PREPARATION OF PRECIPITATED IRON FISCHER-TROPSCH CATALYSTS
Burtron H Davis' and Freddie L. Tungate®

'Center for Applied Energy Research
University of Kentucky
3572 Iron Works Pike
Lexington, KY 40511

2United Catalysts, Inc.
P. O. Box 32370
Louisville, KY 40232

DOE Contract #DE-AC22-91PC90056
Starting Date: December 18, 1930

Ending Date: December 17, 1993

OBJECTIVE

The objective of this project is to investigate the role of preparation, washing, drying
and/or calcination, mode of promoter addition, and method of activation upon the initial
activity, selectivity and resistance to aging of precipitated iron catalysts used in the
Fischer-Tropsch synthesis. The various parameters given above are to be optimized to
develop a process design for the continuous preparation of precipitated iron catalysts
that ensures uniformity in catalytic properties from one batch of catalysts to the next. The
deliverable at the end of the contract is a process flow sheet, plant design and cost
estimate for construction of a plant that will produce 100 pounds of catalyst per week.

INTRODUCTION

Much of the early work on the FTS was carried out in Germany. Among the reasons for
this were the discovery by German researchers, the earlier success in Germany with the
development of a high pressure process for ammonia synthesis from nitrogen and
hydrogen, and the lack of significant petroleum reserves in Germany. The first catalysts
tested by Fischer were prepared by mixing the metal oxides of the dissolved or melted
metal nitrates. The latter procedure appeared to be somewhat more efficient. The oxides
were then reduced with pure hydrogen at about 350° C. At first, the oxides were used
in the form of fine powders, which were difficult to handle. For this reason, the oxide
mixture was sometimes pressed into a cake and broken into granules, sometimes
compressed under pressure with a binder such as starch, and sometimes deposited on
a carrier such as ceramic pieces, asbestos, clay chips, pumice stone, or activated
charcoal. It was thought that the carrier might also help to preserve the surface of the
catalyst. However, this was not so, for iron deposited on asbestos, for example [1].
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An area of investigation that had a maor impact upon the preparation of iron hased
catalysts was the fundamental and process development studies that led to the smooth-
working commercial ammonia synthesis process. While the initial discovery was made
with an osmium catalyst [3], it was realized that a less expensive catalyst had 1o be
developed if the original discovery could be ulilized to provide a feasible commercial
process. After years of work, investigations headled by Mittasch led 1o the introduction
of an iron based catalyst [4]. I was the development of this catalyst that enabled the
Germans to develop & commerclal process for ammonia syrithesis.

In the United States, the advent of WWI caused legisiative leaders to recognize the
vulnerakility of our Nation to the impant of nitrates from Chile. As a long-term salution to
this problem, Congressional leaders were successful in providing funds for a serious
research and development effort in synthetic ammonia synthesis [5]. First, a significant
effort was undertaken to develop a catalyst that would have sufficient activity and stability
o match that of the catalysts used by the German processes. o order to accomplish this
goal the Fixed Nitrogen Laboratory was arganized and given the task of developing such
a catalyst. The Iaboratory attained the goat set for itin an astonishing short ime. in part,
this was dug to the willingness of the Congressional leadership to continue to provide the
reeded funding even though the end of WWI in 1818 remaved the immediate threat to
the import of nitrates from Chile, and theraby the immediate need for a U.5. to develop
a synthetic ammania industry. Ancther reason for the rapid success was the superb
leaclership of the R & D effort which included F. G. Cotirell, who later developed the
precipitator named after him. By 1925, just six years following the start-up of the
laboratory, the group at the Fixed Nitrogen Research Laboratory had shown that doubly
promoted iron catalysts containing about % aluminurm oxids snd one percent potassium
oxice ware entirsly satisfactory far commercial use and would, if operated on purg gas,
have a very long life. Actually, many similar commercial catalysts are said to retain their
activity for more than 5 years [6]. Not only was an active catalyast developed and
evaluated but an "American Process for Ammonia Synthesis® was designed and
described [7]; furthermore, the government subsidized the construction of a commercial
plant [5]. This was a massive effort that in today’s dollars appraach the magnitude of the
resaurces needed for a full scale direct or indirect coal liguefactian plant.  The
development of the ammaonia process may be cited as a model of "how a government
shouid develop technology and processes’.

Paul H. Emmett recalled a story, possibly a slight embelishment of the actual case, but
ane that still ilustrates the uncertainties associated with catalyst preparation, about the
early years of the LS. effort. |t was known to the American workers that the Germans
added nonreducible oxids to their iron catalyst. However, after much testing with iron
catalysts containing various amounts of a variety of irreducible oxides, a suitable catalyst
could not be made. 1t was only after the Americans started adding a second component,
and especially an alkali or alkali-earth metal oxide, that a suitatle catalyst could be
prepared. The reason for this, according to Emmett, was that the Americana utilized
water purified by distillation for their catalyst preparations. The Germans, on the other
hand, utiized "tap" watsr which, in this instance, contained sufficient alkali to previde the
needed second promoter. In any svent, Larson and cownorkers obtained several patents




covering doubly promoted and related catalysts during the period 1925-1934. Many of
the catalysts for the ammonia synthesis were prepared by the fused method.

The Germans initiated commercial-scale reactors in 1943 to be able to make comparisons
between the cobalt and iron catalysts. The first test at Schwarzheide and all subsequent
war-time tests employed precipitated-iron catalysts except for I. G. Farbenindustrie who
used, for the first time according to Pichler and Hector [2], a fused ammonia-type
catalyst. Although the results appear to have been good, iron catalysts were not used
until after WWIL.

Interest in the FTS developed in the U.S. during the late 1930s. Hydrocarbon Research,
Incorporated (HRI} acquired world-wide rights, excluding Germany, for the Ruhrchemie
FTS process. HRI undertook work on this but appear to have only made confirmatory
experiments prior to WWII, and little, if any, work was done on this process during WWII.
Following WWII, with U.S. fuel consumption at an all-time high, HRI vigorously pursued
FTS work. The high versatility of the iron catalysts resulted in the development of various
types of iron catalysts which could be used as a fixed-bed catalyst, a fixed fluid-bed
catalyst, an entrained fluid-bed catalyst, a slurry-type catalyst, and as an oil-submerged
catalyst. HRI's work led to a pilot plant at Brownsville, Texas. The process utilized a
fixed, fluidized-bed reactor system. As raw materials for catalyst preparation, iron ore or
miliscale, obtained from steel-mill rolling operations, was used. These raw materials were
processed to contain ca. 0.5-1.0% potassium and structural promoters, if needed. The
material was ground to 40-325 mesh and reduced with dry hydrogen prior to use. A
number of U.S. companies were involved with the Brownsville plant prior to its closing the
plant in the late 1950s.

Some of the most detailed and well-planned research in the U.S. relating catalyst
composition and catalyst preparation to catalytic properties was done at the Bureau of
Mines laboratory. Anderson summarized much of the work on iron catalysts that was
carried out up to about 1955 [8].

Catalyst preparation is one of the least understood aspects of the science of catalysis.
This is true whether the objective is to prepare crystalline materials such as zeolites or to
prepare amorphous materials. At the heart of the problem is the fact that the preparation
of these materials involves a complex polymerization process. One normally begins with
a solution that contains a monomer that is comprised of a single metal ion, and
manipulates the solubility by the addition of a second component. A widely employed
procedure involves the adjustment of the pH of an aqueous solution to effect
polymerization. A number of factors may impact the reaction pathway and the properties
of the final product; included among these are the valence of the metal ion, the nature
of the anion, the pH, temperature and rate of precipitation, the extent of precipitate aging,
the extent and manner of washing of the precipitate, the lower temperature to effect
removal of most of the water entrapped during preparation and the temperature and
conditions for the calcination.
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A number of synthetic anproaches were utilized to provide materials for testing in Fischer-
Tropsch Synthesie (FTS). These included, in addition to precipitated catalysts: (1) the
fused-type of catalyst that was developed for ammonia synthesis. (2] sintered rmaterials
where an iren oxide paste is compactsd, formed and then sintered; (3} cemented
materials where a component such as alumina or silica is added to an fron oxide ta serve
to cement the particles together during calcination; and (4] catalysts prepared from a
variety of natural ores and manufacturing by-products. Extensive tests were made at the
Bureau of Mines Pittsburgh Laboratory on all of the above types of catalytic materials.
It appears that, with sufficient effort, any of the above preparative techniques could be
utilized to prepars a catalyst that would match the "best’ prepared by ancther method
unless & basis for comparison is 'life of the catalyst™.

The early philosaphy of catalyst preparation cannct be summarized better than was done
in 1956 by Professor Andersan: "“In most precipitated iron catalysts, the Iron is present
initially as farric oxide or magnetita gels. Due tothe complex colloidal chemistry involved,
slahorate methods of preparation were daveloped, Afthough in many cases thess
procedures saem very complicated, they were usually the result of laborious empirical
research and represent praciical ways of attaining the desired gel structure and cbtaining
precipitates that can be filtered and washed free of foreign ons without undug effod.
Hewever, the cost of preparing precipitated catalysts by any of the procedures is
relatively high [8].

A number of factors contribute to the relatively high cost for the precipitated catalyst that
is referred to by Professor Anderson. Contributing to the cost of tha precipitated catalyst
is the large volume of liquid involved in the precipitation, the formation of a precipitate that
is difficult 1o handle under the best of conditions and exaspsrating under the worst
conditions; the large volume of materials and the large number of consecutive operations
that were invalved in washing the precipitate; the difficulty and slowness of callecting the
precipitate; the sxtrusian or other procedure to produce a certain catalyst form if desired;
the amourt of water required to be removed from the precipitate in the drying procedurs;
the need for a slow heating rate at low maisture exposure during the calcination step; and
the amount of grinding and sizing to produce the final catalyst form. The fused catalyst,
an the other hand, could be prepared with much fewer steps: the oxide was melted at
high temperature with an slectric current; the prometers were added as a salid cake and
was dispersed into the melt; the melt was poured 1o form chunks that could be ground
and sized: undersized material could be readily recycled by addition 1 the next baich.
This latter poirt, the production of littie waste, has become more important and today the
need, on a commerdial scale, to approach zero wasts will make the precinitation
technique of catalyst preparation a demanding task.

It has been established time and time again that an iron catalyst, if it is to hava sufficient
activity, selectivity for alkene formation, and catalyst lifstime must contain two additional
ingredients: {1) an alkali promoter which will impact the activity, the selectivity for alkena
formation, and the molecutar welght of the product and (2) a nan-reducible strugtural
additive that is essertial for maintaining a useful catatyst iifetime. Thus, the factors to be
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controlled in the preparation of the iron catalyst are how does one prepare the metal
oxide precipitate as well as how and in what order are the other two components added.

The current understanding of catalyst preparation indicates that a preferred catalyst
requires that precipitation be carried out rapidly. In general, rapid precipitation produces
disorder in the resulting solid and is expected to produce the smallest particles that can
be prepared by a precipitation technique. If the method is to produce materials of high
surface area (200-300 m?/g), the individual particles will be in the colloidal range. These
particles must be agglomerated with a minimum of crystal growth if filtration is to be
utilized to collect the precipitate for further processing. Two approaches are possible;
precipitate or age briefly at elevated temperatures or use a highly charged coaguiant.
Both approaches will have to be tested in any study that defines a preferred method for
scale-up for catalyst preparation. It is quite likely that the preferred approach will be to
effect the precipitation itself at elevated temperatures: thus the coagulation process would
occur to a significant extent in the precipitation reactor itself. The addition of a material
that has a charge and which will be adsorbed by the iron precipitate may effect
coagulation. It is known that silica, added as potassium silicate, is essentially completely
adsorbed on the surface of the hydrous iron oxide up to a total concentration of a few
percent of the amount of iron present. The most effective way to add the non-reducible
oxide - in the precipitation step or in a following step -must be determined.

The initial studies shall be to determine the impact of process variables upon the physical
properties of the iron oxide produced by precipitation. The variables investigated shalt
be the final pH of the precipitation mixture, the concentration of the iron and base, the
base used (e.g., hydroxide or carbonate, potassium or sodium), the temperature of the
precipitation, the time taken to effect the precipitation, the length of time the precipitate
is aged prior to filtration, the filtration rate, the method of washing the hydrated iron oxide
gel (washing filter cake versus re-dispersion and washing cycles), the fraction of the
reagents contained in the hydrous precipitate, the drying and calcination conditions. In
these initial studies surface area and pore volume together with the examination by
scanning electron microscopy and transmission electron microscopy to determine the
particle and agglomerate shapes will be utilized to define the impact of the above
variables upon the finished product. Dry [10] contends that the pore structure of the
catalyst is largely determined in the very first stage of the catalyst preparation, i.e., the
precipitation of the Fe,O,. According to Dry, if the precipitation conditions are such that
the iron oxide has narrow pores, then the final catalyst will also have this feature.

The SASOL experience indicated that only iron catalysts with a large number of narrow
pores are effective for producing high yields of heavy wax. This was taken to imply that
the primary products (e.g., olefins) should have a long residence time within the catalyst
particles so that they can readsorb on the catalyst and further chain growth can occur.
These catalysts have areas of above 300 m?%g and the majority of the pores have
diameters below 5 nm. In contrast, the reduced fused catalysts used in the SASOL
fluidized bed reactors for producing gasoline and lighter products have areas of ca. 10
m?/g with an average pore size of ca. 30 nm. SASOL personnel have extensive
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experiancs with FTS and do procduce at a commercial scals hath gasofine and digse.
products,

RESULTS AND DISCUSSION

CHARACTERIZATION OF COMMERCIAL CATALYST

A sample of 2 commercial Fischer-Tropsch catalyst was characterizad in UCI'S laboratory
and the results are summarized in the following.

The catalyst is a 1/16" extrudate whose length is somewhat exeassive. The rule of thumb
tor extrudates is that the length is 2 to 4 times the diameter; this catalyst, with a length
of about § mm and a diameter of 1.5 mm (LD = 4.1) falls at the extrame value for this
rule. The density (48.5 Ibs/CF) is typical for a silica containing transiticn metal oxide
catalyst.

The Inss on ignition {(LO)) is high at 15.8%, and the catalyst containg residual carbon
dioxide, probably as the carbonate. Chemical analysis shows that the catalyst contains
2 80% CuD, 828% Fe, 0, 266% K0, and 13.3% Si0,.

The surface area is high, 277 méig. This value is obtained for the uncalcined, oxidle form.
Usually the higher area you start with, the more surface area will ba retained on reduction.
The median pore diamater is 199 A and is unimodal except for 'skin' pores cauvsed by
forming. The mercury peneiration pare volume greater than 30 A ie 0.52 em®g, which
is a high valus.

X-ray diffraction shows evidence of both a-Fe,0, and CuFe,O,. A broad peak attributsd
to amarphous Si0, is also observed, The sample is ferromagnetic, suggesting traces of
y-Fe 0,

Some preparation conditiohs may be inferred from the above data. K is not readily
apparent which metal salts wera used to make this catalyst although the nitrate wouid be
indicated rathar than the chiorides. if the salt used were sulfate this should be determined
by an analysis of the exit gas for H,S during raduction,

The order of addition is probably salts to base. This is because of the evidence of a-
Fe 0, which is formed at high pH. The base was mast certainly potassium carbonats
as evidenced by the residual CO, analysis; operation S0 &8 10 absorb a significant
amaunt of CO, from the atmosphigre during the catalyst preparation would negatg this
conclusion.

Al one can say about the temperature of preparation is that it was probabily high,
allowing a high degree of solution saturation. This is found from the XRD, which indicates
crystallite sizes near the 30-40 A lower limit of detection, and smaler. The time of mixing
cannot be known from the above data, nar can the degree of mixing and the time of
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aging. One might guess that the precipitation was rapid, mixing intense, and aging
minimal due also to the small crystallite size.

in terms of isolation of the catalyst, one can only say that it potassium carbonate was
used, extensive washing by reslurry would be indicated.

When one operates with a fluid bed or slurry phase catalyst, certain properties are
needed. The most important of these are shown in the foliowing table. The size, density,
and shape for the different modes are shown. What is given as mechanical strength in
fixed bed is now more appropriately termed attrition resistance in fluid bed or slurry
phase.

TABLE 1. SPECIFIC PREFERRED PROPERTIES FOR DIFFERENT REACTOR TYPES.

Fixed Bed Fluid Bed Slurry Phase
Mechanical Strength Crush Strength Attrition Attrition
Size > 1.5 mm 70 - 80 u 2-300u
Density 0.5-2g/cc 0.7 -1.1 g/cc 05-15gkc
Shape Various Spherical Spherical or
Granular

Fortunately, there is a piece of equipment which can isolate the catalyst and, under the
appropriate conditions, form an attrition resistant particle having a near optimum size,
shape, density, and porosity. It is a spray dryer. A spray dryer is just a vessel through
which a heated air stream is blown, into which a slurry is atomized. There are two main
categories of spray dryers, distinguished by their method of atomization. One uses a
rotary wheel atomizer, the other a two-fluid nozzle. In general, wheel atomizers produce
a narrower distribution of particle sizes, which two-fluid nozzles offer great variation in
particle size.

There are a number of variables in operation of a spray dryer. These and some of their
effects on the finished product are given below in Table 2.

Particle size is most sensitive to the degree of atomization. It is generally possible to go
as low as 40 4 and as high as 90 4 with a wheel. A nozzle gives broader distributions,
and can make up to about 120 average sizes.

Iniet and outlet temperature affects the drying rate and porosity/pore size distribution.
Air flow rate determines the residence time in the dryer.

The slurry solids, feed rate, and viscosity are important in porosity/pore size distribution
as well as attrition resistance. The slurry percent solids will also impact the particle
density.
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TABLE 2. VARIABLES AND THEIR EFFECTS UPON THE FINISHED FRODUCT.

YARIABLE EFFECT OF VARIABLE
WHEEL SPEED PARTICLE 3IZE
(Nazzle Size, Air Pressure)
INLET TEMPERATURE/ DRYING RATE; PORCSITY/PSD
OUTLET TEMFERATURE
GAS FLOW RATE RESIDENCE TIME
SLUARY % SOLIDS/SLURRY FRODUCTIVITY/ATTRITION
FEED HATE RESISTANCE
SLURRY VISCOSITY ATTRITION RESISTANCE/POROSITY/
PsD '

For a catalyst, the optimization of the spray drying variables to produce the desirsd
product becomes a statistical design expariment which can be truncated somewhat
based on experience in the art.

Two other sections will be addec: one on three pretreatment methods ark! one on the
precipitation-drying-calcining surface area.

CATALYST PRETREATMENT

Pratreatment is an impottant aspect of develcping an activea and selective catalytic
material for the Flscher-Trapsch synthesis. It has bean reported that pretreatrnent in GO
results in & beter catalyst than ons pretreated in hydrogen (a,E, C}; howevsr, thers is no
clear concensus as to which phase pravides the superiar activity {11-1 37). A ccmmercial
sample of ultrafine iron oxide {United Technotagies, surtace area 270 m,fg) was used for
prefreatment studies. A process scheme employing 300 ml continuously stirred tank
reactor (CSTR) was used for the study. A slurry of 2.29 of iton oxide was charged to the
CSTR. Pretreatment gas (aither CQ or By} or syngas (H,/CO = 1.03) was introduced 1o
the reactor which was ten pressurized to 105 psig (8 atm absoluts). The temperature of
the reactar was then increased from ambient to 260°C at a rate of 1.5°Cimin with & gas
flow rate of 2.57 NLfg Fefar or 5.57 NL/g Fe/hr for the syngas mixture. A stiming rate of
1200 rom wes used. Fiow of the activation was cortinued for a 24 hour pericd and then
a syngas fow (5.57 Nljg Fe/hr) was introduced to the reactor. The exit gas was
analyzed to follow CO conversion during activation and synthesis periods, During the
activation process and the syngas reaction period, a small amount of catalyst was
withdrawn from the reactor as several designated times for X-ray diffraction and glsciron
microscapy studies.
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ACTVATION IN CO

Figure 1 shows the XAD patterns of the Fe,C, catalyst activated in CO for 2, 10 and 24
hr. The untreated Fe,Q, is amarphous ta XAD. According to the manufacture
specification, the Fe,0, structure determined by electren diffraction is hemitite. After 2 hrs
of reaction in CO at 260 °C, the catalyst shows XRD peaks at 29 = 30.1, 35.4, 43.1, 56.9
ard 62.5° that are characteristic of Fe,0, magnetite (Fig. 1a). Furthermore, weak doublet
peaks can alst be observed above 20 = 60° {e.g. peaks at ca. 28 — 40°), indicating the
presence of Fe, 0, magnstite. Twe additional peaks at 26 = 28.0 and 45.0, which are not
due to the magnetites, were also observed; these can be atiributed to the two oSt
intense peaks of Fe,C cementite (28 = 37.8 and 45.1%). The peak at 45.0° is also
coincident with the maost intense XRD peak of -Fe. With further canversion in CO,
2everal changes in the XAD pattern of the catalyst can be noted by comparing Flgure 1b
(10 hr in CO) and 1c {24 hin CO) with 1a:

{17 The XRD peaks at 26 = 30, 35 43 and 62.5° become broad; indicating the
formation of new iron phases;

{2 a new, weak peak at 31° was observad that, togethsr with the cbssrvation in 1)
abave, suggests that maghemitite Fe,0, is the new phase since maghemite shows
XRD peaks near 31, 35, 43 and 62°;

(3} the peak at 56.9° dacreases with reaction time, this peak can be used as an
indication of the presence of Fe O, magnetite; therefore, the decreass in intensity
of the 56.9 poak suggests the disappearance of magnetite phass in the catatyst
with reaction time;

(4)  the XRD intenisity of the peaks at 26 = 38, 43. 45.0 and 73.0° grow with increasing
reaction time.

The increase in the intensity of the 38.0 and 45.0 peaks indicate that the Fe.C and Fe
prhases increase with reaction time. The increase in the peak intensity at 43° indicates the
passible formation of ancther phase. As mentioned above. magnetite decreazed with run
time. Thersfore, if the XRD peak at 62.5° is sclely dus ta magnetite, it should tecrease
with run time. Instead, the 62.5° peak increases with run time; this indicates the presence
of an iron phase having an XRD peak near §2.5°. This, and the observation of an increase
inintensfty of the 73° peak with run time, strongly suggests the formation of a new phase,
FeD wustite, which increaszs with run time.

Figure 2 shows the XRD pattern of the OO activated catalyst following 10 amd 48 hrs. in
syngas. After 10 hrs of syngas conversion, the XRD pattern (Fig. 2a) shows that
magnetite Fe 0, is the major phase; weak lines at 27=38.0 and 45.0 stil can be seen
However, the intansity was weaker thar: that baefore the intragduction of syngas (Fig. 1),
This indicates that a portion of Fe,C and/or «-Fe, produced by reaction of Fe, O, with CO,
has been oxidized to Fe,0, magnstite. Moreover, by comparing Fig. 1¢ with Fig. 2a, the
ARD characteristic of FeQ has disappeared completely after 10 hrs. in syngas.
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Apparently, the presence of syngas caused transformation of FeQ to Fe, 0, magnetite.
Prolonged reaction in the syngas envircnment also caused the XAD peaks characteristc
of Fe,C and -Fa to disappear completely (Fig. 2b). Based on tne Fe,0, (311) peak
(20=35.3%, using the Scherrar aquation (d—14 /w, ,c0s6) a mean particls size of 230 A
was estimated far the catalyst after 10 hr syngas reaction . A particle of this size
comesponds to a surface area of about 50 m*g {calculated by A=8V/d).

Figure 3 shows a typical TEM picturs for the catalyst activated in CO followsd by 10 hr
of syngas reaction. The particle size distribution based on TEM pictures of the sample is
presented in Figure 4. A normal distnbution of particle sizes tan be seen. An average
partidle size of about 290 A (calculated by (| £d3/n)'¥) was obtained. Thus the mean
particla size of the catalyst obtained from TEM study shows good agreement with the che
astimated from XAD line broadening (230 A).

Figure 5 shows the evolution of GO, as a function of e duration of pretreatment of the
Fe 0, catalyst in CO. The fraction of CO, In the exited gas decreases from 2.5 % after
5 r 1o 0.5% after 24 hr in CO. This indizales that the reaction of CO with Fe O, readily
aceurs at 260 °C: this ohservation agress with the XRD results which show the presence
of Fe,0,. Fe,C and Fe in the sample activated in GO for 2hrs (Fig. 1a). The detection of
CQO, in the exited gas after 24 hrs of CO exposure suggests that tha conversion of iron
oxides to iron carbides is incomplete: this is consistent with the detection of Fe,0, and
FeQ by XRD in the sampie after 24 hrs of activation in CO {Fig. 1c).

Some of the results of syngas conversion for the catalyst activated in CQ are presented
in Table 3. Plots of % hydrogen filed circles) and GO conversicns (iifled circles) as a
fumction of reaction tima are shown in Figure 8a and Bb, respectively, Clearly, the H,
conversion decreases whereas the CO conversian increases with reaction time. Both CO
and H, conversion, however, level off at 40% and 2o, respectivaly, after 10 hr of reaction
time. Consequently, the H./CO usaga ratia, indicated in table 1 column 4, decreases with
time to attain a canstant value after 10 hrs of synthess.

TABLE 3. RESULTS OF SYNGAS REACTION FOR HIGH SURFAGE AREA Fe, O,
PRETREATED IN CO"

Time % Conversion  H,/CO % Selecitivity” Olef/Para.
{hr} O H, Usage CH, C, C, GO, G, G,
2 12.6 36.3 3.0 21.3 4.3 4.7 401 0.32 1.83
10 37.2 24.2 0.68 6.0 2.0 27 17.9 .29 1.15
24 431 21.8 0.53 B3 2.3 30 204 0.27 0.91
48 49.0 21.8 0.58 6.4 20 25 17.5 0.26 0892

a. Reaction conditions: 260°C, B atm., CO/H, = 1.03, 2.8 1/g-Fe0,/hr.
Iz, Salectivities are based on total CO conversion.
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Figure 7a and 7b show CO, (filed circles) and CH, f(filled circles) selectivities, as a
function of run time. Both selectivities decrease with run time and level off after 10 hr.
From column 9 of Table 1, the C2 olefin/paraffin (o/p) ratio does not change significantly
{ca. 10%) with reaction time. The C3 o/p ratio (column 10) decreases with run time and
remains constant after 10 h on stream. Comparing column 9 and 10 with column 4 of
Table 1, it appears that C2 o/p ratio is not affected significantly by a change in the H./CO
usage ratio; however, the other four selectivities and the C3 o/p ratio follow the same
trend as that of H,/CO usage.

Because of space limitations the activation and conversion of syngas of the sample
reduced in hydrogen prior to syngas conversion or the activation in syngas will be
described; only a summary of the resuits will be given below.

EFFECT OF ACTIVATION GAS ON CATALYST STRUCTURE

The present study shows that Fe,O, can be partially reduced in CO, in hydrogen or in
CO/H, mixture. After 10 hr of activation, Fe,O; was completely transformed to Fe,0, and
other phases. The ease of reduction of Fe,0, to Fe,0, has been well documented
(14,15), and is expected on the basis of the exothermic nature of the reaction (14).

XRD studies conducted in the present work clearly indicate that CO is a better reducing
agent, as well as a caburization agent, than H, or the H,/CO mixture. These results are
consistent with a static TG/DTA study which showed that CO is better than H, for the
reduction of a-Fe,0, (14). The incomplete transformation of Fe,O, to iron carbide after
24 hrs. of activation in CO (Fig. 1¢) is also consistent with a Mdssbauer spectroscopic
study that showed the presence of magnetite Fe,0, and Fe,C, in an amorphous a-Fe, 0,
after 24 hrs of activation in CO at 270 °C (15). However, Zarochak and McDonald have
reported a complete transformation of Fe in a Fe-K-Cu (65:0.29:0.6) catalyst to carbidic
iron at 280 °C and under 200 psig CO during 24 h in a slurry phase autoclave (13). The
presence of K, which has been reported to accelerate caburization (16,17), as well as the
higher temperature (280 vs 260 °C) and pressure (200 vs 105 psig) they used, may
explain the difference between their and our resulits.

The observation of only a small fraction of metallic iron after 24 h activation in H, at 260
°C is surprising, but this has also been reported (15). It is possible that the condenser
in the reactor set-up which was used to trap tetralin vapor may also condense water
vapor during the course of reaction; this water may reoxidize metallic Fe to Fe,0,.

EFFECT OF SYNGAS REACTION ON THE CATALYST STRUCTURE

After 10 h of syngas conversion, the catalysts activated in hydrogen and CO showed only
the Fe, 0, phase by XRD. The catalyst without preactivation also showed by XRD only the
Fe,0, after 48 hr on stream. The observation of only Fe,O, phase for iron catalysts after
syngas conversion has been reported for catalysts which showed mainly iron carbide or
a-Fe phase after activation (13,18). This has been attributed to the presence of water
vapor, particularly at high conversion. As mentioned in the previous section, the
condenser set-up can accumulate relatively large amount of water. High water vapor
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pressure in the reactor is thus expected. This may be ane of the reason for the detaction
only Fe,0, phase by XRD in the catalysts after protonged syngas conversian.

Earlier study of Fe catalysts often observed carbidic phase in the spent catalysts {19,20).
However, the catalysts in those studies are low surface area material or contan alkali
promaoters. An outer layer of large particles of catalysts may retard oxidation of carbidic
or metallic phase. The alkali promater which has been raported to accelerate caburization
is also expected to stablize the carbidic phases. Thus in the present study, the use of
higher surface area Fe,Q, and the tack of alkali promoter in the catalyst, may also be the
reascns for the abservation of only Fe O, by XRD in the catalysts after 10 or more haurs
of syngas convarsion,

The average particle size of Fe,0, was 230, 250 and 310A for catalyst activated in CO
and in H, followed by 10 h syngas convarsion, and direct activation in syngas for 48 h,
respectively. Therefore, the activation does not signiiicantly impact on the paricle size of
the catalysts following syngas conversion.

EEFECT OF PRETREATMENT ON CO HYDROGENATION SELECTIVITY AND ACTIVIEY

It appears that in the earlier stage of syngas conversion, the CC, and methane
selectivities for the catalysts activated in CO or without preactivation were simitar and
higher than that of the H-activated catalyst. However, the twa selectivities merge afer
only 10 h of syngas conversion so that the catalysts prepared by the three activation
procedures become the same. Thus the gas(es) used for activation appear 1o affect the
product selectivity primarily in the earlier stage of syngas reaction. The time dependan:
trend and magnitude of CH, and CQ, for the catalyst activated in CO and withaut
praactivation indicates that they have similar active phases. Furthemora, independgnt of
pretraatmant, both CH, and CO, selectivities merged after 16 h in syngas. This implies
that the active sites in the catalysts ara similar after 10 h of syngas conversion.

The catalysts activatad in hydrogsn and without preactivation have comparapie CO and
hydrogen conversion after 24 h on stream. The catalyst activated in CO or without
preactivation showed an induction period; however, No induction period was absenved
for the hydrogen pretreated catalyst, The CO conversion was similar for the catalyst
activated in H, or that was not pretreated; howaver, the GO pretreated catalyst has a CD
conversion ca. 3 times that of the sample activated in syngas or hydrogen. Thus, the
present study clearly shows that, for a high surface area Fe,0, in a CETR using tetralin
as solvent, activation in CO produced the most active catalyst for subsequent CO
hydrogenation. The results are consistent with the studies of the effect of activation
procadure on FT activity for promoted K-Cu-Fe,O; catalysts (12.13) and for a FeMn
catalyst {21}, The catalyst activated in H, has a CO conversion comparable 1o that of a
catalyst without preactivation and is in agreemant with the resulls ocbtainad by Dictor and
Bsll [19).

The XRD palttarns show that only Fe,Q, is detected for the catalyst at the point of
maximum activity, and this does not depend upon the artivaticn gases. This implies that
Fe,0, is the active phase, ar that the active phase can not be detecied by XRD. However,
the fact that, after 2 h in syngas, Fe,0, aready has been completety transformed Into
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Fe 0, and that this rmaterial only shows minimum activity while a Fe,0, phase that was
observed for the catalyst activated in H, for 24 h showed a much higher activity, indicates
that bulk Fe,Q, is nat likety to bse the active phase for CO hydrogenation. Furthermore,
at maximum activity, the particle size of Fe O, for the catalyst activatag in CO was 74%
of that for the catalyst activated in hydrogen. The CO conversion for the CO activated
catalyst however, was 3 times that of the catalyst activated in hydrogen. Therefora, the
presence of an active surface or bulk phass suppornad on the surface of Fe,0, is likely.

Tha attalnmert of a similar selectivity independent of the initial pretreatment in the present
study suggests the sams, or at lzast similar active phase(s). It has besn propossed that
uvnder reaction condiions, a8 number of compounds coexists on the surface of an iron
catalyst : iron oxides, iron carbides and metallic iron co-exist (22). Iran carbides has been
propesed to be the active phase (23-25) and the fraction of iron carbides on the catalyst
surface determines the activity (24). Others, however, have proposed that metallic iron
{26,27), or iron oxides (28-20) are the active phases. in the present study, the nature of
the active sites was nct dstarmined. NMevertheless, the present study suggests that a
cammon active phase can be obtained after a pericd of syngas conversion.

We speculate that the Fe,0, catalyst pretreated in H, resulted in the folowing
transformation:

Fe,0, ---> Fe,Q, > Fe —> FeC /Fe O /Fe.

Pretreatment of the Fe,0, catalyst in CO or syngas results in the following
transformations:

Fe,0, --> Fe,Q, - FeC fFe,0 fFe

The difference among the activities of catalysts appears to depend upon the
concentration of active sites on the suriace. Apparently, Fe.0, activated in CO produced
the highast concentration of active sites, and thersfore results in the highest activity.

CONCLUSIONS FOR PRETREATMENT

The present study has shown that activation of a high surface area Fe, (), catalystin CO
in a CSTR using tetralin as solvent results in an activity that is three times of material that
is activated In H, or directly in the syngas.

Independent of the catalyst activation, similar methane and CQ,, selectivities are obtained.
This suggests that the active catalytic phase is the same, Since particle size estimated by
XRD only shows a variation within 30%, the difference among the activities of the
differently activated catalysts can be attributed to differences in the concentration of active
sites on the catatyst surface,

PRECIPITATION OF IRON CATALYST

Prelim:nary to doing continuous precipitation in which seeding occurs, we prepared a
batch sample that will serve as the seed. This was done tc learn the properties so the
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potential seed material. To accomplish this, 14680g of Fe(NO,). * 3H.O in G distilled
deionized {00} watar {approx. 0.6M) was added to & 5 gal. buckset containing 900 il of
ammonium hydroxide {29%) while stirring. The finat pH of the soluticn was 7.13 and care
was taken to keep the pH abave 7. Total ime for base addition was approximately 10
rmir.

Filtration of the solution required several hours, Five samples (approx. B4g each) were
taken of the moist filter cake for ion exchange and the remainder was added to DD water
and stirred. This fraction was filtered. 5 more zamples taken, remainder washed, etc. until
the final product had been washed and fitered 3 times.

lon exchange was accomplished by sdding a pre-weighed amount of precipitate (84
grams, approximate) to stirring beakers containing 250 mL of agquecus KNO, at different
concentrations [1, 3, 5, 8, or 10 wt.%). After strring approximately 5 min. the solutions
wera filttered (gravity) and the agueous fraction analyzed for Fe and K. The amount of
K zdsorbed on the solid was caleulated from the difference in the K igvel in the starting
solution and the solution separatzd fram the solid that was separated from the solid.
Saolid fractions were collected and air dried.

The final preduct was dried and heated several ways:

1} Dried in a vacuum oven at room temperature for at least 2 hours and ther
gradually increased the temperature to approx. 100°C.

2) Vacuum dried as above then admitted to a tube, flushed with He tor 1 hr.,
heated rapidly ta 285°C, held for at least 4 hrs. then cocled under He.

3) Vacuum dried as in (1), heated as in (2] only to 295°C,

4 Dried avernight in & drying oven at atmospheric pressure at approximataly
110°C.

Fig. & shows the effects of these treatments on surface area and pore volums. A
significant surface area is obtained by removing water slowly under vacuum. About 40%
of the surface area is lost on subseguent heating to 285°C and an additional 33% is iost
by increasing the temperature ancther 10°. This trend is also seen by TGA/MS (Fig. 9).
The sample used in this experiment was one prepared in a small scale batch (sample
#1C2) and dried in a drying oven. The major weight losses cccur at 100°C and again
after 10 min. at 300°C under He flow corrssponding to the evolution of water and CO, as
well a compound with 2 mass of 168, Interestingly, the total pore volume as measured by
N, adeorption shows the opposite trend as the BET surface area. This must be the resuft
of formation of larger particles and their contact zones. Particle size as measured from
XRC line broadening (Scherrer egn.) and major pore radius as calculated from N,
desorption (using boo ¢rystal structure reported for alpha-Fe,0,) are shawn in Fig. 10.
Increasing the severity of heating results in larger crystals and larger pores, with the oven
dried sample falling betwesn the vacuum dried samples heated to 285°C and 295°C.



Iron oxides tested for ion exchange capacity were split into five equal fractions weighing
approximately 84 g each. These were added to vessels containing 250 mL of aqueous
KNQ; in varying concentrations (1%, 3%, 5%, 8%, or 10% by weight). The solutions were
stirred for 5 minutes prior to filtration. The filtrate was collected and analyzed for K and
Fe content by Inductively Coupled Plasma Spectroscopy (ICP). Adsorbed potassium is
defined as the difference in K between the final filtrate solution and the starting KNO,
solution per gram of wet iron oxide precipitate. For a 10% KNO, solution, about 2 wt.%
K* (™~ 2.5 wt.% K,0) was present on the solid.
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Figure 1. XRD patterns of the material withdrawn after 2 (A), 10 (B) and 24 hr. (C)
in CO at 8 atm and 260°C.
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Figure 2. XRD patterns of the 24 hr. CO pretreatad sample (figure 1C} following 10
(&) and 48 hrs. (B) in syngas (HyCO = 1.03) and 8 atm and 260°C.
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Figure 3.

Typical TEM picture of a material pretreated in CO and expressed to
syngas for 10 hrs,
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Figure 7.
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Figure 3.

Typical TEM picture of a material pretreated in CO and expressed to
syngas for 10 hra,

R



