Hagg) varied from 520 to 617 K (Table 5-7), although published
data indicate a range of 520 to 545 K (Tabie 5-3). The highest values
of the Curie temperature for l;ezc (Bagg) were obtalned by carburizinog
in the tubular reactor. Also, in some instances the Curie temperature
measured from Fezc (hep) was higher than the reported value of 653 K.
Therefore, the Curie temperature appears to be affected by the catalyst
composition and by the heating rate during carburization., These effects,

then, determine the actual catalyst temperature.

5.3.4 Effect of Carburizing Gas Composition

After reduction in hydrogen, catalyst B-6 was carburized at
several temperatures in a gas containing various H2/C0 ratios, and the
bulk phases were determined by x-ray diffraction and TMA, Carburization
at 673 K was ca.rriéd out in the tubular reactor, The bulk phase com-—
position depended both on gas composition and temperature (Table 5-9).
reac (cementite) predominated when catalyst B-6 was exposed to CO,
whereas when it was exposed to Hzfco miztures, Fezc (Hagg) was the major
phase. Larger mass increases were observed at higher temperatures in

gas nmixtures of H2 and CO,

5.3.5 Magnetic Properties of Fischer-Tropsch Catalysts Carburized at
ERDA=-PERC

Thermomagnetic analysis results for the Raney iron and Fused
iron catalysts provided by ERDA-PERC (Table 5-10) show that

® The total magnetization was much greater for Fused 1iron
than for Raney iron

© The major ferromagnetic component in both catalysts
was Feso ” (magnetite) (A-ray diffraction analysis confirmed
the presence of only ]:‘eao s for the Fused iron catalysat
exposed to syngas for 72 hr)
5.8
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® o-Fe decreased with exposure to syngas

° Fezc (Hagg) was present only in tbe Raney iron sample,

5.3.6 Relationship Between Magnetization and Mass Increase During
Carburization

The relationship between total maghnetization and mass increase
was investigated during isothermal (598 X) carburization (H2/CO = 3/1)
of reduced catalyst B-2, The results are summarized in Figure 5«6 in
which the mass increase identified by the carbon/iron atom ratio is
indicated on the abscissa, and the percent of the initial magnetization
force due to @-Fe at 598 K 1s plotted on the ordinate., Since the
reaction temperature is abovre the Curie temperatures of Fezc (Hagg) and
Fe3C and Fezc (hcp) are unstable at this temperature, the magnetization
measured was due almost exclusively to &¢=Fe, The experimental points
appear to follow two lines with different slopes (Figure 5-6) whose
intercepts with the abscissa correspond to a carbon/iron ratio C/Fe = 1/8

5.3.7 Chemical Activity of Surface Intermediates

In conjunction with the magnetic studies described above, we
also studied zatalyst B-6., Our purpose was to measure steady-state
catalyst activity and to identify the buildup of carbon~containing
intermediate specles on the surface of the catalyst by exposing the
catalyst to pulses of hydrogen after different degrees of carburization
in Hz/CD mixtures (3/1 by volume) and in CO., Initially, the product
’ Caﬁ

stream was found to contaln 002, CH4, CH,C and some higher

2 4 233 6'
molecular-weight Lydrocarbons, some of whick condensed at the exit from
the reactor, CO conversion was nearly constant at a level of about

35 vol%k,
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The catalyst swelled mzrkedly when carburized in 32/00 = 3/1
at 673 E. At the same time, the CO consumption rose to 100%. Under
these conditions, the product composition had changed to CH4, co,_, CZHG’
and Csﬁs (in order of decreasing yield). The production of olefins
and higher molecular weight hydrocarbons appeared to have ceased. For
catalysts B-6 carburized at 673 K, the product distribution as a function
of reaction temperature is given in Figure 5-7., Although (:02 formation
shows l1little change with temperature, the production of cl" +o 03-
hydrocarbons exhiblted maxima near 623 K for CH " and near 573 K for
CZHG and Csﬂs.

Catalyst B=6 when carburized in CO/He mixtures (rather than
H,/C0) at 673 K did not "swell”. When B-6 was exposed to H, pulses,
methane was the only product observed. CO-adsorption measurements at
298 K show that the freshly reduced catalyst B-6 adsorbs 2.76 x 10”6
moles of CO per gram of catalyst. However tbe "swelled” catalyst formed

by carburization in 112/00 = 3/1 did not adsorb CO,

5.3.8 AES Study of Zromoter Distribution

Small quantities of alkali metal oxides have long been known
to act as promoters in iron-based Pischer Tropsch catalysts,but the
mechanism of promoter action is not establisbed. The relative quantity
of promoter in the bulk may differ significantly from that at the surface,
where the catalytic reactioms cccur, Thus, we conducted a series of
AES measurements on potassiwm-promoted, iron-based Fischer-Tropschk
catalysts to characterize the distribution of promoter betwecn surface
and bulk, and to identlify the effect of chemical reaction on the dis-
tribution,

AES reveals the elemental components in a surface layer, generally -

less than 20 X. Hence, sSequential analyses of a region from which
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material i1s being continucusly etched hy Ar ion bombardment produce a
depth profile with a resolution approaching atomic dimernsions. We have
ohtained such AES depth profiles for catalyst B-6 pretreated in several

different ways. The results are described below.

Catalyst B-6 contained 0.27 wt% K20 in bulk, but in the fresh
catalyst the potassium was So highly segregated near the surface that
it comprised nearly 40 at.% of the surface layer (Figure 5-8). The
relative concentration of potassium diminished wita depth,* whereas that
of iron inrreased. Carburization caused the potassium concentration at
the surface to diminish, particularly on a catalyst surface carburized
in pure CO (Figure 5-9). The relative concentration profile of potassium
beneath the surface was similar in both the fresh and the carburized
catalyst (Figure 5-10). Potassium was completely absent from the surface
of samples of the carburized catalyst and was not detectable at depths*
greater than 1300 K. On the zarburized catalyst, surface carbon extended
into the bulk of the catalyst, particularly in the sampie exposed to
syngas for 5 hr at 673 K. This exposure caused the catalyst to swell

considerably.

The AES examipation aisc provides some chemical information con-
cerning the surface components. Specifically, the narrower electronic
states in the valence band oi carbon when combined as a metal carbide
relative to those in graphite or amorphous carbon produce added peaks
in the KVV spectrum. Unfortunately, this fine structure is obliterated

by the strong LMM potassium peaks, but on potassium-free samples we

*We did not calibrate the Ar+ ion sputtering rate for these catalysts,
Based on measurements under similar conditions with other materials,

we estimate the sputtering rate to be approximately 7 3 min~l, Also we
did pot attempt to correct our data for variation in the individuzl
sputter ylelds of the various components in the catalyst. Consequently,
the depth profiles are measurements of tremds in the relative con-
centration of the components with depth. ’
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could identify the state of the carbon as graphitic and not carbidic
(Table 5-11). The MVV spectrum of iron alse offers some chemical
information (Table 5-11). The oxidation of a metallic iron surface
,éVV peak from 46 to 42 ev.9 Hence, we were
able to identify the presence of iron oxide and/or metallic iron in the

caused a shift in the Hz
catalyst surfaces. -
5.4 Discussion

S.4.1 Carburization EKinetics

The trends in the mass increase during carburization of reduced
B-2 and B-6 catalysts (Figure 5=1) are qualitatively similar to those
reported.l’s’10 The rapid initial mass gain, presumably due to carbide
formation, 1s followed by a lower, cobstant rate of iocrease that is
attributed to free carbon.3 The forﬁation of the free carbon has been
associated with catalyst swelling, wkich occurred only on exposure to

HZICO mixtures and when the Fezc (Bagg) phase predominated.

Information on the mechanism of carburization can be obtained
from the mass increase observed under conditions of lsothermal car-
burization. The parabolic rates observed (Figure 5-3) suggest that
carburdization proceeded in two distiuct diffusion-limited regimes.

The observation of two diffusion-controlled regimes is supported by the
combined study of mass increase and magnetization durlng carburization
(Figure 5-6). The intercept corresponding to. the Fe/C ratic of 8 suggests
a dilute phase of irom carbide in iron. The intercept at Fe/C = 2.2 is
close to the value expected for Fe2C (Hagg) , the predominant ferromagnetic
phase in this sample after carburization.

To account for the carburization of iron we propose the following

four—step mechanism:
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f1) Dissociative chemisorption of CO

{2) Bulk diffusion of carbon resulting in dilute phase
of 1ron carbide in Fe during the initial parabolic -
regime

{3) Further bulk incorporaticn of carbon resulting in the

formation of iron carbides during the latter parabolic

regine
(4) Buildup of free surface carbon.

The rates of these various steps will depend on carburization conditions
and catalyst composition. That the activation energy for mass increase
during carburization is higher for catalyst B-2 than for B-6 (Table 5-4)
may pe associated with the greater amount of 8102 in B-2,

Carbon buildup at 598 K became clearly evideat when the bulk
corposition attained Fezc, mostly Hagg carbide., Similar behavior was
obsexrved by Storch et al.} who reported that the amount of carbidic carbon
became constant after carburizing ln 0.1 atm CO at 5§98 K for 3 hr, and
by Hofer et al.lo during carburization in CO at lower temperatures.
Turkdogen and Vinterll studied carburization of iror in CO and Hz/to
mixtures, mainly at 873 K. They reported that the rate of carbon
deposition increased with temperature in the range of 673 to 1073 K and

that the carbon deposition ceased when the ircn was converted to cementite.

5.4.2 Ferromagnetic Phases

Our TMA results indicate that the ferromagnetic phases produced
by carburlzing the iron catalysts depend primarily on carburization
temperature (Table 5=1) amd, to some extent, on the Hz/Co ratio., When

carburizing in 32/CO = 3/1 with increasing temperature, we observed the
following:
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© o=Fe decreased

b Fezc (hep) increased, but above 573 K it was unstable
with respect to Fezc (Hagg) , which was the predomipant

phase at carburization temperatures up to 598 K

© Fe3C (cementite) was produced under special conditions. -

At the highest temperature (673 K), Fe C formation was favored by car-
burizing in CO, but Fe (- (Hagg) was favored when both E and CO were
present (Table 5-9). Also, Fedc was formed and then disappeared in the

72-hr carburization experiment (Figure 5-5), The transitory formation
2
of Fe3c has been reported previously.l

The large range of Curie temperatures exhibited by‘our carburized
B-6 catalysts (520 to 617 K) and the total magnetization appear to be
assoclated with the thermal history of the sample, especlally the heating
rate during carburization. The data indicate that low Curie temperature
and high magnetization accompany high heating rates. This effect may be
associated with the higher temperatures attained by the catalyst at large
heating rates. Under these conditions, the exothermic heat of the car-
burization reaction cannot be as readily dissipated from the sample to
+he enviromment. Similarly, the lower Curie temperatures of the Fezc
(Hagg) (520 to 570 K) produced by carburizing in the magnetic suscep-
tibility apparatus relative to the tubular reactor (598 to 617 K) may

be the result of faster heat transfer from the catalyst in the tubular
reactor {Table 5-2).

The variable Curie temperatures observed in our study can probably
be ascribed to a single phase with variable degrees of crystalline
imperfection. At bigh heating rates during carburization, the resulting
high catalyst temperatures favored anmnealing of crystallite imperfections
and an increase in the size of ferromagnetic domalins, which in turn

resulted in greater magnetization. Three ferromagnetic phases in
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carburized iron have been reported to have Curie temperatures in the
range of 520 to 653 K., Two modifications of Hagg Fezc carbides were
characterized by X-ray diffraction with Curie temperatures from 513 to
523 K and 533 to 543 K.z The third ferromagnetic phase is the wellw
characterized hexagonal Pezc with a Curie temperature of 653 K. To
account for the existence of two modifications of Hagg 1-"e2c, Cohn et 31.21
suggested differences in crystalline imperfections resulting from small

crystallites or lattice strain.

The minor ferromagnetic pbase that was evident in some samples
from the Curie temperature of 423 K was assumed to be due to potassium
ferrite, K20-Fe203, (0 = 423 x).3 The amount of this phase indicates
that the xzo that was added as a promoter is mostly tied up with an

iron oxide,

5.4.3 Ferromagnetic Process in Catalysts Used in Synthesis at ERDA-PERC

TMA of the catalysts used at ERDA-PERC indicated a different
ferromagnetic composition than that observed for the catalysts B-2 and
B-6 carburized ir our laboratory. In particular the catalysts carburized
at ERDA-PERC contained smaller amounts of Fezc (Hagg) and large amounts
of Feso 4 (magpetite), These results are in agreement with reported
compositional changes of iron Fischer=Tropsch catalysts dur:i.ng. operation

1,13

in syngas. The amount of Hagg Fe,C remains almost constant after

2
the initial carburization (e.g., after about 100 hr), and the magnetite
increases slowly over the period of many hundreds of hours, Thermo—

dynamically, the formatiomn of Fe304 is favored under Fischer-Tropsch

conditions (see Section 6).
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Table 5-1

PRIMCIPAL CARBURIZATION REACTIONS OF
IRCN AND PEHASE CHANGES

CARBURIZATION REACIIONS

'E‘e2C, hep
[ 475=575 K

460 K

Fe +CO + H

PHASE CHANGES

Fe, C, hcp

2

Fe2C, Hagg (6 = 540 )

Fezc + Fe

3Fe2C

Fe_C

540 K)

Fezc , Hagg (@

525-600 K

—_— Fezc, Hagg (9 = 520 K)

675 K ’
Fe SC , Cementite .

Fe30 4’ Magnetite

616 K

Fezc s EAEE

630 X

Fe,C, Hagg (2 = 520 X)

2

<770 K
Feac

770 K

C
2Fe 3C +

873 X

3Fe + C
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Table 5-2

PROFERTIES OF IRUN OXIDE
CATALYSTS B-2 AND B-6

Property Catalyst
B=2 B-6
2 -
Analysis (wt%)
Fe (total 63.0 71.9
Fet? 59.0 29.5
Fet3 3.6 41.6
5105 4.41 0.09
Mg0 . 1.07 0.95
K90 0.36 0,27
b
Bz Reduction (wt%)
Mass Loss 19,0 2.9
Expected® 31.2 26.8
Apparent Saturation
Magnetization Forced at
300 K (dymes g~} sample)
Before reduction e 240
After reduction 19 €0

2sfter calcination at 1740 to 1779 K (chemical analyses
provided by ERDA-PERC)

bIn 1 atm, H,, heated from 450 to 725 K'at 18 K hr-1
c
Based on total Fe

dua.@et:l.c field = 7 G

eNo‘l: measured
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Table 5-3

PARABOLIC RATE CONSTANTS FOR ISOTHERMAL
CARBURIZATION OF CATALYSTS B-2 AND E-6

P bo Rate C tant
Carburizing ara t:z% :_2_1?2: an
Catalyst Temperature® -
(X} Initizl Slope Final Slope
481 0.15 -
B=2 573 0.78 0.20 =x 0.02
S98 1.85 0,22
473 0.28 0.23
523 0.48 ¢.29
B-6 573 0.65 0.41
597 ’ 0.72 -
. 3Carburization in Hzfco (3/1) at 1 atm
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Table 5-4

ACTIVATION ENERGY AND PREEXPONENTIAL
FACTOR FOR MASS GAIN DURING ISOTHERMAL
CARBURIZATION OF CATALYSTS B-2 AND B-6

s Activation Preexponential
Catalyst Slope Energy Factor
{kcal mole~1) (wt% man~1/2)
- 4
B-2 Initial 10.8 + 1.2 1.3 (+ 0.,2) x 10
Final - -
B-6 Initial 4.2 + 0.3 26 + 2
Final 3.2 + 0.4 7+1

aSee Table 5=-2 for conditions.
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Table 5-5

CURIE TEMPERATURES OF FERROMAGNETIC
PHASES OF IRON AND COMPOUNDS

Curile
" Phase Temperature References
X
EZD-Fezo3 423 14
Fesc {(Cenentite) 478-493 14,16
Fezc (Bagg) 520-540 14,15
Fe,C (hcp)? 853 14
Fe304 {Magnetite) 838=868 14,17
¥=-Fe 1041 14
aHexagonal close-packed
5.21




THERMOMAGNETIC ANALYSIS OF CATALYSTS B-2 AND B-6

Table 5-6

AFTER SHORT-TERM ISOTHERMAL CARFURIZATION

a Magnetic Properties _
Catalyst | Carburization Ferromagnetic Jhases,
Temperature Total Magnetization Fraction of M (%)
(K) Force, M [~ FesC | FegC | «-Fe
(dyne g~1) (Hagg) | ‘hep)
481 100 Q 50 S0
B-2 573 27 a3 1] 7
598 56 89 o 11
473 340 4] 59 41
523 380 45 45 10
B-6 573 495 87 0 13
598 285 95 ] 5

qCarburization in 32/00

(3/1) at 1 atm.
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Table 5-10

THERMOMAGNETIC ANALYSIS OF RANEY AND FUSED IRON
CATALYSTS CARBURIZED IN EZ/CO (3/1) AT 10 ATMOSPHERE

M&g_netic Properties
Catalyst Total Exposure| Total Magnetization Ferromagnetic Phases
To Syngas Force, M Fraction of M (%)
(kr) (dynes g™1) FeqOy | FegC |o-Fe
(Hagg)
Raney iron 48-72 0.65 69 23 8
Fused iron” 3 10 55 45
4B-72 280 100® 0

2Sample CCI-C73-2-01

b
Phase confirmed by x-ray diffraction
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Table 5~11

CHEMICAL STATE OF Fe and C IN
FISCHER-TROPSCE CATALYST B-6

a
Catzlyst Treatment

Carbon State

Iron State

None (fresh)
{Figure 5-8)

/c0 = 3/1, 3 hr
(Figure 5-9)

€O, 1 hr at 673 X
(Figure 5-9)

3/1, 1 hr

Hﬁ/CO

H,/CO

o 3/1, 5 br

at 573 K

at 673 X

at 673 X

Carbon absent

Grapkitic

Graphitie

Mixed iron oxide and
metallic iron throughout
profiled region

Iror oxide at outer-surface
changing to metallic

iron with increasing

depth

Same

Metalliec iron

Metallic irxon

aCarbon KVV fine structure obscurred hy strong potassium peak,.

bPrior to carburization the catalysts were reduced in H

5.27
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MASS GAIN [wik)

-1 580

- 500

— 450

TEMPERATURE (K)

-1 350

* * —

L L 300

] 20 40 60 80

TIME {hr)
SA-4387-32R

FIGURE 5-1 MASS GAIN DURING CARBURIZATION OF CATALYST
B-5 N H,/CO (3/1) AT 1 atm

Asterisk (*} indicates time at which thermomagnetic
analysis was made.
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FIGURE 5-4 TYPCAL THERMOMAGNETIC ANALYSIS (TMA) OF CARBURIZED
IRON FISCHER-TRUPSCH CATALYST B8-6
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