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I. "INTRODUCTION
A, ose < ' -

The purpose of this Interim Report is to summarize the most signifi-
cant results that have been obtained during the first Phase of the contract
project {comprising evaluations of the heterogenecus catalytic behaviors of
.transition metal-graphite intercalates for the atmospheric-pressure hydrog-
enation of carbon monoxide), and to present a justification for continua-
tion of the research to Phase II (medium-pressure catalytic testing).

B. Objective of Work and Scope of Revort

The overall objective of the project during Phase I has been to ident-
.ify and to qualitatively characterize those rodifications in hydrocarbon
selectivity behaviors for CO hydrogenation that ocecur when various transi-
tion metals, principally ircn and cobalt, are intercalated between the layers
of a graphite substrate, rather than being dispersed on_conventicnal cata-
lyst supports. The rationale for the sTudy was that phenomena tnique to the
intercalated systems, such as dilfusion effects caused by the required inter-
layer penetration of reactant/product molecules, or space limitations, im-
posed by restricted accessibility of intercalated metal sites, might result
in significant and potentially useful alterations in the selectivity behav-
jors of these catalysts. For this reason, the major emphasis of the research
thus far has been on collecting and evaluating comparative preduct distri-
brtion data for the various graphitic and conventional catalysts investi=-
gated, primarily as a function of reaction temperature in the Tange 200-
325°C. Only secondary importance, on the other hand, was attached to making
quantitative measurements of reaction rates and energetics and catalyst
stabilities, except as they pertained to obtaining reproducibility of sel-
ectivity properties. .

Although more than 100 separate and individual catalyst testing exper-
iments, as well as the necessary catalyst preparations and pretreatments,
were performed during the first Phase ol this ressarch, only the most im-
portant results will be considered in detail in this Teport. A considerable
mmber of runs, particularly those involving alkali metal~-containing inter-
calates, for example, were made using materials that eventually proved to
be wmacceptable as catalysts, due, in wmost cases, o irreversible deactiva-
tion during reaction. Hence, detailed discussion will center ¢n graphite
jntercalates of iron and cobalt, whose unique selectivity behaviers during
CO hydrogenation, in comparison to those of their conventionally-supported
counterparts, definitely warxznt, we feel, further characterization at ele-
vated reaction pressures.




-II. SEUMMARY OF WORK ACCOMPLISHED

-

Although the preparation and subsequent catalytic testing of graphite
intercalates were treated 2s separate Tasks in the project's original
"Statement of Work", the two functions were necessazily performed concur-
Tently during the research, a2rnd the discussion below hes been divided
according to the method of preparation/acquisition of the catalysts.

A. Alkali Metal Reduction

Our original intent was to prepare transition metal-graphite intercal-
ates for catalytic testing using the method described previously by Tamaru
and co-workers {(U.S, Patent No. 3,842,121). The technique consists of
heating an intinate mixture of crystalline graphite and the appropriate
transition metal chloride in an evacuated vessel at 300-400°C for ~ 8 hrs,
followed by in situ reduction of the resulting intercalated meral ions to
the free metal by treatment with an excess of meralljc potassium in vacuo
at 300°C, and Temoval of umreacted alkali metal by distillation. Tamaru
described the application of this method for prepzring reduced graphite
intercalates of several transition metals, including Fe, Co, Ni, Ru, Rh,
bPd, Os, Iz, Pt, Ti, Zr, V, Mo, W, and Re, together with the corresponding
activity/selectivity behaviors of these materiais when usad as catalysts
for CO hydrogenation at 300°C and one atmosphere pressure. Despite the
wide variety of intercalated metals investigated by Tamaru, overall activi-
ties for CO conversion and hydrocarbon product distributions urexpectedly
varied only slightly, suggesting a fundamental similarity among the various
catalysts.

* Potassium itself forms a series of well-defined graphite intercalation
compounds, all of which possess a high initial activity for CO hydrogena-
tion. 1In addition to generating KCl reduction byproduct, the preparation
method employed by Tamaru, although leading to the formation of reduced
interczlated transition metals, cannot avoid the formation of these potas-
sium-graphite complexes, whose catalytic behaviors almost completely mask
those of the transition metal components znd lead to the ohserved similarity
in catalytic properties among the wide range of intercalated metals investi-~
gated. More importantly, our initial investigations with potassium-reduced
iron-graphites showed that these materials suffer the same gradual and irre-
versible loss of catalytic activity as that exhibited by pure potassium-
graphite, due to permanent destruction of intercalated potassium atoms/ions
by the water molecules that are inevitably generated during CO hydrogenation.
Furthermore, following total destruction of accessible potassium species,

10 residual catalytic activity remained that could be ascribed to the rrans-
ition metal component, apparently due to blockage of potentially active iron
sites by the KOH formed during the K/Hs0 reaction.

Based on these initial results with potassium-~reduced iron-graphite,
we began 2 lengthy series of experihents invelving pure sodium- and potas-
_ sium-graphites, in an effort to establish their individual catalytic behav-
iors and to enable their contributions to the overall properties of the

three-component cataly;ts to be recognized. Apart from slight differences
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in total CO conversion activity and hydrocirbon selectivity, the catalytic
behaviors of pure porassium-graphite (CsK) and its iron-containing homolog
(containing 4.5 wt% Fe) for CO hydrogenmation at 300°C and 700 torr wWeTe
virtually identical. Additionally, the rates of activity loss and cumula-
tive extents of CO conversion at the point of total deactivation were paTa-
1lel for the two types of intercalate. These gbservations, together with
the non-trivial complexities associated with the preparation and handling
of these substances, czused us to abzndon alkali metal reduction as a suit-
able methed for synthesizing transition metal-graphite catalysts, and to
explore alternative sources and methods ef reduction.

B. Borohydride Reduction

We investigated briefly the potential applicability of agueous sodlum
borochydride as a reducing agent for prepaTing transition metal-graphite
jntercalates of both irom and cobalt from the corresponding metal chloride-
graphites. However, the method proved to be difficult to properly control,
and yielded materials having relatively low overall activities and poorly

* ryeproducible hydrocarbon selectivities, and its examination was discontinued

in favor of the caialysts described in the next section.

C. Anion-Radical Reduction

Alfa Chemicals Div. of Ventron Corp. markets an extensive series of
reduced transition metal-grzphite intercalates, under the generic trade
name of "Graphimets”. They are prepared by Iirst intercalating the approp-
riate high-valent metal chloride in the usual manner, followed by treatment
with a tetzrahvdrofurzn solution of an aromatic anion-radical to effect
intralayer Teduction of the metal ions to free metral, and final Temoval of
excess solvent. Although the reduction technique is a proprietary process
whose details the Company would mot divulge, the reducing agent employed is
known to be sodium naphthalide, or one of its derivatives, and the general
nature of the method has been described previously in the open literature.
The Teady availability of these materials prompted us to explore their
potential applicability as CO hydrogenatien catalysts for our research, in
an attempt to circumvent the time-consuming catalyst synthesis procedures
with which we had previously been occupied, and thus to provide additiconal
time for catalyst testing studies. Their suitabiliry has proven to be
excellent, and experiments during the past 12 months have been devoted ex-
clusively to evaluating the catalytic behaviors of these materials.

The intercalates chosen for detailed study were an iron-graphite (Alfa
No. 89654, containing 2.2 wt% Fe) and a cobalt-graphite (Alfa No. BO650,
containing 3.4 wt% Co). The corresponding conventionally-supported metals
selected for comparative investigation wer- commercially-available catalysts
obtained from Harshaw Chemical Co., viz., iron/alumina (Harshaw No. FE-0301,
14.9 wt% Fe) and cobalt/kieselguhr (Harshaw No. C0-0127, 39 wt% Co). The
graphite intercalates were received and used as finely-powdered materials,
while pellets of the supported catalysts were crushed and sized to 20/40
mesh gramules. Pretreatment of all catalysts prior to initial use involved
exposure to excess circulating Hy for 3 to 4 hrs at 400°C, followed by
overnight evacuation at 300°C to a residual pressure of < 107" torr.
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All experiments described below were performed with reactants znd
products in the gas phase, using 2 closed-locp recirculation reaction sys-
ten of the stirred-batch type. Total reactor volume was 340 ml, and approp-
riate provisions existed for both admitting known pressures of H, and CO
reactants and for periodically removing 0.3 vol% gas samples for gas chro-
matographic analyses, Quantitative analyses were based on peak areas of
all carbon-containing corponents, as reported by a computing digital inte-
grator, following the usuzl corrections for differing thermal responses of
the various corpounds. Each run emploved a 0.5 g (total weight) charge of
catalyst, an initial H,/CO reactant ratio of 2/1, and a total initial pres-
sure of 700 torr. Both metal-grashite catalysts exhibited important dif-
ferences in hydrocarbon selectivity behavior, compared to their supported
counterparts, and the most significant results obtained with each material
will be discussed separately. ' -

1. Iron-Graphite vs. Iron/Alumina

Although numerous ancillary experiments, 2imed at establishing the
generzl features of the CO hydrogenation process, were performed with both
iron-containing catalysts, only those Tesults pertaining to reaction sel-
ectivity comparisons will be discussed in detail. Product distribution
characteristics of the two catalysts were derermined as a funcrion of Tezc-
tion temperatw:e by performirg separate experiments, each enploying a
freshly-pretreated catalyst sample, at 25° increments over the Temperature
range '225-325°C. Figs. 1 and 2 summarize the composite product distribu-
tions obtained for several series of rums over the 2lumina-supported and
graphitic catalysts, respectively, at an arbitrarily-selected CO conversion
level of 5%. (Apart from expected increases in olefin + paraffin transfor-
mations, little significant change in product distribution occurred with
inereasing CO conversion over either catalyst at any given temperature,)

In these Figures, the mole fraction of each gaseous, carbon-containing
product has been corrected to account for the number of carbon atoms per
molecule, and the summed results normalized to.100 moles of CO corverted.
Thus, the numerical difference, along the ordinate axis, between any adja-
cent pair of plotted curves corresponds to the percentage of all reacted
€0 that was involved in forming the product indicatcd between the cuxves.

Upon comparison of the selectivity behaviors of the two ¢catalysts, it
is immediately evident that iron-gravhite produces considerably less carbon
dioxide (accounting for < 5% of 211 CO converted over the entire Tempera-
ture range studied) than does the alumina-supported iron catalyst (15-30%
of all CO reacted), and correspondingly more hydrocarbon products.than the
latter. Since the principal source of CO; during H;/CO conversions is via
a water-gas shift reaction, these results suggest that the intercalated
iron catalysr possesses a markedly Jower tendency to promote this process
than does its supported homolog. More importantly, if the contribution
made by CD; to each product distribution is ignored, it becomes apparent
that the hydrocarbon selectivities of the two catalysts are also quite cif-
ferent, as shown in Fig. 3 where these data are compared at each of the
five reaction temperatures investigated. (In each case, the open bars rep-
resent the hydrocarbon selectivities of the iron/alumina, while the solid
bars correspond to that of the iron-graphite.) The observed differences

.




in sel;ctivity'behzviors of the two catalysts conform to the same genezal

- pattera over the entire Temperature range studied. Although the percentage

of CO converted to C; hydrocarbons was approximately the same in beth cases,

icularily at < 275°C, the iron-graphite consistently produced & larger
Co+Cs® fraction and correspendingly. smaller Cy+Cz fraction than did the
jron/alumina at 21l temperatures. The disparity in relative hydzocarbon
yields for the two catalysts increased, moreover, with increasing reaction
temperature. The greater tendency of the iron-graphite to generate longer-
chain hydrocazbens may be due to certain important structural features of
intercalation system, and will be discussed in greater detail after the
selectivity behavior of cobalt-graphite has been considered,

2. Cobalt-Graphite vs. Cobalt/Kieselguhr .

Experiments comparable to those discussed gbove for the two iron-con=-
taining catalysts were also performed to compare the selectivity behaviors
of a eobalt-graphite intercalate and a commercial cobalt/kieselguhr catalyst
in the temperature range 200-300°C. The composite distributions of 2ll
carben-containing products cbserved for several such series of rums aTe
presented, at 5% CO conversion, in Figs. 4 and 5, while Fig. 6 .summarizes
thr. hydrocarbon yields for the two catalysts. (Note the difference in
ordinate scales in Figs. 3 and 6). Although the amount of CO» produced,
primarily via a water-gas shift proeess, is <imilar and relatively constant
over both catalysts {accounting for ~ 5% of all converted C0)}, the tempera-
ture dependence of hydrocarbon selectivity is dramatically different for
the two materials. Over the supported cobalt catalyst, the peTrcentage of
all reacted CO involved in methane formation increased frem 27% at 200° to
87% at 300°C, while the percentage yielding C»” hydrocarbons decreased
correspondingly from 69% to only 7%. 1In particular, the Ci.* hydrocarbon
fracrion accounted for 35% of all converted CO at 200°, but had decreased
to < 10% at 250°, and was entiTely absent at 300°C. It should be noted
that this overall behavior is typical of that normally observed over sup-

_ported, unpromoted cobalt catalysts in this temperature range.

Tie ontstanding and atypical selectivity feature exhibited by the
¢cobalt-graphite intercalate, on the other hand, is the relative insensitiv-
ity of product distribution to variations in reaction temperature. Methane
accounted for a virtually comstant 35% of all converted CO over the entire
temperature range investigated, while the C»+Cs olefin/paraffin fraction
jnereased slightly from 31% at 200° to 41% at 300°C, and C.* hydrocarbons
only decreased from 30% to 20% of all converted CO over the same tempera-
ture range. .

The unusual selectivity behaviors displayed by both iron~ and cobalt- -
graphites, particulariy the latter, may be due to the unigue structural
natures of the metal-graphite systems. Active iron or cobalt sites are
lccated between graphitic planes that are spaced approximately 3.5 to 4.0 A
apsrt. Thus, unlike the situation encountered with tonventional supported
catalysts, CO and H; reactant molecules musi not only diffuse through the
gas phase to the catalyst surface, bur must then penetrate between the
narrowly-spaced layers of the graphite lattice in order to reach the metal-
lic sites and allow adsorption and subsequent reaction to occur. 1£f the

- '-—s-- ' ‘..



by e I""‘l""‘l

average depth of intercalation of the reduced iron or cobalt atoms is suf-
ficiently large, it is conceivable that the overall rate-limiting step of
the process may be the interlayer diffusion of reactants, Such a restrie-
tion of molecular movement at or near the catalytically active sites could
result in tarbon chain growth that is larger than would eotherwise be the
case, and cause the observed tendency of both intercalated catalysts To
produce larger average product molecules than their supported counterparts.
Indeed, semi-quantitative rate data for the cobalt-graphite catziyst yielded
an apparent activation energy of only 10-12 kecal/mole, 2 value considerably
lower than that (24 kcal/mole) observed with the cobalt/kieselguhr and con-
sistent with the postulate of a diffusion-controlled process. It should

be noted, however, that the interlayer diffusion rates of CO and H, reac-
tant molecules shcould also increase with increasing temperature. Thus,

the virtual constancy of product distribution observed over 2 100® ranhge

of reactién temperature for the cobalt intercalate is still umclear and may
result from the combined effects of several factors.
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:,' . o *-ITI. ~CONCLUSIONS . -

We feel that the unusual and potentially significant selectivity be-
haviors exhibited by iron- and, particularly, cobalt-graphite intercalates
during CO hydrogenation definitely warrant continued investigation, using
a differential/integral flow-type Teactor capable of operatiag at elevated
.reaction pressures, i.e., 0-300 psig. Such a system will ensble further

characterization of these catalysts to be made in at least three important,
but heretofore unexamined, areas:

A. Reaction Rates'and'Eni;ggtics

As noted previously, our studies thus far have been aimed primarily
at determining selectivity properties of the graphite intercalates, in
comparison to their conventionallv-supported counterparts, and relatively
little emphasis has been placed on gquantifying reaction rates and energetics.
Use of a flow reactor, coupled with Hy and €0 adsorptinn measurementsS 1O
determine percentages of metal exposure, will permit the Tapid acquisition
of such important data as comparative TuInover frequencies and apparent
activation energies for CC conversion over the two pairs of catalysts. Al-
though semi-quantitative information in both of these areas can be obtained
with the closed Teaction system now being employed, the accuracy, Conven-
jence, and flexibility of the measurements will be greatly improved with a
Jlow-type Teaction systenm.

} B. Catalyst Stability and Ageing

In addizion to the lack of gquantitative comparative rate data, rela-
tively little information has thus far been obtained regarding the long-
term stability and equilibration behaviors of the metal-graphite intercal-
ates. Such measurements of deactivation properties perforce require the
use of .a flow reactor and cannot be meaningfully made using 2 closed reac-
tion system. Pzreicular emphasis will be placed on establishing the effects
of varying pretreatment conditions on activity/selectivity responses of the
graphitic materials compared to their supported homologs. Additional in-
formation about catalyst coking properties and consequent mass balances will
also be cbtainable from such experiments. '

C. Pressure Dependence of Selectivities

- he most important information that will be made accessible by an
elevated-pressure flow Treactor are the comparative dependences of product
selectivities on reaction pressure for both pairs of catalysts. Because
the generation of hydrocarbons viz CO hvdrogenstion is accompanied by a
decrease in the total number of moles in the reaction zone,

n CO + (2n+l) Hz - CnH2n+2 + n Hz0 : -

nCO+2nH, = anZn + n H,0

|




increases in total system pressure favor the formation of longer-chain

3 hydrocarbon products. In view of the already greater tendency of .iron-
and cobalt-graphite catalysts to produce longer average product molecules
than their supported counterparts, even at one atmesphere pressure, it is
of obvious icportance to detsrmine whether this behavior persists 2t higher
Teaction pressures. The situation for cobalt-graphite will be of particu-
lar interest because of its unusually constant selectivity properties over
a 100°C range of reaction temperatures.

e



"Figure 1

'F1gg£e 2

Figure 3

* "FIGURE "CAPTIONS

-

Temperature dependence of carbon-containing product distribu-

tion over iron/alumina (14.9 wt% Fe) at 5% total CO conversion.

Temperature dependence of carben-containing product distribu-
+ion over iron-graphite (2.2 wt% Fe) at 5% total CO conversicom.

Cemparative hydrocarbon selectivities at 5% total CO conversion
for five reaction temperatures in the range 225-325°C. (Open
bars = iron/alumina; solid bars = iron-graphite).

Temperature dependence of carbon-containing product distribu-
tion over cobalt/kieselguhr (39 wt% Co) at 5% total CO con-
VErsion.

. Temperature dependence of carbon-containing product distribu-

tion over cobalt-graphite (3.4 wt% Co) at 5% total CO con-
version.

Comparative hydrocarbon selectivities at 5% total CO comversion
for five reaction temperatures in the range 200-300°C. (ovpen
bars = cobalt/kieselguhr; solid bars = cobalt-graphite).
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FIGURE 2
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Prdoet 3 (cont,)
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FIGURE 5
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