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Carburization studies of a series of reduced iron—manganese catalysts were done under synthesis
gas (H,/CO) conditions. Evidence was obtained for three types of carbon—carbidic, partially
hydrogenated, and graphitic (coke-like carbon). These carbon types could be removed slowly with
hydrogen; however, a relatively high temperature (500°C) was needed to remove all carbon. The
low manganese oxide-containing catalysts showed greater specific activity for carbon monoxide
and hexene hydrogenation than iron. The high manganese catalysts exhibited significantly in-
creased hexene hydrogenation activity, possibly due to the presence of very small iron crystallites.
Incorporation of manganese appears to chemically or electronically promote the active iron sur-
face. In particular, it appears to alter the CO hydrogen reaction path by suppressing the direct

formation of paraffins from the reactive intermediate, leading to higher olefins.

Inc.

INTRODUCTION

Carburization is a word used to describe
the surface and bulk property changes that
occur to many Fischer—Tropsch catalysts
during synthesis. Iron-based catalysts are
well known to undergo carburization (1)
and this fact must be considered in investi-
gating their catalytic properties (2). In syn-
thesis gas, the catalysts form iron carbides
(3, 4) and carbonaceous material (5—7) and
may also form iron oxides (8, 9). Iron car-
burization can occur at relatively moderate
temperatures in carbon monoxide or H/CO
mixtures. Usually, the final phase of the
catalyst consists of either Hagg (x) or hex-
agonal close-packed (&) iron carbide (both
have a stoichiometry of approximately
Fe,C). During the initial carburization,
there has been some evidence, based on
magnetization studies, for a transitory Fe;C
phase (3). The cementite phase (Fe;C),
however, is also a stable iron carbide that
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appears to be the principle carbide phase at
temperatures greater than 500°C. But at
lower temperatures, the Fe,C carbides ap-
pear to be the preferred carbide phase (10).

We have previously characterized the re-
duced state of a series of iron-manganese
catalysts (11), which had been used for car-
bon monoxide hydrogenation studies (/2).
The principle feature of the latter studies
we address here is the variation in the ole-
fin-to-paraffin ratio of the products with
change in the manganese content of the cat-
alyst.

EXPERIMENTAL

Catalysts were the same as those used
previously (I1). They consisted of a series
of iron-manganese oxides; the number as-
sociated with each catalyst represents the
approximate mole% Mn. The catalysts
were generally activated by reduction in H
at 500°C overnight.

Catalyst carburization studies were car-
ried out in a flow microbalance reactor.
About 1/2 g of prereduced-passivated cata-
lyst was heated in flowing H, at 500°C for 2
h before lowering the temperature. The
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weight gain due to carburization was then
followed after introduction of a H,/CO
(synthesis gas) mixture, produced by flow
monitoring of separate CO and H, streams.
At an appropriate time, the mixture was re-
placed by H; and the ensuing weight loss
followed. After weight line out, the temper-
ature was raised to 500°C in H, to measure
any additional weight loss. Carburized cat-
alysts were characterized by XRD, PAS-
IR, and TPR as described previously (11).
In the latter case, the carburized catalyst
(2H,/CO, 250°C, 2 h) was cooled in the mix-
ture to room temperature, followed by pure
CO for 1/2 h; the catalyst was then flushed
with H, and temperature programmed
(10°C/min) in H,.

The catalytic activities of reduced cata-
lysts were performed in a flow microreactor
at atmospheric pressure. The reactor con-
sisted of a 1-cm-i.d. Pyrex tube. About 4 g
of finely ground catalyst were held by a
glass-wool plug, through which a thermo-
couple penetrated just into the bottom of
the catalyst bed. After pretreating the re-
duced-passivated catalyst at 500°C for 1-2
h, the temperature was lowered to the de-
scribed reaction temperature and the reac-
tant introduced. For the CO hydrogenation
tests, a 5% CO/H; mixture was used at a
flow rate of about 100 cm*/min. GC analysis
for CO conversion was achieved with a
carbo-sieve column and TC detector, the
difference between the CO concentration in
the reactor off gases and that from bypass-
ing the reactor gave the CO conversion.
For the 1-hexene hydrogenation tests, the
hexene was introduced by passing H, (100
cm3/min) through two hexene bubblers in
series, the first at room temperature and the
second at ice temperature. GC analysis was
made with an n-octane on Porosil C column
using an FI detector. Conversion was based
on hexane produced. Carburized catalysts
were also similarly tested. In this case, the
catalysts were carburized in a H,/CO mix-
ture at 250°C prior to the test. Because of
considerable differences in catalytic activ-
ity of the different catalysts, conversions
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varied from a few to up to 50%. Calcula-
tions revealed that mass transport should
not have any effect on conversions under
our reaction conditions.

Further details of these tests are given
elsewhere (13).

RESULTS
Catalyst Carburization

A carburization and reduction cycle is
shown for the pure iron catalyst in Fig. 1.
Markers show the weight required for for-
mation of Fe;C and Fe,C but do not neces-
sarily indicate their formation. The weight
changes involved were significantly larger
than could be accounted for by carbon
monoxide adsorption. Initially, the catalyst
gained weight rapidly, then the weight gain
slowed until a relatively slow but steady
weight gain ensued.The change in rate oc-
curred below the weight required for com-
plete Hagg carbide formation (Fe,C).
Changing the reactant gas to pure hydrogen
reversed the weight gain and approximately
two-thirds of the weight gain was removed
at 250°C. The catalyst returned to its initial
weight after increasing the temperature to
500°C. Each step in this cycle required
roughly 100 h for the pure iron catalyst.

Figure 2 shows two carburization—reduc-
tion cycles for an iron—-manganese catalyst
(C-15). The first cycle was performed at
250°C as with the pure iron catalyst. The
initial carburization was somewhat slower
than the pure iron catalyst and the second
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FiG. 1. Carburization and reduction weight profile
for catalyst C-0.
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FiG. 2. Carburization and reduction weight profiles
for catalyst C-15. (A) 250°C, (B) 300°C.

carburization region was also slower. The
overall weight gain, on an iron basis, was
similar for the two catalysts after about 40
h. The C-15 catalyst was only carburized
for 40 h. Upon switching to H,, the C-15
catalyst lost weight faster than the iron cat-
alyst. Weight loss at 500°C was also signifi-
cantly faster. The second carburization-re-
duction cycle, shown in Fig. 2B, was done
at 300°C. The initial and second carburiza-
tion rates were faster than at 250°C and
more weight remained after hydrogen expo-
sure at 300°C. Hydrogen reduction at 500°C
proceeded quite rapidly. At both carburiza-
tion temperatures, the weight removal rate
in hydrogen was greater for the manganese-
containing catalyst than for the pure iron.
Figure 3 shows the weight change data
for the two catalysts during the initial phase
of carburization and includes a lower tem-
perature carburization run (225°C). At
300°C, the two catalysts appeared to carbu-
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FiG. 3. Carburization weight profile comparisons
normalized to weight iron basis.
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rize at about the same rate on an iron basis,
but the rate of weight pickup was slower for
the C-15 catalyst. At 225°C, the rate of car-
burization for C-15 was substantially slower
than the C-0 catalyst and no evidence of a
rate change with time was seen during this
period.

Although not shown, the pure iron cata-
lyst was allowed to carburize at 300°C for
approximately 70 h, ultimately reaching a
12% weight gain. After 5 h, the weight gain
was almost linear. After the run, the cata-
lyst was examined by X-ray diffraction and
evidence for Hagg carbide (x-Fe,C) was
seen.

In order to compare results with catalysts
run under processing conditions (12), sev-
eral of the used catalysts from the latter
runs were examined by XRD. The condi-
tions of these tests were: 35 atm, H,/CO =
2.0, space velocity of 1 cm¥min - g, 210-
240°C, CO conversions of 5-7%, on-steam
time up to 12 h. Figure 4 shows that the
principal phases were Fe and MnO, as was
observed with the reduced catalysts (11).
Peaks attributed to MnFe,0O4 were not ob-
served in these catalysts, although Maiti et
al. (14) reported this phase in their used
Mn-Fe catalysts. There is some evidence
for other phases, probably Hagg carbide,
but the lines did not exactly match any pub-
lished pattern for iron and manganese oxide
or carbide, and therefore some of the minor
peaks remain unidentified. Although some
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F1G. 4. XRD patterns of used iron-manganese cata-
lysts. Markers: —, a-Fe; ---, MnO; -+ -, x-Fe;C,.
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F1G. 5. Infrared photoacoustic spectrum of carbu-
rized catalyst C-3.

surface carbides are probably present, it is
evident that extensive carburization of the
catalysts had not taken place.

An ir photoacoustic spectrum of carbu-
rized catalyst C-3 is shown in Fig. 5. This
catalyst had been carburized 3 h at 250°C in
2H,/CO synthesis gas and then allowed to
cool in synthesis gas. The ir photoacoustic
spectrum revealed a large broad peak in the
region 2500 to 3200 cm~!. The reference
spectra of the freshly reduced catalyst C-3
failed to show these peaks. This area of the
ir adsorption spectrum can be attributed to
hydroxy groups and carbon-hydrogen
bonds. The broad peak is probably related
to adsorbed hydrocarbons and other carbo-
naceous species formed during carburiza-
tion. The erratic adsorption shown in the
immediate right of 1800 cm~! has usually
been attributed to water.

Temperature-programmed reduction was
carried out on a number of carburized cata-
lysts on which CO had been adsorbed at
room temperature. The results are summa-
rized in Table 1. The temperature ranges of
the main peaks are given in parentheses
with their relative amounts. The significant
feature of these results is the high evolution
of methane for all the catalysts except pure
MnO (C-100). Water evolution accompa-
nied the methane, but at lower levels. Com-
paring these results with TPR of CO ad-
sorbed on the reduced catalysts (Table 3 of
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TABLE 1
TPR Results on Carburized Catalysts

Product

Catalyst CH,4 H,O (80} CO,
C-5 vi(400-500) m(300-450) vs(400-500) Nil
C-15 vI(375-500) $(450-500)  vs(25-150) Nit
C-39 vi(340-500)  vs(350-450)  vs(70-120) Nil
C-74 vI(400-500)  m(300-450) s(80-150)  vs(350-450)

$(350-450)

C-100 Nit Nil Nil Nil

Note. Values in parentheses are temperature ranges in °C. Relative
peak heights: vs, very small; s, small; m, moderate; vl, very large.

Ref. (11)), the carburized catalyst produced
significantly more methane while the
amount of water liberated was not much
different. Evolution of CO and CO, was
low and similar to results on the reduced
catalysts. From the results, it is obvious
that the MnO catalyst neither carburized
nor adsorbed CO to any measurable extent.

Catalytic Activity

1. Carbon monoxide hydrogenation. The
results of CO conversion over several re-
duced catalysts are presented in Table 2.
Rate constants were calculated from the

TABLE 2
CO Hydrogenation Activity of Catalysts

kco, pmole/g min
Fe surface (k¢o, umole/m? Fe min)
area

Catalyst (m?%g) 200°C 250°C
Reduced

C-0 5.5 14.9(2.7) 38.8(7.1)

C-3 1.8 3.5(1.9) 12.06.7)

C-29 0.8 3.13.9) 11.4(14.2)

C-74 1.2 2.52.1) 6.3(5.2)
Carburized®

C-0 5.5 14.5(2.6) 41.1(7.5)

C-3 1.8 3.4(1.9) 13.2(7.3)

C-29 0.8 1.7(2.1y  10.6(13.2)

C-74 1.2 2.72.2) 8.8(7.3)

7 2H,/CO at 250°C for 3 h.
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TABLE 3

Hexene Hydrogenation Activity of Catalysts

ki, cm’/g min
(kfz, cm3/m? Fe min)

Reduced Fe area

catalyst (m¥g) 100°C 150°C
C-0 55 Complete conversion
C-5 1.7 Complete conversion
C-74 1.2 20(17) 24(20)
C-100 0 Negligible conversion

ky, cm’/g min
(ki;, cm*/m? Fe min)
Carburized Fe area

catalyst? (m?/g) 150°C 200°C 250°C
C0 5.5 2.10.38)  6.2(1.13) 10.7(1.95)
C-5 1.7 0.7(0.42)  3.1(1.84) 5.7(3.4)
C-39 0.5 0.6(1.1) 3.3(6.6) 6.4(13)
C-74 1.2 2.52.1)  17.4(14.5) —
C-100 0 0.1 0.1 0.1

2 Carburized in 2H,/CO synthesis gas at 250°C for 3
h; these experiments were done in the presence of
synthesis gas.

consumption of CO assuming zero order in
CO (I15). The upper section of the table
gives the rate constants for the freshly re-
duced catalysts. The lower section of the
table gives results for the same catalysts
after carburization with 2H,/CO at 250°C
for 3 h. The configuration of the catalyst
bed (about 1 X 1 cm) was such that perfect
plug flow was not assured. Therefore, the
rate constants should be considered as ap-
proximate and their relative comparisons
more valid than the absolute values. Al-
though some CO consumption due to car-
burization could be expected with the re-
duced catalysts during reaction, this was
apparently low enough under reaction con-
ditions as not to significantly affect the
results, since both rates and activation en-
ergies for the reduced and carburized cata-
lysts were essentially the same. In general,
the catalysts decreased in activity with in-
creasing manganese content. For example,
at 250°C, the addition of manganese was
found to decrease the rate constant about
one-third of its pure iron value for catalyst
C-3. Further addition of manganese had a
smaller effect on the rate constant. This
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trend was observed in both the freshly re-
duced and carburized catalysts.

Specific activities, based on iron surface
area, are also listed for the freshly reduced
and carburized catalysts. The iron surface
area values were taken from the available
carbon monoxide adsorption data reported
earlier (I1). The noticeable aspect of the
data is that where previously the pure iron
catalyst was most active on a weight basis,
the manganese catalysts appear to have
similar activities per unit iron surface.

2. Hexene hydrogenation. Hexene hydro-
genation was used as a model reaction to
investigate the olefin hydrogenation activ-
ity of the freshly reduced and carburized
catalysts. Pseudo-first-order rate constants
for the freshly reduced catalysts are shown
in the upper portion of Table 3. The re-
duced iron catalyst was very active. Upon
addition of manganese, a loss in activity per
gram of catalyst was obtained, as well as a
decrease in activity per unit iron area. Ad-
ditional hydrogenolysis reactions occurred
at the higher temperature, which resulted in
a distorted temperature dependence of the
calculated rate constants. The pure MnO
catalyst was inactive for hexene hydrogen-
ation. In the lower portion of Table 3, ac-
tivities are given for hexene hydrogenation
over carburized catalysts in the presence of
synthesis gas (2H,/CO). Synthesis gas was
used in place of pure H, to obtain hydrogen-
ation results under conditions more realis-
tic of CO hydrogenation. On a weight basis,
the presence of manganese lowered hydro-
genation activity (except for C-74) and in-
creased the activation energy. However,
the manganese catalysts were found to
have a higher specific activity for hydrogen-
ation than pure iron. The manganese cata-
lysts appeared to have a somewhat greater
promotion for hydrogenation than carbon
monoxide conversion, especially for the
high manganese catalyst.

DISCUSSION
Catalyst Carburization

Carburization rates were studied on two
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catalysts, the pure iron catalyst and an Fe—
MnO catalyst containing 15 mole% Mn.
With both catalysts, carburization showed
two rate regimes, an initial, relatively fast
regime, followed by a slow one. In many of
the experiments, carburization was not evi-
dently continued long enough to reach the
expected fully carburized state; that is, the
catalyst weight never reached the weight
required to form stoichiometric Fe,C. The
overall rate of carburization of the Fe-
MnO catalyst was considerably slower
than the iron catalyst at 225°C but about the
same at 300°C. During catalyst carburiza-
tion, probably both iron carbides and carbo-
naceous material were forming, but their in-
dividual rate of formation could not be
easily distinguished. The different carburi-
zation regimes and the different routes of
carbon utilization complicate the caburiza-
tion rate comparison between the two cata-
lysts.

Bonzel and Krebs (16) found evidence
for three types of carbon associated with
carbon monoxide hydrogenation on iron:
(1) a ‘“‘carbidic’’ carbon, presumably re-
lated to surface iron carbide; (2) a partially
hydrogenated carbon, CHy; and (3) a *‘gra-
phitic’’ carbon. Some direct and indirect
evidence was also found for these types of
carbon in the carburized iron—manganese
catalysts.

Direct evidence for iron carbide forma-
tion was seen in the change of the X-ray
diffraction patterns of the used catalysts af-
ter exposure to carbon monoxide and hy-
drogen at reaction temperatures. The ap-
pearance of peaks in the positions predicted
for known iron carbides demonstrate that
some carbidization occurred. The TPR
results on the carburized catalysts showed
that the greatest product evolved from hy-
drogen reaction of the carburized catalysts
was methane, also a necessary condition
for carbidization.

Evidence for the presence of a partially
hydrogenated carbon specie comes from
the ir spectrum of carburized catalyst C-3
(Fig. 5). The peak maximum occurs where
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C-H bond stretching frequencies are prev-
alent (I7), and was not observed for CO
adsorbed on the reduced catalyst (11). An-
other type of carbon associated with carbu-
rized iron catalysts, especially those carbu-
rized for long periods of time and at higher
temperatures, is called ‘‘free’” or ‘‘gra-
phitic’’ carbon. Indirect evidence for this
type of carbon was found with the exten-
sively carburized catalysts C-0 and C-15.
The presence of this type of carbon has of-
ten been determined by the temperature re-
quired for its removal with hydrogen (18).
Podgurski et al. (19) claim that carbidic car-
bon can be quantitatively reduced at 300°C
while removal of free carbon requires
500°C. More recently, Bonzel and Krebs
(16) found that carbidic and partially hydro-
genated carbon could be removed with hy-
drogen at 375°C, but graphitic carbon could
not.

Catalyst Activity

1. CO hydrogenation. With freshly re-
duced iron catalysts, three basic processes
are occurring during CO hydrogenation. A
carbon balance on the system must include
the formation of iron carbides and the
buildup of the carbonaceous layer, as well
as the formation of the expected gaseous
products. Initially, the consumption of car-
bon by the iron can be important. In these
experiments, after 2 or 3 h (Fig. 3), the
rapid carbidization slowed down and the
system approached closer to a steady-state
condition. In related experiments, other in-
vestigators (4) have noted methane produc-
tion to increase during the initial hour of
reaction in synthesis gas with iron cata-
lysts. The rate of formation of carbon de-
posits or carbonaceous layers appears to be
relatively constant in the quasi-steady-state
condition (20, 21) but its initial rate was dif-
ficult to estimate in these experiments. The
reaction rate constants for iron catalysts,
based on carbon monoxide consumption,
before and after carburization, appear quite
similar. Therefore, reaction over the re-
duced catalyst occurs very early on a car-



Fe-Mn OXIDE CO CATALYSTS STUDY, II

bon overlayer or carbide phase and subse-
quent carburization does not substantially
change the active carbon surface layer.
These results are in agreement with those
of Matsumoto (22), who found that the ex-
tent of precarburization of a commercial
iron catalyst did not affect its steady-state
activity.

The effect of manganese on catalyst ac-
tivity was not large. On a specific rate basis
the manganese-containing catalysts were
1.5 to 2 times as active as pure iron; but on
a weight basis, they were less than half as
active. These results suggest that manga-
nese oxide electronically or chemically al-
ters the nature of the iron and carburized
iron surface. Additional evidence for this
comes from the lack of hydrogen adsorp-
tion (I1), the greater apparent room-tem-
perature dissociative adsorption of carbon
monoxide (/1) and the higher specific de-
carburization rates of the manganese-con-
taining catalyst.

The effect of manganese on iron appears
very similar to that of potassium, except for
higher production of carbon dioxide in the
latter case. Yang (23) showed that the hy-
drocarbon selectivity of potassium-pro-
moted iron catalysts was similar to that pro-
duced by a manganese-promoted catalyst
for a number of catalysts promoted with
different amounts of potassium and manga-
nese oxide. Methane and Cs production
were somewhat higher with the potassium-
promoted catalysts; however, the olefin/
paraffin ratios in the C,-C, region were
both approximately three. These results
support the idea that manganese oxide can
function like potassium oxide as an electron
donor. However, the potassium-promoted
catalysts facilitate the removal of oxygen
via carbon dioxide. The mechanism for this
removal has been ascribed to a water gas
shift reaction (/). The water gas shift reac-
tion appears not to be catalyzed by the
manganese oxide promoter. Indeed, well-
reduced (‘‘green’’) manganese(Il) oxide
was found to be a poor catalyst for the wa-
ter gas shift reaction (24). Since the activity
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of the iron surface produced by the two
promoters appear to be similar, the water
gas shift activity may be related to the pro-
moters themselves.

2. Hexene hydrogenation. The object of
these runs was to obtain separate evalua-
tion of catalyst hydrogenation capability
apart from the CO hydrogenation reaction.
The first point to note is the high hydrogena-
tion capacity of the reduced iron catalyst
and the complete lack of hydrogenation of
MnO (Table 3). Intermediate formulations
gave lower specific hydrogenation rates
which decreased with manganese content.
Thus, the presence of MnO decreased the
intrinsic hydrogenation activity of the iron
phase present in the reduced catalysts.

The second and more important point is
the strong deactivating effect due to carbu-
rization and/or the presence of CO on sim-
ple hydrogenation (Table 3). The effect of
MnO is to decrease the hexene hydrogena-
tion activity per gram of catalyst at low to
moderate levels of Mn but to increase activ-
ity at high Mn levels. The lower activity at
lower Mn levels is due to less effective Fe
surface area available. However, the high
activity at the high Mn level requires an-
other explanation. We proposed that the
latter catalyst consists of very small iron
particles supported on MnO (/7). These
may exhibit different catalyst activity from
larger particles. For example, small iron
particles are known to have different mag-
netic, electronic, and catalytic properties
(25). Also, less C; sites (iron atoms with
seven neighbors) are available in small iron
particles (26), and more step and kink sites
would be present. They have also been
shown to have different CO and H, adsorp-
tion behavior (27). Another possibility is
the presence of strong metal-support inter-
action effects of the iron particles sup-
ported on the MnO phase leading to a dif-
ference in the metallic character of the iron
(28).

In contrast to the reduced catalyst, the
hydrogenation activity per unit Fe area of
the carburized catalyst increased with in-
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creasing MnO (except for pure MnO).
Therefore, the hydrogenation activity is
completely different for the reduced versus
the carburized catalyst, and its role in CO
hydrogenation must be assessed on the car-
burized catalyst. This situation did not oc-
cur for CO hydrogenation, where CO con-
versions were the same for reduced and
carburized catalysts as discussed above.

3. Role of manganese. One of the goals
of this research was to understand the role
of manganese in altering the selectivity be-
havior of iron catalysts. The predominant
phases present in the reduced catalysts are
a-Fe and MnO (I/1). The Fe phase is very
active for CO and hexene hydrogenation
whereas the MnO phase has virtually no
activity for these reactions. Since the effec-
tive Fe surface decreases sharply with
small additions of Mn and then remains rel-
atively constant over a large range, cata-
lytic activity would be expected to follow
this trend; and in fact, is found for both
reactions on a weight basis. However, dif-
ferences in intrinsic activity per unit Fe sur-
face area are evident as discussed above,
signifying that Fe surface area alone is not
sufficient to define catalytic activity.

The effect of manganese on catalyst se-
lectivities is more pronounced than on ac-
tivities. For CO hydrogenation at 35 atm,
Yang (23) and Tsai (/2) found Mn to pro-
mote olefin formation for low and moderate
promoted iron catalysts. With the same se-
ries of catalysts as investigated in the
present study, it was found that the olefin/
paraffin ratio increased with increasing Mn
content up to about 40 mole% Mn and then
decreased sharply at higher Mn contents
(12). We will use the model compound re-
action results obtained in the present study
to explain these selectivity effects.

Ignoring oxygenated products (which are
low) (12), the CO hydrogenation reaction
can be viewed as a series of polymerization
steps involving a hydrocarbon intermediate
(I). The intermediate can propagate by ad-
dition of CH, or terminate by desorption as
an olefin (O) or a paraffin (P). Consider the
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termination according to the scheme

kb >0
==

Imlkﬂ

P

where k, represents the overall rate con-
stant for desorption as O, &, for direct reac-
tion to P, and ky for hydrogenation of O in a
secondary hydrogenation step via read-
sorption and hydrogenation (29, 30). After
steady state has been reached, &, + &, can
be taken to be roughly equivalent to the
overall CO hydrogenation rate constant,
kco , while the hexene hydrogenation activ-
ity corresponds to ky. Hence, the ratio of
kco’ku can be approximated by (ko + kp)/
ky . Values of this ratio from Tables 2 and 3
on a catalyst weight basis for the carburized
catalysts are

keolky
Catalyst 200°C 250°C
C-0 23 3.8
C-3
1.1 23
C-5
C-74 0.16 0.23

Here, we assume that catalysts C-3 and C-
5, having compositions and properties close
to each other, have identical activities.
Since the kco/ky ratio decreases with Mn
content, (k, + ky)/kg decreases. For the
low Mn-containing catalyst, k, + k, (Ta-
ble 2) decreases more than kg (Table 3) rela-
tive to the Fe catalyst. Since the olefin-to-
paraffin ratio could be expected to be
approximately related to (k, — ku)/(kp +
ku), and this ratio increased with the low
Mn catalyst, it follows that k, must de-
crease appreciably more than k,, i.e., MnO
significantly decreases the direct formation
path for paraffin formation. The increase in
the kco/ky ratio with temperature is also
consistent with this conclusion, accounting
for the general increase observed in the ole-
fin/paraffin ratio with temperature (12).
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For the high manganese content cata-
lysts, the proposed presence of small iron
particles (1) could dominate the selectivity
behavior of these catalysts, which showed
a significantly lower olefin/paraffin ratio
(12). The much lower kco/ky and larger ky
for catalyst C-74 signifies that now the
greater hydrogenation activity is predomi-
nately responsible for the low olefin/paraf-
fin ratio observed.

CONCLUSIONS

1. All of the iron-containing catalysts un-
derwent carburization after exposure to
synthesis gas. On an available iron surface
area basis, the presence of manganese
caused a lower carburization rate at 225°C,
but the rate at 250°C was similar.

2. Evidence of three types of carbon was
obtained for the carburized catalysts: a
“‘carbidic’’ carbon, associated with the iron
lattice; a partially hydrogenated carbon, as-
sociated with the active surface; and a
“‘graphitic”> or coke-like carbon, also
present on or near the catalyst surface.

3. The iron- and manganese-containing
catalysts used in the carburization studies
could be decarburized with hydrogen.
Lower temperature decarburization (300°C)
apparently returned any formed iron car-
bides back to iron and removed the most
active surface carbon. Higher temperatures
(500°C) were needed to remove the rest of
the carbon (presumably graphitic). The
manganese oxide-containing catalyst decar-
burized more rapidly than the pure iron
one. The removal rate of the graphitic or
coke carbon in particular was faster with
the manganese oxide-containing catalysts.

4. The manganese oxide-containing cata-
lysts were somewhat less active than pure
iron for carbon monoxide hydrogenation on
a weight basis, but more active on a specific
iron area basis. The freshly reduced and
partially carburized catalysts were similar
in carbon monoxide hydrogenation activ-
ity.

5. The hexene hydrogenation activity of
the carburized catalyst mirrored their car-
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bon monoxide hydrogenation activity for
the low manganese content catalysts. How-
ever, for high manganese content catalysts,
a significantly greater hexene hydrogena-
tion activity was seen.

6. The high olefin-to-paraffin production
of the low manganese catalysts during syn-
thesis seems best explained as a chemical
or electronic effect of the manganese oxide
on the iron. This effect is similar to that
observed with potassium, but without its
carbon dioxide formation tendencies. Man-
ganese oxide apparently lowers the rate of
paraffin formation directly from an ad-
sorbed intermediate.

7. The selectivity behavior of the high
manganese catalysts in carbon monoxide
hydrogenation, and their high hexene hy-
drogenation activity appeared best ex-
plained by small particle size effects, and
perhaps manganese oxide—support interac-
tion effects of the proposed small iron crys-
tallites present in these catalysts.
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