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Abstract

We describe the evolution of catalyst microstructure as a precipitated Fe—Cu catalyst precursor is transformed into an
attrition resistant Fischer—Tropsch (F-T) catalyst. The precipitated Fe—Cu catalyst, as-prepared, is weak compared to the same
catalyst that was spray-dried, but without a binder. Spray-drying improves the attrition resistance of the catalyst. Ultrasonic
fragmentation was used in this work to measure the attrition resistance of the slurry phase catalysts. Both catalysts, after
ultrasonication, produce fine particles beloy®, which could cause filtration problems in slurry F—T reactors. The addition
of silica as the binder improved the catalyst’s attrition resistance with negligible generation of fine particles psfow 5
Cross-section TEM of the Siacontaining Fe F-T catalyst shows that the crystallized Fe particles with an average particle
diameter of 80 nm are uniformly distributed within a silica binder. This study provides insight into the catalyst microstructure
that leads to improved attrition resistance in Fe F-T catalysts. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction [2,3] we concluded that a plate-like kaolin binder did
not impart any additional strength to a precipitated Fe
This work is directed towards synthesis of attri- catalyst. As revealed by TEM [1], the kaolin and Fe
tion resistant Fe Fischer-Tropsch (F-T) catalysts. In a F-T catalyst occurred as two distinct phases, and both
previous study [1], we reported a comparison of two had plate-like structures which did not connect to cre-
approaches used for measuring the attrition strength ate strong interlocking forces between them. Hence, a
of catalyst agglomerates: ultrasonic fragmentation and precipitated silica was chosen as the binder. The sil-
uniaxial compaction. Ultrasonic fragmentation cou- ica provides a morphology that is conducive to creat-
pled with particle size distribution measurements was ing interlocking forces that hold the Fe F-T catalyst
found to be more sensitive to differences in catalyst together.
strength than uniaxial compaction. Recently, we have  There are several processing steps such as calcina-
also explored the role of binder morphology to pro- tion and silica binder addition (either before or after
vide improved attrition resistance to the Fe F-T cat- spray-drying) that affect the attrition resistance of the
alysts. Using the ultrasonic fragmentation approach catalyst [4]. We concluded that the addition of pre-
cipitated silica to the Fe—Cu precursor followed by
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better hydrodynamics when the catalyst is used in a #1; PQ Corp.), to yield a silica loading of 25 wt.%.
slurry bubble-column reactor. Diluted nitric or hydrochloric acid (0.1 N; J.T. Baker)
In this study, we examine the evolution of catalyst was added dropwise while the slurry was stirred until
morphology during the synthesis of Fe F-T catalysts. the pH was about 7. Deionized water was added to
The attrition strength of the catalyst was related to its prepare 250 ml of slurry, and the mixture was stirred
microstructure during the various steps in the synthe- for ~10min. A Buchi 190 Mini Spray Dryer was
sis of this Fe F—T catalyst: the as-prepared precipitated used to spray-dry the slurry. The inlet temperature of
Fe—Cu precursor, after spray-drying, and the addition the spray dryer was over 200 with the outlet being
of precipitated silica followed by spray-drying. Tech- maintained over 10@.
nigues such as ultrasonic fragmentation, transmission A Micromeritics Sedigraph 5100 analyzer was used
electron microscopy (TEM) and scanning electron mi- to measure the particle size distribution with time.
croscopy (SEM) were used for the analysis. Some of One gram of the catalyst sample was added to 50 ml
the catalyst samples were studied using cross-section,of a 0.05 wt.% solution of sodium hexametaphosphate
which was recently applied to the study of Fe F-T (SHMP), which was used to prevent flocculation dur-
catalysts [5]. ing the size determination. The suspension was then
subjected to ultrasound at 5-min intervals using the
Tekmar 501 ultrasonic disrupter, at an amplitude set-
2. Experimental ting of 20. After different extents of ultrasonic irra-
diation, the particle size distribution was analyzed to
A precipitated Fe—Cu catalyst (64.80% Fe, 6.24% detect the extent of particle fragmentation. The size
Cu by ICP based on dried weight) in its wet form (la-  distribution also revealed whether particle fracture oc-
beled PRFECU-ED20-124) was used for the experi- curred (with a shift in median size) or erosion (show-
ments. The starting materials were the nitrates of Fe ing the appearance of fine particles).
and Cu, and NBOH. Solutions of Fe—Cu nitrate and The precipitated iron catalyst precursor as well as
NH4OH were mixed at 80C in a continuous flow  the spray-dried catalyst was examined using elec-
through mixer, causing the iron oxide to precipitate. tron microscopy. SEM was performed using a Hi-
The product catalyst was discarded until the pH was tachi S-800 field emission gun SEM while a 200 kV
between 6.8 and 7.2. The catalyst was then collected JEOL 2010 TEM was used for higher magnification
in a filter funnel, and the filter cake was pumped down images. The spray-dried catalyst was examined by
to being wet but not cracked. Samples of the filtrate cross-section TEM. The details of sample preparation
were obtained; a pH and brown-ring test were per- and the conditions used for microtomy are described
formed for each sample to ensure that the pH remained elsewhere [5]. Cross-sections having a thickness of
near 7.0 and that traces of NNO3 were removed  60nm were prepared and holey carbon grids (SPI

from the catalyst, respectively. The cake was removed Supplies) were used to pick up the thin sections for
and then re-suspended in hot water. After filtering the TEM analysis.

slurry, samples of the filtrate were obtained for pH

and brown-ring testing. After the brown-ring test was

negative, the filter cake was pumped moist. Finally, 3. Results and discussion

once the precipitated Fe—Cu catalyst was dry enough

to remove it off the filter, the catalyst was suspended  Fig. 1 shows cumulative mass distribution plots of

in deionized HO. mass finer (%) vs. equivalent spherical diameter for
One hundred milliliters of the precipitated Fe—Cu the precipitated Fe—Cu catalyst, both as-prepared and

catalyst was ultrasonicated at an amplitude of 20 for after spray-drying. The as-prepared catalyst breaks

2min to break up any loose agglomerates. A Tekmar down easily after 25min of ultrasonic irradiation,

501 ultrasonic disrupter (20kH#50Hz) equipped  and has a broad particle size distribution. On the

with a V1A horn and & in probe tip was used for the  other hand, spray-drying improves the attrition resis-

ultrasonication process. The sample was then mixed tance of the precipitated Fe—Cu catalyst, which has a

with 11 ml of potassium silicate solution (KAS@_ more uniform particle size distribution. There is some
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Fig. 1. Sedigraph particle size distributions of a precipitated Fe—Cu
catalyst, as-prepared and after spray-drying. The as-prepared cat-
alyst is weak and breaks down easily after 25min of ultrasonic
irradiation, while spray-drying improves its attrition resistance.

Fig. 2. SEM images of the precipitated Fe—Cu catalyst precursor,
as-prepared and after spray-drying. The as-prepared catalyst par-
ticles are clustered together due to drying of the catalyst, which
is initially present in a suspension. The spray-dried catalyst below
consists of individual agglomerates.

generation of fine particles belowpdn, suggesting

that the catalyst is still not resistant to erosion. The agglomerates. The resolution of the SEM is not suffi-
generation of fine particles belowpBn due to erosion  cient to determine the nature of the individual particles
may not, however, be acceptable for slurry F—T reac- that make up this film. Therefore, a TEM was used
tors. Fig. 2 shows SEM images of these catalysts. The to study the primary particles in this precipitated iron
spray-dried catalyst consists of individual agglomer- catalyst.

ates compared to the catalyst, as-prepared. Since the The precipitated Fe—Cu precursor in its wet form
as-prepared catalyst is initially in its wet form, drying was first allowed to settle overnight. A drop of the
the catalyst causes the particles to cluster together.supernatant suspension was then deposited on a TEM
Therefore, the micron-sized particles seen in this im- grid to better characterize the morphology of the
age are actually composed of individual primary par- iron phase in this catalyst precursor. Fig. 3A shows a
ticles, as we show below. In addition, there appears to TEM image of the precipitated Fe—Cu precursor from
be a thin film in the SEM image in addition to these the supernatant solution. This image shows that the
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70.00 nm

Fig. 3. (A) TEM image of the precipitated Fe—Cu catalyst precursor from the supernatant solution. (B) An amorphous phase, region A,
which indicates it is too thin to have fully crystallized. (C) Lattice fringes, region B, confirm that the primary particles are all single crystals.

supernatant contains primary particles which can be To examine the rest of the precursor solution, it
indexed based on X-ray diffraction to be crystalline was re-suspended using ultrasonication to break up
hematite (FgO3). A higher magnification view of  any loose agglomerates. A drop of this suspension
one of these particles is shown in Fig. 3C. The lat- was deposited on a TEM grid for examination to see
tice fringes confirm that the primary particles are all if the nature of the primary particles was any differ-
single crystals even though they have very irregular ent from that in the supernatant. Fig. 4 shows a TEM
outlines and show no well-defined facets. The area image of the precipitated Fe—Cu precursor from the
labeled A in Fig. 3A is also shown at a higher mag- ultrasonicated solution. Roughly spherical particles
nification in Fig. 3B. It is evident that this region are seen that are very similar to those seen in Fig.
is amorphous, which could indicate it is too thin 3A, with an average primary particle size of 80 nm.
to have fully crystallized. It is clear that the super- Higher magnification views show no evidence of any
natant suspension contains only crystalline primary amorphous thin film to be present on the carbon sup-
particles. port film. Therefore, we conclude that the wet catalyst
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Fig. 5. Sedigraph particle size distribution of a spray-dried precip-
itated Fe—Cu catalyst containing silica. There is little generation
of fine particles below p.m after 25 min of ultrasonic irradiation.

but the aggregates were irregularly shaped [4]. Hence,
in this study, we restricted ourselves to spray-dried cat-
alysts where silica was added before the spray-drying
step.

Fig. 5 shows the particle size distribution of the
SiOp-containing catalyst, before and after ultrasonic
irradiation. It is clear that the presence of silica
further improves the attrition resistance of the cata-
lyst. There is no generation of fine particles below
5pm even after 25 min of ultrasonic irradiation. BET
surface area, pore volume and bulk density of the

Fig. 4. TEM image of the precipitated Fe—Cu catalyst precursor, spray-dried cataly§t are ;'27'@[9’ 0.18 Cn:f/g a.'nd
obtained from the ultrasonicated solution. The catalyst consists of 167 glc'ﬁ’ respectlvely. Fig. 6 shows an SEM Image
crystalline primary particles of hematite with an average particle Of the SiG-containing spray-dried Fe—Cu catalyst.
size of 80nm. A higher magnification view is shown below. The catalyst is roughly spherical in shape, typical of

a spray-drying process, but the median particle size

(=8 m) is smaller than that desired for a commercial
precursor contains only crystalline primary particles, F-T process (50-70m). This represents a limitation
and there is no evidence for any soluble iron species of our bench-top spray dryer. The SEM image does not
still left in solution. provide any clues to the particle—binder interaction.

The next step in the synthesis was the addition of For example, we cannot determine the morphology of

silica to these hematite particles. We investigated var- the SiG binder and the distribution of the hematite
ious approaches to adding the Si® the precursor,  particles within the agglomerate. Hence, cross-section
both before and after spray-drying, and also explored transmission electron microscopy (XTEM) was per-
the role of a calcination step [4]. It was found that the formed to look more closely at particle—binder inter-
addition of the SiQ@ binder before spray-drying was actions, and to map out the internal structure of the
most beneficial, subsequent calcination providing no catalyst agglomerates. The particle outlined by the
further improvement in strength. Catalysts that were circle in Fig. 6 shows a typical catalyst agglomerate
calcined first, before spray-drying, were even stronger, that was analyzed by XTEM.
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Fig. 6. SEM image of the spray-dried precipitated Fe—Cu cata-
lyst containing SiQ. A typical catalyst agglomerate analyzed by
cross-section TEM in Fig. 7 is outlined by the circle.

XTEM images of the Si@-containing spray-dried
Fe—Cu catalyst are shown in Fig. 7. Some of the cat-
alyst agglomerates were broken apart due to the force
exerted by the diamond knife during the microtoming
process. The XTEM image in Fig. 7B is an example of
an unbroken catalyst agglomerate. The dark-colored
areas in the catalyst agglomerate represent the Crys—rig. 7. XTEM image of the spray-dried precipitated Fe-Cu-SiO
talline hematite particles surrounded by the amorphous catalyst. (A) Aggregates that may have broken up due to the forces
SiO, binder. The particle size appears similar to that exerted during microtoming. The dark spots are hematite particles
seen by TEM before addition of silica, with an average in a silica matrix. (B) An unbroken catalyst agglomerate.
particle size of about 88 nm. The overall size of the
catalyst agglomerate (Fig. 7A) is in agreement with
the agglomerate sizes seen in the SEM image (Fig. 6). such as shown in Fig. 3B, may dissolve during the acid

Fig. 8 shows an XTEM image of the catalyst at a addition to cause silica precipitation from the silicate
higher magnification. Region A comprised 70 wt.% of solution. The iron present on the silica is in highly dis-
Fe and 5wt.% of Si. Region B shows a significant persed form and does show up as a crystalline phase
amount of hematite to be present even though the TEM that can be identified in TEM images.
image shows contrasting characteristics of amorphous The compositions of Fe and Si obtained by EDS
silica (23 wt.% Fe vs. 33wt.% Si). The presence of an analysis via TEM were compared with the composi-
iron phase in areas of the sample that are devoid of tions obtained by X-ray photoelectron spectroscopy
the crystalline particles is surprising. The initial anal- (XPS). Table 1 gives wt.% compositions for the Fe,
ysis of the precursor had ruled out any soluble species Si and O elements. The wt.% of Fe from XPS is less
being present in the precursor. Therefore, we feel that than the wt.% of Fe determined from EDS analysis (22
a possible explanation is that some of the particles in vs. 37%, respectively). XPS sees only the near-surface
the precursor, particularly the thin amorphous regions region of the sample, whereas EDS is bulk analysis.
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is weak and breaks down easily after applying ultra-

sound. Spray-drying this catalyst precursor improves
the attrition resistance of the catalyst. However, there
is still some generation of fine particles belovyi

due to erosion, suggesting that a binder may be es-
sential for providing attrition resistance to the Fe F-T

catalyst.

Addition of precipitated silica, followed by
spray-drying, further improved the attrition resistance
of the Fe F-T catalyst, showing no generation of fine
particles below um after 25 min of ultrasonic irra-
diation. The median particle size of these spray-dried
agglomerates was aboutu8n, which was the best
we could achieve with our bench-top spray dryer.
These agglomerates contain crystalline particles of
hematite dispersed uniformly within an amorphous
silica matrix.

In future work, these spray-dried catalysts will be
Fig. 8. XTEM image of the spray-dried precipitated Fe—Cu catalyst tested under actual F-T conditions, and then ana-
containing a Si@ binder. Region A mostly consists of iron oxide  lyzed to determine their particle size distributions.
while region B consists of amorphous silica with some iron phase |t is known that iron oxide catalysts first have to be

present. transformed into reduced iron phases, such as iron

carbides, before they achieve a high activity for F—T
Table 1 synthesis reactions [6]. However, these phase trans-
aple

formations result in a chemical attrition of the catalyst

Elemental analysis of the Fe—Cu—SiGpray-dried catalyst . . . .
Y Spray Y [7], which needs to be considered in the design of

Elements From EDS (wt.%) From XPS (Wt.%)  attrition-resistant catalysts.
Fe 37.23 21.68

Si 23.88 22.36
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