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I INTRODUCTION

This study, performed under ERDA Contract E{36-2)-~006C, concerns

the deactivation of catalysts used to produce fuels from carbon monoxide
and hydrogen. During this reporting period, we have shifted the major
enphasis of the study from sulfur poisoning of methanol-synthesis
catalysts to the role of carbon in Fischer-Tropsch catalysts. This
direction of the study conforms to the original proposal as modifled

in recent discussions with the project Technical Monitor,
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I1  FISCHER=TROPSCH CATALYSTS

A. Kinetic and Magnetic Studics

1. Experimenial Program

We have used thermogravimetric and thermomagnetic techniques
10 study carbon depeosition and removal on Fischer-Tropsch catalysis
cxposcd te syn gas. The catalysis used in the kinctic studies werc
Fischer~-Tropsch cnatalysts B-2 and B-6 provided by FERC-ERDA. The
apparatus and proccdures used in these studics werce deseribed in a
Provious progrcss rcpori.l in the carvburizalivn studies, we groumd ana
screencd the catalvst sauples {809 in the range of 20 to 60 mesh) and

then reduced them in il Llowing at 100 cm minwl while increasing the
temperaturce lincariy lrom approximately 130 K to 725 K in about 16 hr,

We then carburized the calalysis in Hv/CO under isothemmal conditions

in the temperntiure range -1v3 K 1o 600 K, or under nonisothermal conditioms
with lincarly increasing icmperaturcs [rom approximately 150 K to 600 K
a1 rates varving tryom 0.37 K min—l to 0.G63 K min-l. In most experiments,
we adjusted the I,/CO ratio 10 5751 (by volume) s however, in one exe-
perimeni, the U, “CO ratio was 1.5/1 (by volume)., Onc sample of B-G,
after the temperaturc-proxrammed carburization, was cxposed to HO/CO {371}
for 72 hr at 598 K. Frowm one pariially carburized samplc of B-6 carbon

was removed by heating the sanple isothermally in flowing Ho at several

temperatures in the range 8500 K 1o Y20 Rj this samplec was later recar—
hurized. Samplc mass, remperaturce, and magnetizailon werc monitored

during carburization and reduction.

After carburization, the samples were cooled in He, then analvzed

in situ by tkhemomagiciic analysis {[MA) irn the temperaturc range 300 to

1M
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230 K. During the leong=term carburization study, TMA was performed
after &, 26, 47, and 72 hr of carburization and with the temperature -
lowered from 598 to about 400 K to avoid the phase transitions that
oecur at higher temperatures. We also analyzeé Ly TMA three catalyst
samples that had been used by ERDA-PERC for Filschcr-Tropsch synthesis
studies at elevated pressures-.2 Samples of fused iron catalyst
CCI-C73-2-01 and Raney iron catalyst, after reduction in H2 and con~
ditioning had been opstream for 100 hr in syn gas with HZ/CO ratios
ranging from 2/1 to 3/1, at pressures ranging Zrom 300 to 1000 psig,
and at temperatures from 598 K to 648 K.2 Another sampie of catalyst
CCI-C73~2=-01 nad been exposed to syn gas for several hours during which

treatment carburization occurred.

2. Experimental Results

{a) Catalyst Reduction

Several samples of catalysts B~2 and B-6 were reduced
in 32 at a linear rate of temperature rise. The mass-loss ggta are
presented in Tabie 1. Catalysts B-2 and B-6 show two differences: At
comparable linear heating rates, the maximum rate of mass loss occurred
at a higher temperature (Tmax) for catalyst B-2 than for B-6, and the

fraction of mass lost was somewhat lower for catalyst B-2 than for B-6,

(b) Isothermal Carburization Studies

Several samples of catalyst B=2 were exposed to CO/H2
{3/1) mixtures at different temperatures a2nd their weight gain recorded
as a function of exposure time, Typical relative changes in catalyst
mass due to carbon deposition are plotted in Figure 1. Carburization
times were short (2 hr) in the study ©of bulk carburizatiomn., A time
correction of 1 1/2 minutes (-~ 10 dilution volumes) was applied to the
datz for the replacement of He carrier gas by the Hz/co mixture, AS

noted previously, the carburization kinetlcs can be interpreted in terms
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of sz parabolic rate law with two regions, an early region (I) with &
relatively higk rate and a later region (II) with a much lower rate
(Figure 2 and Tabi- 2). At the same temperature, the carhurization rates
of catalysts B«2 and B=6 in region I are similar in magnitoede. In
region II, some differences become apparent. Similarly, changing the
Hz/GO ratio from 3/1 to 1.5/1 does not aiter the carburization behavior
of catalyst B-~6 (Tabie 2) except that the high initial rate of car-

burization (reglon I) persists somewhat longer at the kigher H2/C0 ratio.

During the long-term exposure of catalyst E-6 to n2/C0
(3/1) at 598 X for 72 hr, after 4 hr of temperature-programmed carbu-
rization (425 to 598 K), the rapid mass ipcrease (relative‘to the mass
of the reduced catalyst) during the initial 10 hr was followed by a
slower copstant rate of mass increase (Figure 3). The temperatures are
alsc recorded in the figure, The break at which the change in rate
occurs corresponds to 2 mass increase approximately equivalent to
stoichiometric Fezp, as noted on the ordinate scale, The times at which
TMA were made are aliso marked in the Figure, Before the TMA measure-

ments, the flowing syn gas was replaced by He and the temperature lowered

from 598 to about 400 K.

(¢) Temperature-Programmed Carburization Studies

In a series of experiments, we measured the total mass
gain of catalysts B-2 and B-6 during carburization in the temperature
range 440 K to 590 K at different linear rates at temperature rise. The
results indicate 1ittle variation in relative mass gain as a function

of heating rate (Table 3).

(¢) Thermomagnetic Analysils (TMA) of Carburized Catalysts

All the catalysts were subjected to ™A in flowing He

without exposing the samples to air after carburization. The force
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exerted on the sample by the magnetic field is a2 function of the magne-
tization value of a specific phase present in the sample and its mass.
Our studies indicate that for the carburized B-2 and B-6 catalvsts,
saturation magretization 1s essentially reached at 2.0 to 2.5 kOe. We
chose a magnetic field of 2.5 kOe for the TMA, to minimize contributions
irom paramagnetic components in the sample and te sharpen the Curie-point
transitions, The magnetic force measurements were normalized to a
gradient-coil current of 1,00 A.1 Regardless of the carburization
conditions, the observed Curie temperatures of B-2 and B-6 fell into
several distinct temperature ranges, as shown in Tablq 4, where we have
included the ferromagnetic phases assigned to reportedl Curie temper-—

atures.

From the TMA, we semiquantitatively estimated the amounts
of the observable ferromagnetic phases. Although the results were
corrected for the saturation magnetization and molecular weight of each
phase,3 they represent approximations, because some of the iron phases
may be too small to be detectabl: magnetically or may not be ferro=
magnetic, To estimate the amount of o-Fe in a sample, we considered
the reaction Fe + Feac = Fezc (Hagg). The occurrence of this reactiocn
is manifested by the nearly linear decrease of magnetic ferce observed
during TMA as the temperature is raised from 650 to 900 X. The ﬁmount
of resc in the specimen is estimated from TMA at lower temperatures
(478 to 493 K) where the above reacticn is unimportant.

Short-term carburization produced composition changes
in the ferromagnetic phases of catalysts B-2 and B~6 (Tabie 5). Car-
burization at higher temperatures (> 500 K) led predominantly to the

Hagg carbide., However, the relative amounts of the other phases depended

on the initial composition of the catalyst and the carburization conditions.

In general, Hagg carbide is the ferromagnetic phase favored by carburiza-—

tion at elevated temperatures., At temperatures below 500 K, hexagonal
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Fezc is produced, as shown for B-2 (Table 5) and as found earlie:r1 for

B-6.

. The results of long-term carburization of B-6 show that
the Fesc produced in the early carburization was later converted to Hagg
carbide (Table 6). Also, the carburization resulted in substantial
carbon deposits as indicated by total mass changes greater than those

Trequired to produce rezc. The TMA data in Table 6 were taken during the

~ carburization study shown in Figure 3.

Table 7 gives the TMA results for the Raney iron sample,
the fused iron CCI-C73-2-01 sample, and the B-6 catalyst sample. The
Raney iron pellets, showed weak rerromagnetism at 300 K, with the total
force at saturation magnetizatlon of 6 x 10_4 dyre mg-l sample, The
magnetization showed no dependency on field strength akove i.5 kOe,
indicating that paramagnetic components were not present, The major
ferromagnetic phase was found to be Fe304 with smaller amounis of Fe2C
(Bagg) and ¢-Fe, Heating the sample in He o 850 K and cooling it to
300 X for approximztely 1.2 hr caused a small increase in the saturation
magnetization (7 x 10_4 dyne mg-l sample). However, for the sample
+hat had been carburized for several days, the magnetization as a
function of applied field at 300 K showed saturation at 2 kOe and a
saturation magnetization force of larger magnitude, 0.28 dyme mg-l sample.
The results indicated the presence of only one ferromagnetic phase,

F3304 which was confiTmed by x=-ray a2naiysis. A paramafgetic conf;nentﬂl
was detected in this sample from the slope of 3.7 x 10 dyne mg kCe
above 2 kOe, -

TMA of the fused iron catalyst CCI~C73-2-01, which had
been carburized for several hours at 300 K exhibited saturation magne—
tization at 2 kOe with a resulting force of 1.0 X 1!‘.)_2 dyne mgrl. Above
2 kDe 2 paramagnetic phzse was detected with gradient of 1.4 x 10_3



-1 -1
dyne mg kOe . After heating the sample in He at 900 K for 5 min and
cooling it to 300 K we observed an increase in magnetlzation force at
-3 -1
2 xCe to 2.2 x 10 dyne mg . A second TMA showed that the heat treat-

ment had caused changes in the Fe 04 phase, whereas the é—Fe phase had

3
rcmained unaffected, suggesting formation of larger ferromagnetic domains

of Feso which exhibit greater magnetization.

4
Finaily, we performed 2 long-—term carburization study of
catalyst B-6 at 1 atmosphere. This catalyst was reduced in Hq for 16 hr
at 575 K and 2 hr at 725 K, then carburized at 1 atm in H2fCO (3/1) for
several hours at 575 K, The catalyst was then treated with H2/CO (3/1)
for several days at temperatures between 575 K and 675 X (cf. Figure 3
and Table 6). TMA at 300 X indicated that the magnetization force at

2.5 kOe was large, 0.53 dvnes mg-1 and due entirely to Hagg Fezc (Table 7).

3. Discussion

The experimental results of our studies of Fischer-Tropsch
catalysts provide some information on the mechanism of the bulk processes
invoived 1n their reduction and carburization, From the variation of the
temperature (Tmax) at which the reduction rates reach thelr maxzima as
a function of linear heating rate, we can derive an activation energy
for this process.4 Based on such an analysis, we find an activation
energy for reduction of the iron oxide-vased, low-silica catalyst B-&
of about 2 kcal mol - and for high-silica B-2, about 5 keal mol », The
narrow range of heating rates used, limits the precision of these resultis.
However, they suggest a difference in the case of reduction between B-2
and B=&. In addition, the low activation epergies ohserved indicate a
diffusion-limited procass in which undoubtedly lattice-oxygen 1s trans-

ported from the bulk to the surface.
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The parabolic law kinetics associated with the carburization
process exhibit some small but finite differences between B-2 and B-6.
For B~2 the activation energy for céfburization during region 1 is about
11.5 + 1.5 keal mol  compared with 9.5 + 1.5 kcal mo1™" for B-6.' For
carburization during region II, the activation energies are 2 + 2 kcal
mol-l for B-2 compared with 6 + 2 kcal mol_l for B-6. These differences
in activation energies are probably related to differences in composition.
The B-2 catalyst coniains lron predominan tly in the 2+ valence state;

3+ 2+
B-6 has a higher proportion of Fe relative to Fe . In addition, the

presence of 510 _ in B-2 may play a role in the carburization process.

To determine the stoichiometry of the iron carbide phases
produced, we measured both sample magneitization and mass chanée during
the carburization of B-2 in H2/c0 (3/1). The data obtained at 598 K are
of particular interest, since this temperature is well above the Curie
points of the expected carbide products (Hagg Fezc and Fe3C), but well
below that of the starting material (metallic iron). Consequently the
mzgnetization results provide a measure of the number of iron atoms
remaining'as metzllic iron in the sample without interference from iron
carbide phases, and the mass increase indicates the number of carbon
atoms added to the sample. The relationship between magnetization and
mass increase is shown in Figure 4 in a plot of the fractiom of g—iron
atoms in the sample (ordinate) versus the number of carben atoms
added to the sample per atom of iron in all phﬁses (abscissa). These
results indicate that magnetization initially drops sharply, then
becomes less steep as carburization proceeds, Extrapolation of the
initial slope suggests that during the early stage each carbon atom is
associzted with about 8 iron atoms. Subsequently, as more carbon atoms
are added to the system, the resulting curve extrapolates teo a stoichio-

metry of Fe2 140. Since TMA of the final sample indicates the presence
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of Hagg carbide and a small amount of Fesc, we conclude that the stoi-
chiometry of Hagg carbide is closer to Fezc than to Fez_sc, as suggested
by Senatcur et 31.5 from the similarity of the x-ray pattern to Mnscz.s'G
Long~term carburization experiments indicate that stoichlometrlce
Fezc is reached before noncarbidic carbon species begin to build up
(Figure 2). This conclusion is important, since the known initial
product of Fischer-Tropsch catalysis is methane and higher hydrocarbons
follow only after several days of r.u:us::-a:t:l.c:n..'7 Since Fe,C reacts with
hydrogen to form methane, the formation of noncarbidic carbon speciles,
which leads to the well known phenomenon of catalyst swelling, is very

likely the intermediate in Fischer-Tropsch synthesis.

The TMiA results for the carburized catalysts provide additional
information on phase transformations that may occur during reduction and
carburization. The TMA results for B-6 during long=-term carburization
{Table 6) indicate that during carburization the small amount of cementite
(Feac) that was formed initially together with the Hagg carbide was
slowly converted to Hagg carbide. However, cementite is the stable phase
to which Hagg carbide decomposses when heated to ~ 900 K. These results
suggest that cementite can zct as an intermediate in the carburization

cf iron to Hagg carbide.

The TMA results might be 2 useful indicator of crystallite sin-
tering, assuming'that the observed increases in magnetization are caused
by growth of ferromagnetic domain size. To evaluate semiquantitatively
the effect of carburization conditions on particle size, we have applied
a simplified analysis to the magmetization force of the iron carbide
phases observed, From the ratio of the magnetization force of the
carbide phase per milligram of catalyvst to the fractional mass content
of the carbide, we may derive a normalized force due to magnetization

per milligram Fezc. Comparison of the normalized forces so derived
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offers a measure of ferromagnetic domain size., This analvsis has been
applied to the lags carbide phases of catalysts B-2 and B-6, The results
show that at approximately comparable carburization conditions, the
normalized magnetization for B-6 is larger than that for B-2 (Table 8.
To interpret ithese results, we will assume for a given carburization
condition that the calculated normalizesd magnetization force of the two
gatalvsts is affected predominantly by differences in domair size rather
than by compositional effects. O©On this basis, we concinde that carbu-
rization of B=2 produces smzller irca carbide domains (smaller crystallites)
+han does carburization of B-6. Also, lower heating rates in tge
temperature-programmed carburization vields smaller domains (smaller

crystallite) for both catalysts,

Crystallite size has been reported to affect Curie temperature,
and in the case of nickel, smaller metal particles produce lower Curie
temperature.s in the case of the Fischer-Tropsch catalysts, tae ¢ur1e
temperature o the FeZC carbides is approxirately 35 degrees lower Ifor
catalyst B~ then for B-2. Accordingly, the crystallite size of B-6
is expected to be smaller than that of B-2, but this conclusion is the
opposite of that obtained from the magnetizatior resulis discussed in
the previous paragraph. Heﬁce, it appears that the relationship between
crystallite size and Curie temperature for the Fezc carbide is the opposite
of that of nickel, For the long-term carburization of B-6, the results
in Table 6 show that during the period of noncarbidic carbon growth
(26 to 72 kEr), the total magnetization force and the sum of the amounts
of the two carbides (Hegg and Fe3C) remain constant. Hence, we may

conclude that little sintering occurred.

The fused iron catalyst (CCI-C73-2-01), after carburization
and use in synthesis for several days at 10 atm, contalned a ferromagnetic
component that was primarily Fe304 {Table 7). Identification was made

by measurement of Turie temperatures and x-ray diffraction patterns. The

10



much greater magnetization of this catalyst sample (0.26 dvne mg-l) in
contrast to that of the same catalyst carburized for only several hours
(0.0055 dyne mg_l) could result from either an increase in the amount
of Fe304 during long-term carburiza.t:l.on,7 or an increase in the size

of magnetic dosains.

The Raney-irop catalyst used in Fischer-Tropsch synthesis for

severzl days at 10 atm contained three ferromagnetic phases: Hagg carbide

Feapq, and z~Fe, The low values of magnetization suggest the existence
of either a small amount of each of these phases, or small ferromagnetic
domains, as suggested by the Curie temperature {773 K), which is lower
than the Curie temperatures observed for the fused iron catalysts (790
and 820 X). Also, the low value of magnetization of the Raney irom
suggests the presence of small ferromagnetic domains that have not

undergone appreciable sintering.

Finally, the carburization process leads to the formation of
another ferromagnetic phase of low yield with a Curie temperature in the
range 400 K to 435 K. This phase has not yet been identified, but
potessium ferrite (K20-Fe203), which has a Curie temperature at 423 K,
is a likely candidate. Potassium oxide is added as a promoter in the
preparation of catalysts B-2 and B~6. Perhaps the formation of the
potassium-Territe phase is responsible for the improved catalytic

properties of the catalysts.

B. Chemical Activity of Surface Intermediates

Iz conjunction with our magnetic¢ studies on bulk carburization of
iron-based Fischer-Tropsch catalysts (see Section II-A, above), we
initiated an examination of the surface resctivity of such carburized
catalysts. In these measurements we are sttempting to measure steady-

state catalvst activity and to iden;ify the buildup of carbon-contalning

[
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intermediate species on the surface of the cstalyst by -exposing the
catalyst to hydrogen after different degrees of carburization in Hzfco

mixtures (3/1 by volume) and in CO.

A microreactor system was constructed that could be operated under
continuous-fiow (15 psi) or pulse-mode conditions (50 psig). The
Fischexv-Iropsch catalyst used in these studies was the iron-based
Fischer-Tropsch catalys:t B~6 supplied by PERC. A sample of catalyst
(0.5 g) was first reduced in Hz (15 hr at 623 X followed by 2 hr at
723 K), after which the temperatare was adjusted to 573 K for carburi-
zation in the 32/co (3/1) gas mixture, Froduct content was determined
by gas chromatography on a temperature-programmed silica-gel column.
During 15 hr of carburization the product siresam was found to contain
002, CH4, Czﬁs, C2H4, C3H6' ard some higher-molegular-weight hydrocarbons,
some of which condensed at the exit from the reactor. CO conversion was

nearly comstant at a level of about 35 vol%.

Carturization of B-6 in H2/C0 (3/71) at 573 K resulted in a marked
chenge in 1ts appearance, characterized by & large increase in volume,
or "swelling". At the same time, the CO consumpticn rose markedly to
100%. Under these conditions, the preduct compositlion had changed to

CH4. co C H and C_H_ {in crder of decreasing yield). The production

2" "2°6" 3's

of olefins and higher mulecular weight hydrocarbons appeared tv have
ceased. For B-6 catalyst carburized st 673 K, the product distribution
as & function of reaction temperature is given in Figure 5. Although
002 formation shows little change with temperature, the production of
cl- to Ca— hydrocarbons exhibits maxima near 623 X for CH4 and near

73 .
5 K for C2H6 and CSHS

Carburization of B-6 in CO/He mixtures (rather thar CO/H ) at 673 K
did not result in "swelling’ or formation of Fischer-Tropsch products.

On subsequent pulsing with Hz methane was the only product cobserved.

ey = geiiy WM W
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Physical measurements by x-ray diffraction and magnetic susceptibility

indicate that different bulk phases are present in the B=6 as a result

of carburization in CO/lle or 00/H2 gas mixtures at 673 X, as shown in

the following table.

Carburization X-Ray Diffraction Magnetic Susceptibility
Gas
CO!H? Fezc {Hagg) , crystalline carbon Fezc {Hage)
CO/He Feac, cementite Fesc (cementite)™

¢Sm311 contribution due to Fe2C {Magg) observed.

A mass spectrometer was used to test the reactivity in hvdrogen
of B-€ catalyst samples pretrcated in these different ways., A sample
of the catalyst was placed in a microreactor and aydrogen was flowéd
through it. The effluent from the reactor was sampied by the mass
spectrometer, which rapidly and repetitively scannad through the mass
range for C1 to C9 hydrocarbons while the catalyst temperature was

programmed linearly from 293 to 770 XK.

-

Samples of B-6 catalyst examined in this way included one sample
carburized in H2/CO (3/1 by volume) at 573 K, one szmple carburized and
“swelled” in H2/CO {371) at 673 K, and one sample carburized in CO at
G773 K. In all cases, methane was the only product observed., As for the
surf{ace compos;fion of B-6 ﬁefore and after carburization in HszO at
673 K, we finA.%rom CO-adsorption measurements at 298 K that the freshly
reduced catalyvst adsorbs 2.76 x 10--6 moles of CO per gram of catalyst,
whereas “"swelled” catal yst does not adsorb CO. Thus, metallic iron
crystallites mav no longer be present on the carburized catalyst surface,
possibly because of the formation of the carbcn—hydrogen intermediate

adlayer,
13
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Qur cexperimental studies, although proliminary (und gqualitative, lead
us 1o conclude that llapg carbide, Fe U is the actlive catalyst for thue
Fischor-Tropsch synthesis over iron catalvsts.  This material, which seems
to be formed by vxposurc of B=2 and B-6 catalysis only io (','0/!1_J mixtures,
promotes the growth ol surface intemediates required for the formation
ol high molecular weight products. A laser of chC probably forms rapidly
ncar the surtface of the catalyst, Carbon-containing suriace species then
grow on top of the Fe,C laver, causing ihe catalyvst to swell. When these

carbonaceous surface adsorbates interaci with hydrogen and carbon mon-

oxide, hvdrocarbon production results.

C. Carbon Deposition Boundaries for the C-H-0 Svsicem in the
Presence of Ilron

In our current studies of ihe interaction ol H2/CO gas mixtures
with iron-based Fischer-Tropsch catalysts, we have recognized the
importance of thermodynamic properties of the C-Fe-O system. Although
information is available on the carbon (groaphite) deposition boundaries
for this system over a range ol temperaturcs and prcssures,9 the thermo-
dynanic eguilibria involving the iron oxides and carbides as solid
phases have roceived less attention. That these solid phases exist has
been recognized carlier and coniirmed in our cxpcriméntal work on
carburization of catalvsts B-2 and B-6. In a recent study of Manning,lo
the thermodynamic calculations include Fe and }b304 as stable phases in
equilibrium with HQO. co, qu’ and COE' ¢ have reproduced in Figure 6
+he resulis of his calculations at 723 h and 1 atmosphere. Curve P-Q

represents thefphase boundary bclow which Fe?O is stablc and above which

4
Fe is tne stable phase, Curve R-5 indicates the phase boundary above
which carbon (graphite) deposition occurs. Point X marks the feed gas
composition HQ/CO = 3/1 (bv volumc). It is apparent that the formation

of I“e:;(f)‘1 and of carbon (graphite) would be favored thermodynamically.

14
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The phase diagram for this system at lower temperature (573 K), as used

in our carborization studies, is not available at the present time.
Calculation of the thermodynamic stability diagrams at lower temperatures
and in the presence of the carbides of iron would contribute greatly

to our understanding of catalyst pretreatment in Fischer-Tropsch synthesis.
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I1II METHANOCL-SYNTHESIS CATALYSTS--SURFACE
SULFIDATION AND SEGREGAT ION

Our measurements of the interaction of hydrogen sulfide with the
surfaces of methanol-synthesis catalyst componentsl pointed to copper
as the primary géteway for the rapid accumulation of surface sulfur.
The possibility of transport of surface sulfur from the copper to the
zinc oxide phases of the catalyst would depénd on the degree of inter—

mingling of the phases anu on the mobility of the sulfur adatoms,

To gain some insight into the surface distribution of the ¢atalyst
.compopents, a specimen of the CCI-C79-1 catalyst was examined by
scanning electron microscopy (SEM).* The specimen was in the form of
a wafer reduced in hydrogen and subsequently exposed to st/H2 mixtvres
during Auger electron spectroscopy (AES) measurements. The sanme
specimen was then exposed to the ambient atmosphere during transfer from
AFS to SEM. In addition to micrographic examination to reveal the
structure of the surface, energy dispersive x-ray analysis was used to
reveal the lateral distribution of the major surface components. The
results (Figure 7) indicate that the Alzo3 phase is dispersed throughout
a2 matrix in which it is not possible to differentiate between Cu and Zn
phases, within the limit of resolution ¢f the instrument. Cu and Zn are

quite obviously in intimate proximity on the catalyst surface.

We are currently evaluating quantitatively the mobility of sulfur
adatoms on 2 copper surface. By a movable shutter, which partially

intercepts an argon ion beam, selective ion sputtering will be used to

*
We are grateful to Dr. P, H. Holloway of Sandia Laboratories for the
SEM micrographs of our catalyst specimen.

16
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producc a sharp discontinuity in a sulfur adlayer on a copper foil
specimen, We may then use Auger electiron spectroscopy to nmonitor the
rate of transport of surface sulfur from the saturated to the ciean
region of the copper as a function of specimen temperature, The
activation energy for surlace diffusion may be evaluated from such
measurements. In addition, we will obtain surface sulfur concentration -
profiles by measuring the sulfur AES line intensity at multiple points
on the surface at a discrete time interval after producing the dis-
continuity ox after raising the temperature of the specimen, Changes
in the surface su)fur concéntration gradient will permit us to estimate
the value of the coefficient of surface diffusion, The experimental

setup for these measurements has been completed,

17



IV TFUTURE WORK

puring the next reporting periocd, we will place particular emphasis
on problems related to the formation and role of bulk and surface carbon
in Fischer-Tropsch catalysts. Specifically, we will continue to exploré
the effect of syn-gas composition on carben take-up of the iron-based
catalysts, and will carburize catalyst samples at high-pressure (1530 psi).
Specimens of these catalysts will be examined by TMA and exposed to
tenperature~programmed desorption experiments. In addition, we will
determine the depth of carbon deposit and the distribution of promoters
by Auger electron spectroscopy in conjunction with argon ion etching.
Also, our studies will be extended to include sone ruthenium-based

catalysts supplied by PERC.

18
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Table 1
REDUCTION OF CATALYSTS B~-2 AND B-6 1IN
100% H, AT 1 ATMOSPHERE
Temperature Mass
Reduction Rate of of maximum lost during
Catalyst temperature | temperature rise| rate of mass 10SS5 reduction?
(K} (K/h1) T (K} (wt%)
max
450 to 735 17.1 + 0.2 697 + 2 18.8 + 0.5
450 to 735 17.7 = 0.1 704 + 2 15.3 + 0.5
52 450 to 735 18.3 + 0.1 712 + 2 18.7 + 0.5
465 to 755 12.1 + @.1 709 + 2 18.7 + 0.5
45C¢ to 781 19.1 + 0.1 716 = 2 18.5 = 0.5
440 to 730 17.3 665 21.7
B-6 450 to 760 17.9 657 21.7
440 to 730 18.8 684 22.2

-1
wWith respect to mass

of unreduced catalyst.

20



Table 2

ISOTHERMAL CARBURIZATION STUDIES WITH
FISCHER~-TROPSCH CATALYSTS

Temperature Catalyst H,/CO Paraboliz Rate Constant
{h (by vol.) (wt% min—1/2)
Region I Region II
481 B-2 3/1 0.15 -
_ 573 B-2 3/1 0.78 0.18
E 598 B-2 3/ 1.85 0.19
573 B-6 371 0.78 0.43
573 B-6 1.5/71 0,78 G.44
» 21
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Table 3

e T i et P T

TEMPERATURE~PROGRAMMED CARBURIZATION
STUDIES WITH CATALYSTS B-2 AND B-6

a

Rate of a Fractional Conversion
Catalyst | temperature rise Mass gain to FesC
{K/min) (WER) (wtsh)
B-2 0.42 6.6 62
B-2 0.63 6.4 60
B-6 0.37 6,2 58
B-6 0.55 6.6 62
22
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Table 4

OBSERVED CURIE TEMPERATURES AND
PROBABLE ASSIGNMENTS TO FERROMAGNETIC PHASES

T

oo, B e 1y

Curie
Temperature (K) Ferromagnetic
Observed L:Lterature1 Phase
Range
400-43 .
Q 435 423 K20 Fe203
484=493 478-493 Fesc
520-572 520-549 Fezc (Haggz)
635-685 653 Fe2C (Hexagonal)
773-820 838868 Fe304
[
23
- - £ N g TN ?-
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Takle 5

THERMOMAGNETIC ANALYSIS OF FISCHER-TROPSCH
CATALYSTS B-2 AND B-6 AFTER SHORT-TERM CARBURIZATION

Carburization Ferromagnetic Phase Composition (wi%)
Catalyst| Temperature | Time [H,/CO | K 0-Feu, |Fe C| Fe,C Fe,C | @=Fu
(R) ) §(vor1®) | (Hagg) | (Hexagonal)
B-2 598 1.3} 3/1 6 3 88 3
B-2 573 4.0 1 3721 4 0 as 0 1
B-2 481 5.0 | 3/1 0 0 0 80 20
B-3 4240 to 5902 86.01 3/1 4 0 84 0 12
(0.42 K min™1)
B-2 120 to 5902 4.5 371 5 0 - Ba 0 11
{0.63 X min=1)
B-6 573 3.0 11.571 0 17 69 G 14
B-6 432 to 5802 6.61 371 6 0 81 0 13
(0.37 K min 1)
B-6 443 to 5982 4.7 | 31 10 22 €0 0 8
(0.55 K min™1) .
573 3,0
B-62 | (573 10 673) 56.7{ 371 1 0 96 0 0
b

a
Temperatu re~programmed;

b
Carburization performed in separate apparatus.

jate of temperature rise in parenthesis.
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54.4387-35

FIGURE B IRON - OXYGEN - GRAPHITE PHASE DIAGRAM
723 K, 1 ATM .
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FIGURE 7
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SCANNING ELECTRON MICROGRAPHS OF PRESSED WAFER OF C78-1 METHANOL
SYNTHESIS CATALYST

Dark reqions 1n micrograph A are revealed to be partictes of A12_03 mmersed in 3
Cu/Zn matrix by the x-ray maps for Al {B). Zn {C), and Cu (D).
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