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Abstract

This report describes research conducted to support the DOE program in indirect coal liquefaction.
Specifically, we have studied the attrition behavior of Iron Fischer-Tropsch catalysts, their interaction with
the silica binder and the evolution of iron phasesin a synthesis gas conversion process. The results provide
significant insight into factors that should be considered in the design of catalysts for the conversion of
coal-derived synthesis gas into liquid fuels.
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Executive Summary

This report covers the fifth six-month period of this three-year grant, under the University Coal Research
program. During this period, we have continued the synthesis and analysis of precipitated catalysts, using
a bench-top spray dryer. We have aso continued studies of the influence of binders on particle strength for
doubly promoted iron catalysts on aumina, synthesized by Mr. Robert Gormley, at FETC, and compared
those to catalysts synthesized here at the University of New Mexico (UNM) from doubly-promoted
hematite with binders, and with a catalyst prepared by a collaborator, Mr. Ralph Brooks, Yale University,
using precipitated magnetite with binders. Two methods of deriving catalyst particle breaking stress,
ultrasonic fragmentation and uniaxial compaction, were applied to the catalysts, and those results will be
discussed briefly. In the next six-month period, the catalysts will be analyzed by TPR in order to determine
their ease of reducibility, then tested under typical FTS run conditions, to determine their relative activities
and stabilities.

We have completed the preliminary X-ray diffraction analyses and data interpretation for the catalyst
samples received from Fischer-Tropsch stirred-tank reactor runs being conducted at Texas A&M
University (TAMU). Some of the slurry samples were sealed in epoxy and microtomed for examination by
high resolution transmission electron microscopy (HRTEM). The corresponding soxhlet-extracted samples
were also analyzed by HRTEM. All of the analyses, results and discussion are attached in the form of
paper submitted for publication in the Fall, 1998, specia issue of the Journal of Applied Catalysis. Inthe
paper, we show that some of the problems associated with sample analysis of the working F-T
catalyst originate with the difficulty in preserving the microstructures and composition intact, as
the sampleis prepared for analysis. We first discuss how the relative X-ray scattering cross-
section differences between Fe, C, and O, can present a deceptive picture of the phase
compositions in aworking catalyst. We present additional evidence that Soxhlet extraction of a
durry, to obtain arelatively wax-free powder, can cause significant changes in catalyst phase
composition. We have made some preliminary quantifications of the phases present in each
sample, and related that information to the activity of the catalyst over the course of therun, asa
function of time on-stream. We conclude that, in its most active form, the Fe catalyst in adurry
reactor consists of €’-carbide (Fe,C,) and alpha-iron («-Fe€), while the x-carbide which is also
present, appears to be less active.

In the coming six-month period, the interpretation of the results presented in the paper will be
completed. Additional Neutron diffraction studies of the catalysts will be attempted for
comparison to XRD results. The influence of temperature and pressure upon the phase
compositions and morphological changes observed by XRD and by Neutron Diffraction in the
working catalyst in wax will be explored further, by theoretical modeling as well as experiment, and related
to the data from the TAMU samples. The microtomy and analysis of more of the TAMU durry samples
by HRTEM will be completed and discussed in detail.

Technical Objectives
The objective of this research project is to perform fundamental research in support of catalyst
development for durry-phase bubble column reactors for Fischer-Tropsch synthesis. The overall program

is divided into several tasks;

Task 1: Catalyst Particulate Synthesis. We will first study various factors which determine the attrition
resistance of iron catalysts used for durry-phase Fischer-Tropsch synthesis. The fundamental
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insights gained from study of the attrition phenomenon will be used to tailor the preparation of
novel precipitated catalysts. In order to determine optimal treatment protocols for these catalysts,
it will be necessary to conduct investigations of catalyst microstructure, as afunction of treatment
method.

Task 2: Catalyst-Binder Interactions. Because the use of bindersis considered necessary for synthesis of
a catalyst with good attrition resistance, we will perform fundamenta studies of catalyst binder
interactions. Model catalysts will be studied, ex-situ and in-situ, by high-resolution transmission
electron microscopy (HRTEM), in order to determine the nature of interfacial phases at the iron-
binder interface. A better understanding of the underlying thermodynamics influencing the
catalyst-binder interactions will help provide improved catalyst design criteria.

Task 3: Characterization of used catalysts from reactors operated under typical industrial conditions.
Task 3 was not a part of the original proposal. However, we felt that, in order to design a catalyst
with improved attrition resistance and high activity, a better understanding of the phenomena
affecting aworking catalyst’s reactivity, life and stability over the course of areaction run was
needed. Consequently, samples from stirred-tank reactors operated at typical industrial FTS
conditions, provided by CAER, University of Kentucky and Texas A&M University will be
analyzed by X-ray diffraction, neutron diffraction, and HRTEM. The datawill help us understand
the causes and effects of phase compositions and morphological changes on the catalyst activity
under redlistic reactor conditions.

Technical Progress
Task 1 - Catalyst Particulate Synthesis
Overview

In the previous semi-annua report, we examined the particle strengths of several catalyst formulations,
prepared by Mr. Robert Gormley, Federal Energy Technology Center (FETC), and brought on line a bench-top
spray dryer, which is being used to make various catalysts, with and without binder. We have continued our
catalyst preparation studies and evauation of various attrition testing methods. The strengths of the spray-dried
catalyst, prepared and treated by various methods, have been investigated by ultrasonic fragmentation and
uniaxia compaction. Our results indicate that the method of catalyst preparation, as well as the environment
to which the powders are subjected can have a significant effect on catalyst strength.

Ultrasonic Fragmentation Tests

Severa catalysts, prepared by Mr. Robert Gormley, of FETC, have been analyzed for agglomerate strength
by ultrasonic fragmentation. Experimental details for the ultrasonic fragmentation testing method have been
described in detail in our previous reports. One gram of catalyst is dispersed in 50 ml of deionized water. A
Sedigraph particle size analyzer is used to determine the particle size distribution of the suspension. The
suspension is ultrasonicated, using a Tekmar high-intensity probe. After ultrasonication for varying periods
of time, the suspension is reanalyzed by Sedigraph, in order to determine the mode of particle fragmentation.
Theresaults are aso used to derive a quantitative measure of agglomerate strength, as explained previoudy in
our progress reports.

Figures 1 and 2 show fragmentation results from two samples of the FETC catalyst, prepared from Fe,O,
promoted with K and Cu and deposited in different ways onto preformed alumina granules. These samples are
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designated as AQFE/CU/K/AL-ED1-24 and AQFE/CU/K/AL-FH1-137, respectively. The first catalyst
sample, -ED1-24 (figure 1), appears to be much stronger than sample -FH1-137 (figure 2), but is comparable
to the Vistadumina powder discussed in the August, 1997, semi-annual report. We attribute these results to
differences in treatment conditions. Figures 3 and 4 show fragmentation results from two samples of
precipitated, Cu-promoted Fe catalyst, calcined at 350°C in air, prepared under different conditions. These
are designated as PRFECUAL/4K-ED10-58 and as PRFECUAL/4K-ED11-117, respectively. The results
show that -ED10-58 (figure 3), appears to be much stronger than -ED11-117 (figure 4), but is comparable to
the Vista alumina powder discussed in the August, 1997, semi-annua report. It was stated in the August,
1997, report that calcination did not appear to sgnificantly improve the strength of the agglomerates; therefore
these results may aso be attributed to differencesin treatment conditions.

Next, spray-dried cataysts were prepared at UNM from Fe,O; precursor with varying amounts of binder, using
a Bucchi mini spray dryer. These samples were compared to similar ones using a Fe;O, precursor, prepared
by Mr. Ralph Brooks, Yale University. The Fe,0, catalyst was synthesized asfollows: A durry of 6.5 ml, 5
weight % dlica (PSA), 106 ml, 5 weight % silica (deionized Ludox SM-30), and 50 g magnetite (Fe;O,), was
spray-dried, using a Yamato DL-41 spray dryer under the following drying conditions. atomizing air at 3
kgf/cm?, aspirator at 0.8 m*min, pump at 3.5 (approximately 30 cm*min), drying chamber temperature of
240°C, and collecting chamber temperature of 95°C.

Figure 5 shows fragmentation results for the Fe;O, catalyst. Asexpected, particle fragmentation is comparable
to that observed in our spray-dried catalysts, as shown in the February, 1997, report. However, the Fe,O,
catalyst may not be active for FTS (Huang, et al., 1993). Hence, the known catalytic activity of the precursor
could be an important issue to consider when preparing catalyds; therefore the activity of these two precipitated
catalysts will be explored in the near future.

Uniaxial Compression Testing

The catayststested in the previous section were also examined using an Instron 5565 uniaxial compaction test
apparatus. Experimental details, as well as a detailed discussion of the uniaxial compression method, have
been described in our previous reports. Figures 6 and 7 show compaction data for the FETC catalyst shown
in Figure 2, and for the Fe;O, catalyst, respectively. The data are presented as a plot of In (P) vs. natural
strain, e. The resultswere analyzed usng amodd presented by Adams, et. al., 1994, which yields avaue for
the bresking strength, sigma (in Mpa), of the particles within the powder sample. According to these data, the
catalyst prepared by depositing doubly-promoted Fe,O, on preformed alumina granules is much stronger than
the spray-dried Fe;0O, catalyst. In contrast, the ultrasonic fragmentation results imply that the spray-dried
Fe,0, catalyst is stronger than the doubly-promoted Fe,O; on alumina. We concluded that the catalyst powder
strength is affected by its environment, as well as treatment conditions.

Future Work

The effects of catalyst environment in the fluid suspension will continue to be investigated. The behavior of
the two types of precipitated, spray-dried catalysts, using Fe,O; and Fe;O, precursors, in a model reactor,
operated a typical indudtria conditionswill be explored. We hope to determine conclusively which of the two
particle strength testing methods more accurately predicts catalyst behavior in a durry-bubble column. Our
work over the next six months will continue to explore the effectiveness and performance of the spray-dried
precipitated catalysts and the effect of metal-support interactions on the attrition resistance of these catalysts.



ask 2 - Catalyst Binder Interactions
Task 3 - Characterization of used catalysts from reactor s operated under typical industrial conditions

Tasks 2 and 3 are addressed together, for the purposes of this report. The progress on these two tasks is
summarized in the draft publication, included as attachment A, submitted for publication in the Journal of
Applied Catalysis, special issue on Fischer-Tropsch catalys's, edited by Prof. Hans Schulz.
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Appendix A

Characterization of Slurry Phase Iron Catalystsfor Fischer-Tropsch synthesis
LindaD. Mansker, Yaming Jin, Dragomir B. Bukur', and AbhayaK. Dattyei

Center for Micro-Engineered Materials and Chemical and Nuclear Engineering Department
University of New Mexico, Albuquerque, NM 87131-134, USA
T Chemical Engineering Department, MS 3122; Texas A&M University,
College Station, Texas
*To whom all correspondence should be addressed

ABSTRACT

The study of Iron Fischer-Tropsch Catalysts by conventional powder X-ray diffraction (XRD)
methods is complicated by the multiplicity of phases present («-Fe, various iron carbides, Fe C,
magnetite, Fe,0,) and by peak overlap in the diffraction patterns arising from these phases. This has
led to the consensus that activity for Fischer-Tropsch (F-T) synthesis does not correlate with the bulk
composition of the iron catalyst, as seen by XRD. Aswe show in this paper, some of the problems
associated with sample andlysis of the working F-T catalyst originate with the difficulty in preserving
the microstructures and composition intact, as the sampleis prepared for analysis. In this paper, we
present analysis of iron F-T catalysts from a stirred tank reactor where samples have been removed
under inert atmosphere and care was taken to preserve the catalyst congtituents intact. By using XRD
with Quantitative Rietveld Structure Refinement (QRSR) analysi's, we can construct a comprehensive
picture of the working catalyst. These results permit us to explain the activation and deactivation of
Fe F-T cataysts and to understand the role of activation method; e.g., CO vs. H,. We conclude that,
in itsmost active form, the Fe catalyst in adurry reactor consistsof €’-carbide (Fe,C,) and apha-iron
(x-Fe), while the y-carbide, which is also present, appears to be less active. Further work is
necessary to elucidate the relative roles of these phasesfor Iron F-T catalyst activity. Our results aso
show that Soxhlet extraction, a commonly used procedure to remove the wax from a catalyst, can
cause changes in catalyst phase composition.

I ntroduction

Fischer-Tropsch Synthesis (FTS) of high-molecular weight hydrocarbon waxes from steam-reformed
cod is consdered an effective solution to the problem of finding suitable substitutes for decreasing
liquid fossil fuel reserves. The FTS reaction converts syngas (H, / CO) to liquid hydrocarbon feed
stocks, which can be used for further processing to chemicals, back-cracked to various APl weight
fuels, etc. The choice of catalyst depends upon the H, / CO ratio. The H, / CO ratio is dependent,
in turn, upon the syngas precursor and the processing method. A reasonable syngas (H, / CO) feed
ratio rangesfrom 1.8 - 2.5. Typically, coals produce an H, / CO ratio of 0.5-1.7. For coal-derived
syngas, the catayst must possess adequate water gas shift (WGS) activity to make up the deficit in
H,. In the WGS reaction, one of the FTS products, water (H,O) and CO from the feed, are
converted to H, and CO,, helping to make up the H, deficit. Iron catalysts can process the potentially
cheaper, lower BTU syngases produced from coals, since they also promote the water-gas shift
(WGYS) reaction. In this paper, we attempt to describe and quantify the microstructures and
composition of two working Fe F-T catalysts obtained from a medium pressure slurry phase reactor.
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Iron catalysts, as used for FTS, are prepared by precipitation of a soluble iron species such as
Fe(NO,), and calcined to yield hematite (Fe,O;). Promoters such as K,O and CuO, as well as
binders such as silica, are also added during preparation. Next, the catalyst is activated outside of
the reactor, or it is dispersed in a high molecular weight (C,,-C,,) hydrocarbon (HC) oil and activated
inthereactor. Theactiveiron catayst isthought to be composed of a mixture of iron oxides (Fe,O,,
Fe;O,), various iron carbides (Fe,C), and iron meta («-Fe). Thereis still no agreement over the
nature of the working catalyst and the active phase(s) responsible for F-T synthesis. In the literature,
we find studies suggesting that magnetite Fe,O, may be the active phase (Butt, 1981; Teichner,
1982), while other workers concluded that the iron carbides must constitute the active phase (Shroff,
1995, 1996). It isaccepted, however, that bulk magnetite introduced into the F-T reactor isinactive
for F-T synthesis (Huang et a., 1993) and furthermore, a careful study of catalysts in a fixed bed
reactor has clearly linked deectivation of the Fe cataysts to the transformation into magnetite (Coville
etd., 1994). Thesefacts would argue against magnetite being the phase responsible for F-T synthesis
activity of Fe catalysts. Since the reduced iron phase («-Fe) tends to carbide to the - phase in the
syngas atmosphere, it seems likely that, initialy, the x-iron carbide formed should constitute the
active phase. However, as shown in this paper, as well asin a companion paper in this specia issue
(Bukur et al., 1998), a catalyst activated in CO exhibited very low activity initially, despite having
almost completely transformed to the x-carbide phase. Furthermore, this CO-activated catalyst
showed a gradual increase in activity to a high steady state value, over a period of time. It would
appear that, the presence of iron carbides does not guarantee an active catalyst and some carbide
phases may be more active than others. However, previous attempts to relate activity to the carbide
phase composition have not been successful, and the review paper by Dry (1980) concluded that there
IS “no reason to relate the amount and nature of iron carbides to F-T synthesis activity.”

In order to gain a better understanding of iron F-T catalysts, we have examined these working Fe
catalysts, taking special care to ensure that the catalyst morphology is preserved during sample
preparation and subsequent analysis. Careful passivation of these catalysts is very important since
the reduced iron phases can readily transform into magnetite upon air exposure (Shroff and Datye,
1995). In thiswork, the primary analytical technique used was X-ray diffraction. The study was
performed as a cooperétive effort of two laboratories; the catalyst reactivity study was performed at
Texas A&M Universty (TAMU), while the characterization study was performed at the University
of New Mexico (UNM). Specificdly, we present an analysis of two runs performed in a stirred tank
reactor, using identical catalyst precursor. One of the catalysts was activated in CO at 280° C; the
other was activated in H, at 250° C. These runs are part of alarger study of catalyst activation
treatments conducted at TAMU, as described elsewhere in thisissue (Bukur, et a., 1998).

Experimental

The FTS synthes's samples discussed in this paper, from runs SB-3425 and SA-0946, were prepared
at Texas A&M University (TAMU) by Dr. Dragomir B. Bukur’s research group. Analyses were
performed at TAMU and at the University of New Mexico (UNM) from splits. The catalysts used
for the runs were prepared from the same precursor. The SB-3425 catalyst was pretreated in H, at
250°C, and SA-0946 catalyst in CO at 280°C. The details of catalyst preparation, pretreatment,
reaction run conditions, and initial experimental behavior for FTS in a stirred tank reactor are
presented elsewhere in thisissue (Bukur, et al., 1998).
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The product durry, containing the working catalyst suspended in the product wax, was removed from
the CSTR reactor by dip tube, as described in Bukur, et a., 1997. In this study, all samples have been
removed under inert atmosphere, in order to preserve the composition and morphologies of the
working catalyst sample contained in the hot durry. The importance of slurry remova under inert
vs. durry removal in air has been discussed elsewhere (Mansker, et a., 1997).

As stated previoudly, each set of samples were split, and one set of splits provided to UNM for
detailed X-ray anaysis, by TAMU. X-ray diffraction studies of both sets of the durry samples and
of Soxhlet-extracted powders from SB-3425 were performed at UNM. One durry sample from SB-
3425 was concentrated at UNM, by warming the durry for severa days at 150° C under inert
atmosphere and letting the powder concentrate in the bottom portion of the vial. Material was cut
from the bottom of the vial and scanned by XRD. The concentrated sample was then completely
stripped of its wax under flowing inert at reaction temperature, for subsequent anaysis by X-ray
diffraction and High Intensity Neutron Powder Diffraction. X-ray scans of Soxhlet-extracted
powders from run SA-0946 were performed at TAMU.

The TAMU X-ray diffraction data were obtained using a Scintag XDS2000 series powder
diffractometer in fast scan (continuous) mode, Bragg-Brentano (0-20) geometry, 0.02° step size, 1°
per minute scan rate. Average diffraction pattern scan error is on the order of 0.05° (0.007 A). The
UNM X-ray diffraction data were obtained using a Scintag PAD-V powder diffractometer with
diffracted beam monochromator, operated in step-scan mode, using Bragg-Brentano (0-20)
geometry. Scans were taken from either 15° to 105° or 10° to 120° 20 for each sample, 0.02° per
step (SB-3425) or 0.05° per step (SA-0946), 10 s. per step. Average diffraction scan error is on the
order of £0.005° (0.0002 A). In this paper, however, we will report angles to 2 decimal places, and
d-spacings to 3 decimal places.

The UNM step-scan raw data have been used subsequently, for phase identification, structure
solution/refinement, minor phase deconvolution, crystalite size analyss, crystalite shape
determination, and evaluation of sample preprocessing methods. None of the data were subjected
to background, polarization correction, or K, stripping, prior to analysis. Slurries, concentrated
dlurries, and powders were all pack-mounted in a ditted zero-background substrate sample cell,
without any preprocessing, addition of solvent, or grinding. Powders in oil were allowed to settle
by gravity, then pack-mounted in the same manner as the durries. Sample volume required was
approximately 0.18cc. Precision and accuracy scans were performed using samples from SB-3425.

High Resolution Transmission Electron Microscopy (HRTEM) of samples from runs SB-3425 and
SA-0946 was aso performed, and the analysis will be discussed in detail elsewhere (Jin, Mansker,
and Datye, 1998). We show here a few of the micrographs to illustrate the effects of Soxhlet
extraction on the composition of the working catalyst in run SB-3425. The durry sample was
embedded in epoxy, and thin dlices on the order of 40-50 nm were prepared using ultramicrotomy.
The microtomed section was mounted on a holey carbon film on a molybdenum grid and coated with
amorphous carbon to prevent charging. The samples were then examined in a JEOL 2010 HRTEM,
operated at 200 KeV. All phase identifications were verified using the diffraction reference data
contained in the Joint Committee on Powder Diffraction Standards (JCPDS) powder diffraction data
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base, sets 1 to 46, or the single crystal data for the phase, as listed in the International Center for
Diffraction Data (ICDD) data base, and in the original papers.

Results
l. Calculated Absolute Powder X-ray Diffraction Intensities of Major Iron Phases

Asan important step in the characterization of the Iron Fischer-Tropsch Catalyst by quantitative X-
ray diffraction, we will first consider in detail how some of the various observed phases in the
working catalyst appear when present in a mixture, and how they may interfere with one another.
It iswell-known that these materials[e.g., alpha-iron («-Fe), €’-carbide (Fe,C; or Fe,, C), y-carbide
(Fe,C, or Fe,:C), and magnetite (Fg O, )] show overlapping diffraction peaksin the region of interest,
{25° < 20 < 70°}. However, most previous analyses, including our own (Shroff, et al., 1995),
implicitly assume that the absolute or relative intensities from each phase reflect the relative phase
abundances.

All of the standard powder references (JCPDS, ICDD) present the data for each component in terms
of relative diffraction intensities, where the most intense diffraction peak is set at 100% relative
intensity, and all others normalized accordingly.  In principle, the JCPDS database aso lists a
relative intensity ratio factor for each phase, shown as |/l on the card, in which the compound's
100% relative intensity peak is compared to that of corundum ( «-Al,O;), in a50:50 wt % mixture.
Thel/l, for each phase can then be used to ‘ correct’ the relative peak height ratios commonly used
to quantify phasesin a mixture, as follows:

-k -
IJ

; D

£|=

whereW,;, W, , |, and |, refer to the weight fractions and diffraction peak intensities for phasesi and
|, respectively. The constant, K, is defined in equation 2.

- (I/Icor)j
. (Illcor)i (2)

The use of an experimentd /1, as a correction factor is based on an assumption that weight percents
of the phasesin amixture are nearly equal, and that effects such as preferred orientation, extinction,
mixing inhomogeneities, and the breadth of the crystallite size distribution are small enough that the
changesinthevaueof I/l ,, are minimal. In the case of the Fischer-Tropsch catalysts, the deviation
from equal weight percent mixtures is substantial, intermediate or distorted structures, due to lattice
substitutions or vacancies can occur frequently, and if crystallite sizeislarge, preferred orientation
becomes a significant problem.
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For the iron phases of interest in FTS, theonly I/l listed in the JCPDS database is that for hematite
(a-Fe,0;), from adiffraction pattern taken in 1981 (card # 33-664). Due to this paucity of data, we
have performed calculations of the powder diffraction patterns to obtain I/l , for the phases of
interest. To confirm the accuracy of this method, we first calculate the pattern for a 50-50 weight
% mixture of «-Al,O, and isostructura o-Fe,O,, for which phase an 1/l vaue is available in the
JCPDS, usng sngle crysta structures from the literature (Thompson, et al., 1987 and Antipin, et al.,
1985, respectively). Next, we calculate the expected diffraction patterns for a mixture consisting of
20 wt% each of «-Fe, Fe,C;, Fe,C,, Fe,0,, and Fe,O,, using single crystal data from the literature
(Wyckoff, 1960; Senczyk, 1993; Herbstein and Snyman, 1963; Sénateur, J.P., 1967; Dirand and
Afqir, 1983; Fleet, M.E., 1981, 1982, 1984). The calculated diffraction pattern provides a visual
indication of the relationship between peak height and sample composition. From these patterns, we
can usethe I/l; peak ratio and infer an I/1,, using the previously calculated I/l |,- The caculations
are performed with the DBWS-9411 Rietveld Structure Refinement Program (Young, 1995,
Sakthivel and Y oung, 1995), which lends itself rather well to refinement of X-ray data, and to data
simulations. Although not discussed in detail for this paper, neutron diffraction was also performed
for one sample from SB-3425 at the Los Alamos Neutron Science Center, and the diffraction pattern
is being analyzed using GSAS (Larson and von Dreele, 1997).

Rietveld Refinement is arigorous polycrystaline powder structure refinement method, first devel oped
by Hugo Rietveld in 1967, for structural analysis of neutron powder diffraction data. Its application
to X-ray diffraction data has become wide-spread in the last decade, because it provides detailed
information on the structure, morphology, phase abundances, and error in the analytica method, from
first principle models of the materid of interest. Itsrigor also permits diffraction pattern construction
on arather sophisticated scale (Young, 1993). In order to ensure a ssmulation as close to what we
might seein areal, physical analysis, constants describing the instrumental parameters, background
function, zero-point error, sample transparency and displacement constants, crystal structure, and
crystallite sizes were taken from previous refinements of the slurry and extracted durry data sets
discussed dsewhere in this paper. Further details are available in the literature on the quantification
methods used in this analysis (Bish and Howard, 1988; Hill, 1987, 1993).

Figure 1 shows acomposite plot of the smulated hematite-corundum mixture. The calculated I/,
is 2.544. This demonstrates that the calculation procedure yields a value that differs from the
experimenta value of 2.4 by 6 %. We are assuming that for the next set of simulations, the error in
experimental and calculated I/1 ., will be comparable in magnitude.

Figure 2a shows the composite plot for the iron phase mixture. The 100% relative intensity peaks
for each phase have been labeled. Not only does the figure show the peak overlap that is
characteristic of these materials in the region, 25° to 70° 20, it also shows that, when absolute
intengities are compared, a mixture of the five phases appears to show predominantly «-Fe and Fe,O,,
with trace amounts of Fe,C;, Fe,G,, and Fg O,. An /|, iscalculated for each of the 5 phases, using
I\l for hematite:

- 3
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Table 1 lists the /1, calculated, using the simulated patternsin Fig. 2. The numbersin this Table,
and the composite diffraction pattern (figure 28), show that large differences in peak height exist for
equal amounts of the various iron phases. These differences must be considered when examining
XRD patterns from Fe catalysts used for FTS. It is obvious that a smple examination of relative peak
heights could not be used to infer relative amounts of the various phases present in a working
catalyst, as will be shown in this work. For completeness, the calculated XRD patterns for each of
the phases which make up the 5-component mixture for the second simulation, are included in figures
2b, c, d, e, and f. The detail seen in each of the single-phase plots (2 b-f) is contained in figure 2a,
but the different peak heights make it impossible to see this detail. Please note that the structures
shown here for the carbides and magnetite are constructed without accounting for phase disorder or
digtortion, lattice defects, or crystalite preferred orientation, and should be considered as ideal model
structures. In the durry systems, we observe some subtle deviations in details, for the reasons
mentioned above.

We next examine a set of FTS catalyst samples from TAMU runs SB-3425, and SA-0946. The
activation and initia activities of the materials are discussed in detail elsewhere in thisissue (Bukur,
et al., 1998). In each case, the durry samples were split into two portions. One set of splits from
each serieswere forwarded to UNM for analysis by XRD, as described in the experimental section.
The other set of splits was retained by TAMU and the catalyst powder separated from the wax by
Soxhlet extraction, then andyzed by various methods, including XRD, Mdssbauer, and BET (Bukur
et al. 1998). After completion of the aforementioned tests, the set of extracted samples and some
extracted waxes from SB-3425, were forwarded to UNM for additional analysis. In the next section
we describe the effect of Soxhlet extraction on the microstructures of these Fe catalysts.

. I nfluence of Soxhlet Extraction on Catalyst M or phology

Characterization of the working catalysts from the durry reactor is problematic, because of
interference from the product wax (discussed in detail in section I11) and low initia catalyst loading
(onthe order of 10% or less). Standard methods of tregating this problem have involved using soxhlet
extraction to separate the catalyst from the hydrocarbon wax. Unfortunately, this method, which
employs solvent at its boiling point (on the order of 80°C, Bukur, 1998), may induce undesirable
changes in the powder, as we show here.

We first examine the reduced catalyst sample, in oil (SB-3425, TOS = 0), and compare it to its
extracted split., using quantitative X-Ray Diffraction with Quantitative Rietveld Structure
Refinement. HRTEM of these two samples was performed, also, to illustrate the kinds of
morphology changes which can occur on the microscale, during extraction. Figure 3 shows a
comparison of the untreated sample durry (in oil), and the same sample after soxhlet extraction. The
oil isof sufficiently low molecular weight that its 1% and 2 order diffraction peaks show up as broad,
diffuse humps, and can be neglected as background. The sameistrue of the silica contained in the
sample. Visud ingpection of the diffraction patterns allows us to make the following observations:

1. The sample in oil contains a prominent peak of «-Fe, along with the characteristic broad,

amorphous peaks due to the oil, and the asymmetric, broad peaks with sharp apexes
characteristic of amorphous slica. Theiron phase appears to have afairly uniform crystalite
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size, as shown by the symmetric, nearly gaussian peak shape, and fairly narrow full-width half
maximum (FWHM).

2. The a-Fe pesk in the extracted sample is broader, which we attribute to a possible presence
of x-carbide (Fe,C,, aso known as the Hagg carbide) overlapping with the «-Fe peak. We
also see Fe,0O, being present, along with a-Fe.  The height of the «-Fe peak compared to
the background is lower than the sample in oil, indicating a smaller wt % of «-Fe in this
sample. The a-Fe peak also shows considerable asymmetry which could arise from a
bimoda crystalite size distribution.

Neither x-Fe,C,, nor Fe,O, should have been present, based on the composition observed in the
pretreated catalyst in oil. In order to confirm the XRD results, HRTEM of the samplein oil at TOS=
0 hrsand its extracted powder were performed. The micrographs are shown in figures 4, a, b, ¢, and
d.

The HRTEM image of the extracted sample (figure 4a) shows irregularly shaped particles supported
on a matrix that contains finer particles. The matrix contains the silica as well as unreduced iron
phases. Animportant feature is the presence of a pronounced surface halo on the particle surfaces,
such asthat seen on the particles highlighted by arrowsinfigure 4a. This hao isthicker than asmilar
surface oxidation layer seen on carefully passivated samples of «-Fe by Shroff and Datye, 1995. A
closer examination of one of these haloed particles (figure 4c), shows clearly the thickness of the
surface layer, which ison the order of 5 nm, and the irregular particle shape. The particle inner core
exhibits lattice fringes of about 2.03A, which is characteristic of a-Fe (110) planes. Figure 4b and
4d show the TEM micrographs of the TOS = 0 hr durry sample. The overal microstructure is similar
to Fig. 4aand c, but there are no pronounced surface halos on the particle surfaces. These results
indicate that either during soxhlet extraction, or after extraction, when the reactive «-Fe surfaceis
exposed to the atmosphere, a surface oxide forms on the primary reduced particles. Figure 4d shows
an high magnification view of one of the primary particles indicated by arrow in figure 4b. The
particle shape quite irregular, but the surface halo is much thinner. This sample aso shows lattice
fringes of 2.03A («-Fe (110) planes). Aswe show below, the samples removed after reaction show
even more pronounced effects of soxhlet extraction.

We next present the XRD patterns of samples removed from the reactor as a function of time on
stream. All of the durry samples for runs SB-3425 and SA-0946 were analyzed and compared with
their soxhlet extracted counterparts. Figure 5a shows the complete SB-3425 durry series ( 5
samples), figure 5b shows the complete extracted series SB-3425 (5 samples). Figure 5¢ shows the
complete durry series SA-0946 (6 samples), and figure 5d shows the complete extracted sample
series SA-0946 (6 samples, Bukur, 1998). Notethat in figure 5d, the curves are displayed differently,
with the end of run sample being the top curve.

Visua inspection of the durry series, SB-3425, reved s that severa peaks remain unchanged with time
(figure 5a). We shall demonstrate in section 111 that these come from the hydrocarbon wax. The
extracted samples (figure 5b) show the presence of significant amounts of magnetite, which is clearly
not present in the durry samples. While the presence of wax peaks obscures the location of some of
the magnetite peaks in the slurry, the most prominent magnetite peaks indicated in Fig. 5b should
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have been observed if magnetite were indeed present in the wax-containing catalyst. Furthermore,
the «-Fe peak, which appears consistently in the durry samples, is completely absent from the
extracted samples, except for TOS = 000 hrs. Even in that sample, its intensity is significantly
diminished, as shown earlier. The durry samples show evidence of ashoulder on the right of the «-Fe
100% intensity peak, which is indicative of the presence of €’-carbide, but no evidence of this phase
isseen in the extracted samples. The x-Fe.C, is seen as the most prominent peak in all of the
extracted samples. Since the most intense pesks from the x-Fe,C, are obscured by the wak, it is only
after Rietveld refinement of these XRD patterns can we estimate the relative amounts of the Fe
phases.

A comparison of the samples from run SA-0946 in durry and after soxhlet extraction show much less
evidence for microstructure changes. It is only the last sample in the series, a TOS=563, which
shows pronounced oxidation after soxhlet extraction. The wax appears to interfere much less with
the iron phase XRD patternsin this set of samples (figure 5¢). Comparing Fig. 5¢ with Fig. 5a allows
one to see clearly that a small amount of magnetite is indeed present in al of the samples from run
SA-0946, while no magnetite is present in the working catalyst in run SB-3425. At TOS=000, the
sample from run SA-0946 conssts of Fe,O, and x-Fe.C, . Asthe reaction proceeds, some of the -
Fe.C, istransformed to €’-Fe,C;, the amount of Fe,O, drops, and some «-Fe is observed at TOS =
229, and hrs.

HRTEM of a sample from run SB-3425 at TOS=330 (durry) and at TOS=384 (extracted) was
performed to confirm the XRD observations. The activity of the catalyst at TOS =330 and 384 did
not differ very much (refer to section V), and the XRD patterns were also smilar. Hence, we can
use the TEM images to provide insight into the role of soxhlet extraction, which is the major
difference between the sample at TOS=330 and TOS=384.

The soxhlet extracted sample (fig. 5a) shows primary particles of irregular shape al covered with a
surface halo. Higher magnification views (fig. 5¢) show that these surface layers show lattice fringes
consistent with magnetite. The rough surface layer indicates oxidation of the surface has occurred.
Thesamplein wax isshown in Fg. 5b. At low magnification, the morphology is similar to that seen
after soxhlet extraction, with similar surface layers. However, at higher magnification (figure 6d),
it isclear that these surface layers are amorphous. We have observed that samples removed from a
reactor dways show such a surface layer (Shroff et al., 1995). We fed that this surface layer is not
just apassvation layer caused by surface oxidation, but rather, this amorphous surface layer contains
carbonaceous species representing the pool of carbon on the working catalyst. We have found that
this pool of carbonaceous species is easy to hydrogenate at reaction temperature (Jackson et al.,
1997). While dementd andysis of these surface layers by electron energy 1oss spectroscopy (EELS)
in a TEM could help confirm the composition of these surface layers, such studies need to be
performed on samples that have not been exposed to air. We plan to perform such studies in the
future, but would like to point out that the crystalinity of these surface layers provides a clear
indication of their origins. We have found that while a surface oxide formed at room temperature is
often amorphous, beam induced heating during observation transforms it into crystalline magnetite.
The lack of crystdlinity in the surface layersin Fig. 6d suggests that the amorphous layer does not
represent a passivating surface film. The differences between the sample in surry and after soxhlet
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extraction once again indicate that oxidation of the sample occurs either during or after soxhlet
extraction.

We conclude that soxhlet extraction of the Surry samples may be undesirable, due the possibility of
oxidation, which could occur either during extraction or upon subsequent exposure to air. Evidence
for slow oxidation at room temperature despite the protective layer of waxy hydrocarbons is
presented in section 1V. The oxidation phenomena described here could easily transform highly
dispersed o-Fe or carbide phases completely into magnetite. Hence we have focused on the study
of catalystsin the wax.

[11.  Interference of the Crystalline Wax with Catalyst in the Slurry

The wax from ahigh a-catalyst can be quite crystalline and overlap significantly with the peaks from
Fe phases of interest. The diffraction patterns of the wax were analyzed to determine if crystal
structure parameters from low-dengty polyethylene (LDPE) might alow Rietveld refinement methods
to be used to deconvolute the wax peaks. Physical methods of separating the wax from the catalyst
were aso explored and the results are described in this section.

Figure 7 shows six diffraction patterns on the same plot, from run SB-3425, TOS = 233 hrs. From
bottom to top, shown are the unprocessed slurry (SL) as removed from the reactor, wax stripped
from the slurry by soxhlet extraction (EW), wax stripped from the slurry by warming to reaction
temperature (260 C) under flowing inert (SW), catalyst concentrated in the wax by sedimentation,
by smply warming at 150°, under inert (CC), soxhlet-extracted catdyst powder (EP), and the powder
from which the wax was stripped by flowing inert gas (SP). Comparison of the slurry and the waxes
shows that the wax accounts for many of the diffraction peaks present in the durry, and thus could
be easily misidentified as iron phases, as is evident from the peak positions listed in Table 2.

A visud ingpection of the durry pattern shows aprominent «-Fe peak that occurs at 44.78° 20. The
neutron diffraction pattern (not shown here) aso identifies a-Fe as the maor peak in the stripped
powder. However, in view of the high I/l for a-Fe, it should be emphasized that significant
amounts of carbide are dso present in this sample, as discussed below (section V). Most remarkable
is the difference between the stripped powder (SP) and the soxhlet-extracted powder (EP). The a-Fe
peak is completely missing and isreplaced by a broad magnetite peak. A large x-carbide peak is seen
to be the mgjor constituent of the EP, but the Rietveld refinement results of the stripped powder
(SP1) in section V suggest that the catalyst contains only «-Fe and €-carbide. It is clear that a study
of soxhlet extracted powders would not be very useful for understanding working Fe catalystsin a
F-T synthesis reactor.

Comparison of the durry catdyst with either of the wax diffraction patterns shows that regions of 20
exist, where no wax peaks interfere with iron phase diffraction peaks. Keeping thisin mind, we look
for additional detail in the region between 52° and 67° 20. Fe,O, has two moderately intense peaks
which occur at 57° and 62.5°. «-Fe has peaks at 44.78° and 65.00°. y-Fe.C, and €’-Fe,C; both have
100% relative intengity peaks which overlap with the o-Fe 100% relative intensity peak, in the range
44° - 45° at 44.175° and 44.882° 20, respectively, but are clear of the wax phase. x-Fe,C, hasa
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fairly intense peek at about 50.48° (~ 12 %), and €’-Fe,C; at 25.9° (~ 12%), but, again, the relative
intensity ratios with «-Fe and magnetite are such that visual inspection for these phases becomes
difficult.

The catalyst crystallite sizes are small enough (= 15 nm) and relative intensity ratios such that
significant overlap can occur (cf. Section |, table 2, figure 2).  Presence of either of the carbides, in
the presence of «-Fe, can be detected by examining the a-Fe peak shape. The o-Fe crystallitesin the
unprocessed durry produce a nearly Gaussian peak shape. Asymmetriesin the 100% intensity peak
shape, especidly in the tal, are indicative of other phases present, where appearance of a shoulder
or ‘bumpy’ tall to the left suggests x-Fe.C,, and where presence of a‘bumpy’ asymmetry on the right
indicates €’-Fe,C,. Using this criterion, we have ascertained that €’-Fe,C; is present in the durry,
but that, in this sample, x-Fe.C, isnot. In summary, qualitative analysis of the catalyst in the surry
shows the presence of «-Fe and €’-Fe,C, but no magnetite to be present in the durry. While the a-Fe
peaks occur at 20 values where there is no overlap with the wax diffraction peaks, some of the
carbide peaks do overlap, making it difficult to perform quantitative Rietveld Structure Refinement
(QRSR). Accordingly, astudy of the wax was made, using a structure model, and two slurry samples
refined for phase identification, in order to test the effectiveness of usng QRSR on a highly crystalline
wax durry sample.

A gquestion arose, regarding entrainment of small crystallites of catalyst in the wax because the two
waxes (EW and SW) differ in subtle details and in color, neither being clear or white. Consequently,
before QRSR analysis of the durry was attempted, 10 mg each of the extracted wax and inert-
stripped wax were digested and andlyzed by atomic emission spectroscopy. The extracted wax(EW)
showed atota iron content of 80 ppm, and the stripped wax (SW) atota iron content of 207 ppm.
Both are well below our detection limit of 350 ppm for XRD, so we concluded that iron entrained
in the separated wax does not contribute significantly to the wax diffraction pattern. The wax was
subsequently refined, using the polyethylene crystal structure of Hu and Dorset, 1989. We obtained
afairly good fit, with high crystallinity.

V. Quantitative Rietveld Refinement, and Precision and Accuracy

The refined structure parameters were used to deconvolute the wax product diffraction pattern from
the durry. Refinement of the SB-3425 durry sample from TOS = 233 hrs was attempted first,
because visud inspection indicated the presence of «-Fe and €'-carbide. Earlier in this discussion it
was mentioned that the diffraction peaks for «-Fe al fall clear of the wax in the angle range (40° -
120° 20); recalling aso, from section I, that it appears that the diffraction intensity of «-Fe relative
to €’-carbide is 3 orders of magnitude higher, we refined for the wax and for «-Fe only, which would
leave €’-carbide in the residud,, if truly present.

The results are shown here as figure 8a. After arough refinement for the waxy product and «-Fe,
a somewhat noisy diffraction pattern, which contains residual wax peaks with some as-yet
unidentified iron phases emerges (bottom curve, figure 8a). Because the residual peak intensities, in
many cases, are of the same order of magnitude as the background, visual identification may be
difficult. In the case of the second durry sample, from run SA-0946, TOS = 0, there is no highly
crystalline product present, only C40 oil. Additionaly, since, by visual inspection, magnetite and -
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carbide are considered present, and their raw diffraction intensities are comparable, we refined for
both phases. Figure 8b shows the complete refinement. Further refinement of the residual from
figure 8a, and the quantification for both samples, is discussed in section V1.

Periodicdly, some samples were reanalyzed to verify the repeatability and accuracy of our analytical
technique, and to check sample stability in the durry. We have decided to evaluate two of these
repeated samples, SB-3425, TOS = 384 hrs, durry, and SB-3425, TOS = 233 hrs, wax stripped
powder. The durry sample from SB-3425, TOS = 384 hrs has been analyzed twice, 7 months apart.
The diffraction patterns are shown here as figure 9a. They appear identical, except that the «-Fe
peeks, present in the first scan at 44.8° and 65.00° 20, are not present in the same sample, 7 months
later. Infact, the second scan appears little different than the wax diffraction patterns shown in figure
7. Upon applying Quantitative Rietveld Refinement to the repeat, using the two LDPE model
structures used to deconvol ute the waxes, we determined that the only catalytic component phase still
present was a very disordered, crystalline magnetite, of small crystallite size (Mansker and Datye,
1998). The previous results make it clear that the iron catalyst is so reactive, that it undergoes
changes, even in the wax matrix.

We andyzed the wax-stripped powder, from SB-3425, TOS = 233 hrs, in order to determine if the
catalyst composition was as much affected by wax remova under flowing inert at reaction
temperature, as it appeared to do upon soxhlet extraction. It was first subjected to a neutron
diffraction (ND) study, scanned by XRD 1 month later, then scanned by XRD, again, 4 months after
the ND study. We will not discuss the details of the diffraction analysis interpretation or the
Quantitative Rietveld Structure Refinement here (see Mansker and Datye, 1998), results indicated
that, athough the mgor peak seen in the sample can be easily identified as «-Fe, the phase
compositions in the sample could be summarized as a mixture of «-Fe, with €’-carbide (ND and
XRD) and trace magnetite (XRD).

Asaqudlity control check, the stripped powder sample was X-rayed again, 3 months later, in order
to determine its stability. Both samples are shown in figure 9b. Visua inspection of the two
diffraction patterns shows that subtle changes have taken place. The intensity of the iron peak has
diminished somewhat after 4 months, and some of the minor phase peaks have become more
prominent. All the peak widths are broader, indicating crystallite breakup has occurred. Rietveld
refinement of the diffraction data for the repeat aso indicated that the sample composition had
changed again. More of the sample had oxidized, the volume average crystallite sizes had decreased
(e.g., the peaks widths had increased), and the €’-carbide had completely transformed to the more
stable y-carbide !

The andyss of the wax-stripped powder shows that, even when care is taken to protect the powder
from air, when wax removal is attempted, and afterward, the catalyst remains highly reactive. We
conclude that the Iron Fischer-Tropsch catalyst, contained in the product wax, can provide an
accurate picture of the working catalyst, but only if analyzed in atimely manner. It appears that
physicaly stripping the wax under flowing inert, or with a combination of suitable solvents (but at
room temperature) may provide sampleswith improved signal to noise ratio for quantitative analysis.
Work isin progress in this regard.
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V. Fischer-Tropsch Reaction Results

Reactivity datafor the catalysts studied here, runs SB-3425, and SA-0946, are included here as figure
10. Instead of showing % conversion, we have shown the apparent first order rate constant which
provides an accurate picture of the intrinsic reactivity of the catayst. The % conversion was
generdly high (80%) and is affected by changesin flow rate as well as reaction temperature. The
data here have been normalized to a reaction temperature of 250 C. Actual conversions for these
runs are shown in the companion paper by Bukur et d. (1998). Table 3 shows the process parameters
during these runs as a function of time and % conversion at selected times on stream.

The catalyst prepared for run SA-0946, activated in CO at 280°, shows a lengthy induction period,
in which the activity starts very low and then rises steadily to its steady state value. SB-3425,
activated in H, at 250°C, shows high activity at the outset. However, its activity beginsto fall at
longer runtimes. The SA-0946 run reaches steady state activity near TOS = 113 hrs, where adlurry
sample was obtained. Its steady state activity is higher than that of SB-3425, and shows stable
activity with time, with some fall off in activity towards the end of the run. In the next section, we
will relate these observed variaions in catalyst activity with the phase composition and morphol ogy.

VI.  Catalyst Evolution with Timeon Stream

We have implied, in the previous sections, that the catalyst shows subtle, but definite phase changes
which correlate with the changes in the activity profiles, in each run. We will now describe these
changesin detail, and discuss what these changestell us about the catalyst’ s active components, over
time. We will contrast the behavior of the catalyst in two runs: SA-0946, and SB-3425. Samples
from run SA-0946 were removed from the reactor at TOS = {0, 113, 229, 354, 427, and 563} hrs.
Samples from run SB-3425 were removed from the reactor at TOS = {0, 111, 233, 330, and 384}
hrs. XRD patterns from these runs have been presented as figures 5a, b, ¢, and d, respectively.
Since we have already documented the changes in phase composition caused by soxhlet extraction,
we will restrict our analysis to the durry catalyst samples.

Now, we present the results of the quantification of the slurry and extracted samples from runs SB-
3425, and SA-0946, using Quantitative Rietveld Refinement, or the estimated 1/, with the peak
intengity, as observed in the diffraction pattern. Table 2 contains the data from the slurry samples,
SB-3425, including a powder obtained from stripping under inert atmosphere (sample SP1; ref.
Section V).

Two consistency testswere used. First, weight percents at TOS = 111 hrs were calculated using the
estimated I/1 ., and the 100% peak heights, and by the more rigorous Rietveld method. The results
are in good agreement with one another. The second consistency test involved TOS = 233 data,
which shows some self- consistency between the dlurry, and the powder obtained by wax-stripping
under flowing inert (SP1). Recall, from section |1, that the stripped powder was first subjected to
aneutron diffraction study, scanned by XRD 1 month later (SP1), then scanned again 3 months after
that ( SP2). Stripping of the wax improves the signal considerably as seen from Fig. 7. The high
intengity of scattering from the «-Fe phase, as manifested inthe /1, values reported in table 1, means
that the carbide peak will be difficult to see when the «-Fe is present. This factor is responsible for
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the magjor uncertainty in composition and crystallite size in these refinements. We propose to
corroborate these values in future work by using Mossbauer spectroscopy and neutron diffraction.
The X-ray scattering cross sections for carbon and iron are very different, making it difficult to ‘ see
the compounds with significant carbon content in amixture, by X-ray. Under neutron diffraction, the
scattering cross sections are of the same order of magnitude; this means that the latter technique may
be more sengitive to the carbide phase in the presence of «-Fe.

Referring the reader back to figure 10, we will now discuss the activity curve for SB-3425. Initialy,
the crystallite size for TOS = 000 hrs, «-Fe, is on the order of 13.5 nm which is in reasonable
agreement with the TEM image reported in Fig. 4. The catalyst appears to transform quickly into
€’-carbide and at TOS = 111 hrs, our refinement suggests that it is almost completely transformed
into the carbide phase. At this stage, the crystallite sizesfor «-Fe are about 37.9 nm, with €’-carbide
at about 5.5 nm. The catdy4 is active until approximately TOS = 160 hrs, when afairly sharp drop-
off occurs. Coincidentaly, there was a change in experimental conditions. a decrease in space
velocity. While the phase composition of the catalyst remains the same, we observe an increasein
crystallite size for €’-carbide and a dlight decrease in that for «-Fe in the sample at 233 hours. The
crystdlite size for «-Fe was about 30 nm, while that for €'-carbide was estimated to be 47 nm. When
the wax was stripped from the catalyst by heating under flowing inert at 270 C, the XRD analysis of
the resulting powder shows comparable crystallite size. The next sample, withdrawn at TOS=330
hours, shows amagor change in phase composition. The catalyst now contains 86% x-carbide with
only 14% €’-carbide. The particle sizes are now 37.2 nm for «-Fe and 7.6 nm for x-carbide.

This number can be compared with the particle size of about 25 nm from the TEM imagein Fig. 4a
and it isclear that the agreement is not very good. One possible explanation isthat XRD is senditive
to the sze of the crystalline domains while TEM sees the entire particle. Hence, if the particles are
not single crystas, the XRD estimate of particle size will be smaller than the TEM size. Many of the
paticlesin Fig. 4a are clearly not single crystals. High resolution images such as the one in Fig. 4c
show the lattice planes in the crystal and alow us to identify the phase if individua crystas.
However, the average phase composition is more difficult to estimate from TEM since it would
involve high resolution imaging of numerous crystallites and matching the lattice planes with the
expected spacings for each phase. Our limited survey of these particles indicated that the magjority
of them showed lattice fringes of 2.13 A which would be consistent with the presence of the ¢’-
carbide. Hence, the TEM is in qualitative agreement with results of the Rietveld refinement as
regards phase composition. By TOS=384, the catalyst appears to have transformed amost
completely into the -carbide, by XRD. The doubling of the crystallite size seen by XRD is again not
seen in the TEM images, but this is subject to the uncertainties in XRD crystallite size estimates
described above.

The sgnificant crystdlite size growth, and corresponding loss of surface areain the €’-carbide phase
may explain the drop in activity which occurs early in this run. The processes responsible for the
observed transformation from €’-carbide to the -carbide need further study. Theloss of activity in
this catalyst appears related to the loss of the a-Fe and €'-carbide and the growth of the x-carbide by
TOS=330. If, aswe contend, o.-Fe and €’-carbide are necessary components of an active catalyst,
and -carbide is less active for FTS, the appearance and increase in y-carbide, with the concurrent
decrease in the remaining two phasesis also consistent with the drop in activity. Asafurther check,
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although not listed in the table, the relative amounts of wax were monitored in the sample series.
Keegping in mind that these are weight percents, and that the waxy product distribution could have,
on average a molecular weight (MW) of at least 3000 g/mole, Rietveld refinement of the slurries,
using two LDPE model structures with MW of 3000 and 1500, respectively, with some disorder,
gave atotd organic weight percent of 99.98%, for al four samples, TOS = {111, 233, 330, and 384}
hrs, with a breakdown of about 35 % material at 3000 g/mole, and 65% material at 1500 g/mole.

Table 5 contains the composition and crystallite size datafor SA-0946, slurry series. For SA-0946,
theinitia durry sample (TOS = 000 hrs) consists mainly of x-carbide, €’-carbide, and trace magnetite
in the ratios 13.41 : 86.38 : 0.22, or essentialy, a carbide ratio (x:€’) of 6.44, with corresponding
volume average crystallite sizes of about 27.0 nm and 13.7 nm, respectively. By TOS= 113 hrs, a
major phase transformation has occurred wherein the x-carbide has converted to the €’-carbide. The
ratio of these carbidesis now 1.14:1, with corresponding crystallite sizes of 11.6 nm and 11.4 nm,
respectively. Referring back to figure 10, this coincides with a maximum in the activity versustime
curve for this run. After TOS 113 hrs, the activity shows a mild drop and then the activity is
reaively constant. The activity begins to drop off again at TOS = 563 hrs. Carbide ratios remain
around 1:1, until the sample withdrawn at TOS = 427 hrs, where the ratio increases to 4.47:1.
Cryddlite szefor the carbides is also growing slowly for both carbides until after 427 hrs when the
x-carbide crystallite size increases to 3.5 times that of the €’ phase. Thereis only atrace of «-iron
or of magnetite, athough both appear significant, from visual inspection of the XRD patterns. It
should be remembered that Table 2 has shown that the phasesthat scatter most strongly are «-Fe and
magnetite, hence their peaks are disproportionately larger than their abundances. The amount of
magnetite seems to increase dightly towards the end of the run, with a crystallite size much greater
than that of the carbide phases.

We conclude that the transformation of the x-carbide into €’-carbide, and a corresponding break up
in crystalite Size, are both responsible for the ow activation of this CO activated catalyst. The mild
deactivation towards the end of the run seemsto be caused by an increase in the x-carbide/e’-carbide
ratio, and an increase in crystallite size.

Summary

Thiswork reports a careful study of the XRD patterns of working Fe based catalysts. These cataysts
were used for aFischer-Tropsch reaction run under conditions similar to those used for commercial
FT synthesis. Care was taken during sample withdrawal to protect the hot wax against atmospheric
oxidation. The objective of this study was to quantify the relative amounts and the crystallite sizes
of the phases present in the reactor as a function of time. Since the XRD databases do not report
absolute intengties of the diffraction pesaks, we performed a calculation to determine these intensities.
The relative peak heights for a 20 wt% mixture of the various Fe phases were reported in Table 1
with respect to corundum, a standard used in XRD analyses. Based on Table 1, we can derive
relative peak heights as follows: (a-Fe = 5440; Fe,O, = 487; Fe,C, = 11.5; Fe,0,=8.7; Fe,.C,=1).
The variation of over three orders of magnitude implies that a simple visua examination of peak
heightsin this system is very deceptive. In amixture of these phases, the «-Fe or the magnetite peaks
will stand out most prominently. Furthermore, the catalyst is so reactive to oxygen in its reduced
state that unless great care is exercised, the reduced «-Fe species can transform into magnetite.
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Hence, one would expect magnetite to be the most prominent phase seen in XRD patterns, as seen
inreviewsof previousliterature. However, magnetite is not the magjor constituent of slurry phase Fe
catalysts. in these runs we found total magnetite content to be less than 1 wt%. This study also
shows that soxhlet extraction, a commonly used procedure for removing the wax from the catalyst,
can result in phase transformations in the catalyst. The phase transformations can occur during
extraction, or upon subsequent air exposure. It is aso possible that the hot solvent may react with
the reduced species, particularly with «-Fe. In view of these potential complications, we examined
the catalysts directly in the hydrocarbon wax.

We found that the hydrocarbon wax can be quite crystalline, particularly from a high apha catayst,
and the wax interferes quite extensively with the Fe phases of interest. Physical means of separating
the wax were explored. Heating the wax in flowing inert gas at reaction temperature caused most
of the wax to entrain and flow out with the gas, leaving behind the catalyst powder. The wax peaks
were practicaly diminated in this process, but there remains the concern that the heat treatment may
cause changes in catalyst structure. In future work, other methods to remove the wax interference
in XRD patterns need to be explored.

Quantitative Rietveld Structure Refinement was performed for the wax-containing catalysts from two
F-T runs. These runs had differing activation procedures and showed dramatically different activity
profiles. The Rietveld refinements of the H,-activated catalyst SB-3425 have the greatest uncertainty
since the dominant peaks in the XRD pattern come from the wax. These wax peaks completely
obscure the most intense peaks from x-carbide, but the «-Fe and magnetite peaks can be clearly seen.
We can state conclusively that the working catalyst in this run does not show the presence of any
magnetite. Our refinements suggest that initsinitia state, the catalyst contains a mixture of «-Fe and
€’-carbide. The drop in activity is caused by a growth in €’-carbide crystallite size, and later in the
run, atransformation of the €’-carbide into x-carbide.

The refinement of the XRD patterns from the CO activated catalyst SA-0946 is easier since the wax
peaks are less pronounced. The CO-reduced catalyst, at TOS = 000 hrs, contains yx-carbide, with a
smaller amount of €’-carbide. No graphite is seen by XRD and TEM images show only a small
fraction of the carbide particles to be covered by graphite. This catalyst exhibits a low activity,
initidly, which increases to a steady state value, with aconcomitant break up into smaller crystallites,
and a decrease in the carbide ratio, which we define as theratio of ( : €’) carbide. Aslong asthe
carbide ratio and crystdlite Sze remainsfairly constant and small, the activity remains high. Activity
appears to decrease with increasing carbide ratio, and with increased crystallite size.

Thiswork has also illustrated that microtomy can be used to prepare thin sections of the working
catalyst in wax for analysis by TEM. HRTEM data provide useful corroboration of the phase
identification by XRD, providing a detailed picture of the relationship between the microstructure
of aworking Fe catdyst with its catalytic reactivity. Detailed HRTEM observations of a series of Fe
catdystswill be presented elsewhere (Jin et al., 1998). Future work will attempt a correlation of the
XRD refinements with Mossbauer spectroscopy and neutron diffraction. Comprehensive analysis by
HRTEM should dlow determination of the surface areas of the various phases and the role of these
phases in determining the activity and selectivity of Fe F-T catalysts.

A.15



Conclusions

The following conclusions can be drawn from this study:

Fe catalysts that have been soxhlet extracted show evidence of oxidation and possible phase
transformations (c-Fe to y-carbide), hence it is preferable to rely on analyses of the catalyst
in the hydrocarbon wax.

The hydrocarbon wax can be quite crystalline, particularly with ahigh a catalyst, resulting in
severe interference with severa of the peaks from the Fe phases of interest. Future work
needs to be directed to methods to reduce the interference from the wax.

The absolute intensities of the diffraction lines from the various phases differ by over three
orders of magnitude. This means that a visual examination of peak heights from an XRD
pattern provides no clues to the relative abundance of the various phases present.

Analysisof XRD patterns must be conducted using Rietveld Structure Refinement methods.
The accuracy of these refinements will depend on signal to noise ratio ( increased catalyst
loading relative to the wax). In thisregard physical means to concentrate the catalyst seem
necessary.

When the catalyst activated in H, at 250 C was used for F-T synthesis, it was found to
transform readily into amixture of «-Fe and €’-carbide, in which form it was as active as the
best cataysts prepared by CO activation. The catalyst lost activity due to a conversion into
x-carbide and growth in crystallite size.

In contrast, a catalyst activated in CO was initially composed of a mixture of -carbide and
€’-carbide with a carbide ratio (x:€’) of 6.44 In this state, the catalyst showed very low
activity. Increasein activity was accompanied by a decrease in the carbide ratio aswell asa
break up into smaller-sized particles. The modest deactivation of this catalyst seen towards
the end of the run seems to coincide with a transformation of the €’-carbide into x-carbide.

This study clearly suggests that the €’-carbide in combination with «-Fe is associated with the
most active catalysts while y-carbide appears to be less active. Further work is necessary to
understand the driving force for these phase transformations, and the relative contributions
from the these phasesto overall F-T activity and selectivity. The XRD quantitation needs to
be corroborated with TEM, Mossbauer and neutron diffraction to provide an accurate picture
of the relative amounts and particle Sizes of the different phases present in aFe F-T synthesis
reactor.
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Figure Captions

Figure 1

Figure 2

Figure 3:

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Simulated X-ray diffraction pattern of a 50:50 wt % mixture of hematite (Fe,O,) and
corundum (a-Al,O;). The peak height ratio for the 100% peaks, I/,.,, IS 2.544.

a) Smulated X-ray diffraction pattern for a 20 wt% mixture of each of these phases:
Fe,0,:Fe,0,:a-Fe:Fe C;:Fe G, ; The remaining plots represent the simulated pattern
for each of these phases plotted at full scale: b) Fe,O, c) Fe,O, d) a-Fe e) Fe,C; f)
Fe,C..

X-ray diffraction pattern from run SB-3425, TOS = 000 hrs. Lower curve, sample
in the oil, and upper curve: powder after soxhlet extraction .

Low magnification view of SB-3425, TOS = 000 hrs, extracted powder
Low magnification view of SB-3425, TOS = 000 hrs, durry

High magnification view of SB-3425, TOS = 000 hrs, extracted powder
High magnification view of SB-3425, TOS = 000 hrs, durry

X-ray diffraction of samples from run SB-3425, durry samples

X-ray diffraction of samples from run SB-3425, extracted samples

X-ray diffraction of samples from run SA-0946, durry samples

X-ray diffraction of samples from run SA-0946, extracted samples. Note the
loss of preferred orientation in the y-carbide phase, with increasing TOS
(except in TOS = 563) - this indicates that the particles are breaking up. The
samples show dgnificant zero-point error, as an S-shaped displacement in the
peaks, with TOS. This probably arises from sample prep error, and could not
be corrected for directly by UNM, due to lack of access to the raw data.
Thus, labeling has been based on the reference angles and/or easily
recognizable peak-group shapes.

a Low magnification view of SB-3425, TOS = 384 hrs, extracted powder

b: Low magnification view of SB-3425, TOS = 330 hrs, durry
c
d

oo

High magnification view of SB-3425, TOS = 384 hrs, extracted powder
High magnification view of SB-3425, TOS = 330 hrs, slurry. Note that figure
5¢ shows images of the powder, without embedding in epoxy and microtomy.

X-ray diffraction of sample taken at TOS = 233 hrs, run SB-3425 concentrated by

physical means. Origina durry, soxhlet extracted wax, stripped wax (by heating

under flowing inert), catalyst concentrate prepared by sedimentation, catalyst after

soxhlet extraction and catalyst after the wax was stripped off in flowing inert. The o-

Fe pesk seen in the durry sample grows in size as the catalyst is concentrated, while

the wax peaks diminish in intensity. Note the remarkable difference between the

soxhlet extracted powder and the inert-stripped powder.

a Incomplete Rietveld refinement of SB-3425, TOS = 233 hrs, for wax (LDPE
structure) and a-Fe. The residual, although extremely noisy, contains the
remaining €-carbide. Theresidud aso shows afew additional peaks from the
wax, originating with the lower molecular weight component and its extreme
disorder.

b: Rietveld refinement of SA-0946, TOS = 000 hrs, catdyst in ail, for magnetite,
x-carbide, and €’-carbide . Note the relative lack of significant diffraction
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Figure 9

Figure 10:

a

intengity in the residual curve, except for the oil and amorphous silica. This
diffraction pattern a'so shows some trace hematite (sharp spikes).

XRD plot of SB-3425, TOS = 384 hrs, durry, repeat analysis after a 7 month
period where the catdyst sat in the laboratory exposed to air. The a-Fe peak
has disappeared despite the presence of the wax which encapsulates the
catdyst. The magnetite that formsis poorly crystalline and therefore does not
show up in the XRD pattern.

XRD plot of SB-3425, TOS = 233, stripped powder repeat analysis after 3
months. It appears that the wax residue left after heating the catalyst in
flowing inert does a better job of protecting the catalyst from further
oxidation.

Fischer-Tropsch reactivity for runs SB-3425, and SA-0946. The results are plotted
in the form of a pseudo first order rate constant referenced to 260°C. The rate
constant is in mmol of CO converted per g Fe per Mpa pressure per hour. The
reactor was operated at temperatures ranging from 260 C to 266 C and varying space
velocities. The process conditions and actual conversion at several times on stream
areshownin Table 3.
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Table 1: I/l for iron phase mixture

Phase Imax I\l , calculated
Fe 5.750E+05 1592.3
FE,C, 1220. 3.378
Fe.C, 105.7 0.293
Fe,0, 5.1458E+04 142.50
Fe,0, 919.1 2.544

Table 2: d-spacings, angles, and relative intensitiesin the Wax XRD

d-spacing, A 2986 | 2569 | 2545 | 2485 | 2108 | 1.613 | 1.444
20 Angle, ° 29.9 34.9 3524 |36.12 |42.86 |57.04 |[64.46
% Intensity, extracted 79.96 |[45.76 |48.79 |100 98.39 |30.18 |24.74
% Intensity, stripped 62.58 [42.31 ]42.99 ]66.87 [100 25.84 [19.11
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TABLE 3. Process Changeswith corresponding % Conversion

TOS, hrs SA-0946: Change % conversion
0 Sample; T = 260°C; P =200 PSIG; H,/CO = 0.67; SV = 2.34 Nl/g- 36.1 (2h)
cat/h
113 Sample 76.6 (112h)
133 Sv=1.8 Nl/g-cat/h 76.0 (131h)
229 Sample 80.2 (228h)
231 P =300 PSIG; SV = 2.64 Nl/g-cat/h 76.4 (235h)
354 Sample 81.1 (351h)
427 Sample 81.0 (426h)
443 H,/CO = 0.6; SV = 2.0 Nl/g-cat/h 81.5 (442h)
563 Sample 81.9 (561)
TOS, hrs SB-3425: Change % Conversion
0 Sample; H,/CO = 0.67; T = 260°C; SV = 2.34 Nl/g-cat/h; P = 200 75.8 (1.5h)
PSIG
111 Sample 70.8 (110h)
159 SV = 1.80 Nl/g-cat/h 70.2 (157h)
233 Sample 73.5 (230h)
278.5 Power out 71.8 (276h)
279 T =200°C
282 T = 260°C 70.0 (287h)
311 H2/CO=0.6 69.8 (310h)
330 Sample 65.1 (329h)
330 SV = 1.0 Nl/g-cat/h 81.7 (340h)
355 T =266°C 80.0 (353h)
384  ISample 80.1 (383N) |
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Table 4: Estimated wt % of iron phasesin SB-3425, Surry samples

TOS, hrs o-Fe €’-carbide x-carbide magnetite
0 100 0 0 0
111 0.02 (QRSR) 99.98 (QRSR) 0 0
0.03 (I/1 ) 99.98 (I/1,)
233 3.09 96.91 0 0
233 (SP1) 1.76 89.50 8.74
330 0.42 14.44 85.98 0
384 .004 2.47 97.52 0

.=I
SB-3425, Slurry samples: Particle sizes, nm

TOS, hrs o-Fe €’-carbide x-carbide magnetite
0 13.54
111 37.88 5.27
233 30.50 47.12
233 (SP1) 17.54 23.32 33.42
330 37.88 5.27 7.63
384 37.22 4.49 14.78
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Table 5: Estimated wt % of iron phasesin SA-0946, durry samples

TOS, hrs o-Fe €’-carbide x-carbide magnetite
0 0.00 13.41 86.38 0.22
113 0.00 46.17 52.85 0.99
229 0.01 49.46 49.48 1.05
354 0.005 52.92 46.42 0.65
427 0.00 18.25 81.54 0.21
563 0.00 12.19 87.40 0.41

I=I
SA-0946, durry samples: Particle sizes, nm

TOS, hrs o-Fe €’-carbide x-carbide magnetite
0 13.67 26.92 19.27
113 11.38 11.58 48.195
229 52.12 11.27 7.67 44.16
354 7.10 19.44 15.75 189.36
427 21.60 21.88 145.86
563 29.49 77.34 158.19
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Figure 2a a) Simulated X-ray diffraction pattern for a 20 wt% mixture of
each of these phases. Fe,0;:Fe,0,.a-Fe:Fe,C;:Fe.C,
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Figure2b Simulated pattern of Fe,O, from figure 2a, plotted at full
scale.
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Figure2c Simulated pattern of Fe,O, from figure 2a, plotted at full scale.
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Figure2d Simulated pattern of o-Fe from figure 2a, plotted at full scale.
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Figure 2e Simulated pattern of Fe,C, from figure 2a, plotted at full scale.
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Figure 2f Simulated pattern of Fe.C, from figure 2a, plotted at full scale.
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Figure4a Low magnification view of SB-3425, TOS =
000 hrs, extracted powder
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Figure4b Low magnification view of SB-25, TOS=
000 hrs, durry
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Figure4c  High magnification view of SB-3425, TOS =
000 hrs, extracted powder

Figure4d High magnification view of SB-3425, TOS:
000 hrs, durry
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Figure 6a Low magnifiion \‘/iew of SB-3425,0S =
384 hrs, extracted powder.

Low magnification view of SB-3425, TOS =
330 hrs, dlurry.

i gur 6
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Figu.ré 6c ngh magn|f|cat|on view of SB-3425, TOS =
384 hrs, extracted powder, no microtomy.

Flgure 6d ngh magn|f|cat|on view of SB 3425 TOS=
330 hrs, durry.
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SB-3425 Slurry

Normalized Relative Intensity
1%, ]
=

£ 150 Rietveld Refinement for LDFE a- Fe
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Figure 8a Incomplete Rietveld refinement of SB-3425, TOS = 233 hrs, for
wax (LDPE structure) and a-Fe.
i Rietveld Refinement of SA-0496, TOS= (0 hrs
100

%

A - carbide, mag. over oil hump

25 30 35 40 45 50 55 60 65
Degrees 20

Figure 8b

Rietveld refinement of SA-0946, TOS = 000 hrs, catalyst in ail, for
magnetite, yx-carbide, and €’-carbide.
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175 SB-3425, TOS = 384 hrs
Repeatability Runs
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Figure 9a XRD plot of SB-3425, TOS = 384 hrs, slurry, and repeat
analysis after 7 months.

175 ¢ | o-Fe Inert - Stripped Powder
3 Repeatability Runs
150 5B-3425, 105 = 233
_é" C {with residual wax)
£ 125 |
=
d L
g 100 ¢ Spo 09/08/97
M., C
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&3 SP1 06/01/97
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Figure 9b XRD plot of SB-3425, TOS = 233, stripped powder after 1
month, with repeat analysis after 3 months.
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