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ABSTRACT

Fischer—Troi)sch (FT ) synthesis to convert syngas (CO + H,) derived from natural gas or
coal to liquid fuels and wax is a well-established technology. For low H; to CO ratio syngas
~produced from CO, reforming of naturai gasv or from gasification of coal, fhe use of Fe catalysts
is attractive because of th.eir high water gas shift activity in addition to their high FT activity. Fé
'~ catalysts are also attractive due to their low cost and low methane selectivity. Because of the
highly exothermic nature of the FT reaction, there has been a recent move away from fixed-bed
reactors toward the development of slurry bubble column reactors (SBCRs) that employ 30 to 90
ul’;l catalyst particles suspended in a waxy liquid for efficient heat removal. wae;ver, the use of
Fe FT catalysts in an SBCR has been problematic due to severe catalyst attrition resulting in-
fines that plug the filter employed to separate the catalyst from the waxy product. Fe catalysts
‘can undergo attrition in SBCRs not only due to vigorous movement and collisions but also due to
phase changes that occur during activation and reaction.

The objectives of this research were to develop a better understanding of the parameters
affecting attrition of Fe F-T catalysts suitable for use in SBCRs and to incorporate this
understanding intd the design of novel Fe catalysts having superior attrition resistance.

A Ruhrchemie iron catalyst of composition 100Fe/5Cu/4.2K/25Si0, was obtained and
tested for FT activity in a 1 cm i.d. high pressure fixed bed micro-maétor system. This catalyst
will serve as a baseline catalyst for this work from which improvements in attrition resistance
and activity will be sought. The effect of silica addition via coprecipitation and as a binder to a

doubly promoted FT iron catalysts (100/Fe/5 Cu/4.2K) was studied. The catalysts were prepared
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by coprecipitation, followed by binder addition and spray drying ét 250°C in a 1 m diameter, 2 m
tall spray dfyer. The binder silica éontent was varied from 0 to 20 wt %. - A catalyst with 12 wt
% binder silica was found to have the highest attrition'resistance. The FT activity and selectivity
of this catalyst are better than a Ruhrchenlie dataiyst at 250 °C and 1.48 MPa. F-T reactionv
‘studies over 100 hours in a fis(ed-bed reactor showed thatlthis catalyst maintained arpund 95%
CO conversion with a methane selectivity of less than 7 wt % and a Cs"selectivity of greater than
73 wt %. The effect of adding precipitated silica f;om 01020 % pbw (containing 12 wt %
binder silica) was also studied. Addition of precipitated silica was found to be detrimental to
attrition resistance and resulted in increased methane and reduced wax fonﬁation. Based on the
- experience gained, a proprietary HPR-43 catalyst has been successfully spray dried in 500-g
quantity. This catalyst showed 95% CO conversion over 125 h of testing at 250 ?’C, 1.48 MPa,
and 2 NL/g-cat/h and had less than 4% methane selectivity. Its attrition resistance was one of the

highest among thé catalysts tested.
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Attrition Resistant Iron-Based Fischer-Tropsch Catalysts

1.0 INTRODUCTION |
Fischer-Tropsch synthesis (FTS) is a set of reaétions by which CO and H; (syn gas) are
converted into a wide variety of hydrocarbons. This synthesis provides the best means currently
available for the conversion of coal into synthetic transportation fuels. While over the near to
. mid term this indirect coal liquefaction route is not likely to be competitive with cheap oil on a
global basis, there are a number of commercial acti;fities in this area. SASTECH is making
commercially synthetic fuels and chemicals by FTS from cdal, China plans to make town gas via
.this route, and Williams Company is constructing a pilot plant to determining the economics of
underground coal gasification, while Shell is using FTS commercially to convert natural gas to
high value products. hﬁprovements and innovation in FTS is strategically very important to the
U.S. because of its vast coal reserves and because it represents the best way to make high quality
liquid productsdfrom coal.

Since the gasifibcation of coal gives syn gas relatively lean in hydrogen (H»/CO=0.5-0.7),
the use of a catalyst which converts the oxygen of the CO to CO; rather than HyO is preferable.
This is achieved by using catalysts which, in addition to being active for FTS, are also active for
the water gas shift reaction (WGS):

CO + H,0= CO, + H;
~ Fe is the preferred catalyst since it is one of the more active FTS catalysts, active for the WGS -
reaction, and relatively inexpensive.
Because FTS is so exothermic, one of the major problems iﬁ control of the reaction is

heat removal. Recent work by industry (Gulf, Statoil, Exxon, SASOL/ SASTECH, Rentech, and

others), DOE, and universities has concentrated on the use of slurry-phase reactors, especially
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slurry bubble column reactor (SBCRs), which are ablé to be controlled more easily because of
the liquid phase present. Such reactors have relatively simple designs and low initial costs while
still per_mitfing high catalyst and reactor productivity.

Obviously, much recent work related to slurry-phase FTS based on coal-derived syn gas
bhas focused on using Fe catalysts. Unfortﬁnately, the use of Fe catalysts in SBCRs have been
found to present a number of problems. Because of the difficulty in reducing highly dispersed
Fe and its lower FTS activity than Co (which does not posses much WGS activity) or Ru (which
is too expensive to use by itself), bulk Fe catalysts have had to be used in order to have sufficient
active sufféce area per catalyst weight. The Fe catalysts used in SBCRs have been usually
prepared by precipitation, one of the typical methods of preparation of Fe catalysts for use in
fixed bed regctofs.

The problems encountered in using precipitated iron catalysts are mainly due to two
majo; characteristics: (a) their low density and (b) their attﬁtion properties. Since SBCRs are
used to produce high alpha () FTS products, there is a need to easily and inexpensively separate
the catalyst from the liquid products. The apﬁarent‘ density of typical precipitated Fe catalysts is
estimated to be very close (near 0.7 g/em®) to that of Fischer-Tropsch wax (about 0.68 g/cm’) at
reaction conditions (Donnelly, 1989). While this is beneficial for keeping the catalyst slurried,
catalyst separation from the products can be difficult since the catalyst does not settle well.

Although in;émal/extemal filtration systéms can be incorporated with slurry reactors,
plugging of the filters by Fe catalyst paniclés is encountered. This is due to the low attrition
resistance of the Fe catalyst and the significant breakage of thé_ Fe particles. Fe catalysts are -
subject to both chemical as well as physical attrition in a SBCR. Chemical attrition can be caused

due to phase changes that any Fe catalyst goes through (Fe,O3—Fe;0;—+FeO—Fe metal—Fe




"carbides) potentially causing internal s,fresses within the particle and resulting in weakening,
spalling or cracking. Physicalv attrition can result due to c;)]lisions between catalyst particles and
with reactor wall. Catalyst particles of irregular shaipes ai;d non-uniform sizes pro’duced'by
conventional methods are subject to greater physical attrition. Recently, there has been an in-
.depth development of precipitated Fe catalysts for use in the slurry phase at the University of
| Kentucky (O’Brian et al., 1995). However, none of the catalysts produced by this route appears
to offer much improvement in attrition reéistance.
1.1 Use of Fe Catalysts in SBCRs
Recent work by industry (Gulf, Statoil, Exxon, SASOL/SASTECH, Rentech, and
others), DOE, and universities has concentrated on the. use 6f slurry-phase reactors, especially
SBCRs. The advantages of the SBCRs are (i) the ability to use low Hy/CO ratio synthesis gas,
(ii) the ability of the liquid phase to efficiently withdraw the heat of reaction and thereby control
reaction temperaturé, (iii) high catalyst and reactor productivity, (iv) favorable conditions for

- catalyst regeneration, and (v) simple construction and low investment cost.

Much recent work related to slurry-phase FTS based on coal-derived syngas has focused

on using Fe catalys.ts. The major problem encountered in the use of Fe catalysts in SBCRs is
their tendency to undergo attrition which can result in fouling/plugging of downstream filtér and
equipment and make the separation of the catalyst from the oil/wax product very difficult if not
impossible. |

To date, the only group reporting any 'success in solving this problem is SASTECH. |
They have patented a wax-catalyst separation system for use external to the reactor. However, it
appears that this may be only part of the solution and that catalyst “pretreatment” also plays an

important role. Unfortunately, not only are all of the details proprietary, they are owned by a




foreign company. Also, even if some combination of improved catalyst and external separation
system is success.ful, the need for a separate separation system beyond in-systenﬂ filters creates
addea cost for this process.

1.2 Catalyst Attrition

The factors which affect attrition dynamics include the properties of the catalyst particles,
the reactor environment, and the types of breakage mechanics. Spherical particles are less likely
| to attrit than irregularly shaped particles. The size of the particle and the size distributibn of the .
“entire catalyst particle population also influence attrition. In general, larger particies are more

easily attrited than smaller ones. However, there is no systematic relationship between particle
size, size distribution, and friability. The porosity of the particle influences its friability. Also,
- pores filled with liquids are more likely to rupture due to changes in state of the liquid caused by
temperature or pressure changes.. Catalyst particle hardness provides a general measure of the
particles ability to resist wear and its susceptibility to fracture (Lee et al., 1993).

In addition to the physical properties of the catalyst, the reaction environment can have a
major impact on attrition by causing solid-state phase transformations in the catalyst. During
activation of the polycrystalline precipitated Fe catalyst, iron oxide transforms from hematite to
magnetite and finally into Fe® and iron carbide phases. While the transformation from hématite
to magnetite is extremely rapid, the magnetite-to-carbide transition is much slower (Shroff et al.,
1995). Because of the multiplicity of phases, grain boundaries phase growth kinetics, significant
stresses can be introduced into the Fe particle leading to breakage.

1.3 Fe Catalyst Preparation
The preparation of the early precipitated iron catalyst developed by Rﬁhrchemie aﬁd used

in the fixed-bed reactors at SASOL as well as the more recent work carried out on these catalyst




to improve their performance has been reviewed extensively (Dry 1981, Anderson 1984, Lang, et
al., 1‘995'). The work done on precipitated iroﬁ catalysts intended specifically for liquid-phase
synthesis has also been reviewed (Kolbel 1980). Basiclally,' these iron catalysts are prepéred by
precipitation from a preheated solution of iron and copper nitrates (40 g Fe and 2 g Cu per liter)
with sodium carbénate (Dry 1981). The addition of sodium carbonate is carried out with

vigorous stirring for several minutes until the pH reaches 7-8. Sodium is removed by washing

with hot distilled water in a filter press. The resulting precipitate is slurried in water and

- impregnated with a potassium waterglass solution to provide 25 g SiO; per 100 g Fe. SiO; is

presént as a structural promotor. The precipitated silica is adsorbed onto or reacted with the high
area Fe,0s and excess potassium removed by the addition of sufficient HNO3 to give 0.5 g K,O
per 100 g Fe after filtration. The catalyst is filtered, extruded , and dried to less than 10 wt%
water (Dry 1981). If no silica is added or if it is to be added in forms other than potassium
waterglass, alkali addition to the precipitate is carried out using a dilute potassium carbonate
solution. Precipitation with ammonia or ammonium carbonate solution may bé preferable in
order to eliminatc the promoter effect of retained sodium carbonate, greater ease of filtration, and
use of 40% less water is in the washing process (Kolbel 1980).

The structure of the catalyst is affected by th_e‘concentratiovns of the different solutions,
the time of precipitation, and the control of temperature and pH during the precipitation process. |
Silica stabilizes the iron oxide by preventing crystal growth and results in higher surface area
catalysts. The porosity of the catalyst is also dependent on the amount of shrinkage during the
drying process. The pore volume can be increased more than two fold when the precipitate is re-
slurried in acetone and then dried. However, the physical strength is an inverse function of the

pore volume (Dry 1981). The non-uniform particle sizes and, especially, the irregular shapes of
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the catalyst particles produced by precipitation lead to high production of catalyst fines by
abrasion. Although the addition of silica to cafalysts produced by precipitation may impfove their
physical and rﬁechanical properties, especially their hardness, it does not méke them suitable for -
operation in a SBCR. Their low density (~0.7 g/cm3) which is close to the density of FT wax
(0.68 g/em®) makes it difficult to separate them from the wax following reaction although it helps
to keep them slurried.‘

Supported metal catalysts on attrition resistant supports such as alumina of silica are
commonly used in the refining and chemical industry. The attrition resistance of these supports
is due in major part t6 their ability to be produced in a spheroidal shape, their refractory
proﬁerties, and their strength. While‘supported Co catalysts have been found lto be very effective
for FTS and, in fact, are being uséd by Shell in their plant in Malaysia, supported Fe cafalysts
have been found to be less effecﬁve for FTS compared to precipitated ones (Dry 1981; Anderson
1984; Bukur, D.B., et ai., 1990 a, b). This is due to an increased difficulty in reducing the Fe, the
lower inherent activity of Fe, an interaction of promoters such as alkali with the support making
~ higher concentrations of these promoters necessary, and the presence of small pores which can
be clogged by wax during reaction thereby elirninat.irllg active Fe sites within the pores. Other
‘tradition routes for preparing Fe catalysts éppear even less attractive. |
- 1.4 Spray Drying

Spray dx;ying is a technique which is widely used to produce up to 60 mesh spheroidal
materials starting from colloidal or uniform size powders (Stiles 1983). Spray dried catalysts are
used in fluidized bed reactors because of their spheroidal shape, excellent hardness, abrasion
resistance, and size.uniformity. Spray drying consists of first producing a slurry of catalyst

precursor dispersed in a solution of the oxide precursor which will form the hard phase of the




'catalysf. The oxide material must beb in the form of discrete subcolloidal or very small colloidal
particles preferably less than 0.5 nm. The slurry is then spray dried fo form pofous microspheres
which are calcined to produce the micron-size particles.

1.5 Catalyst Pre-Treatment

Before synthesis, a catalyst precursor is subjected to a pretreatment, the purpose of which

is to bring the catalyst into an active form for synthesis. The pretreatment of Fe is not as straight
forward as that for Ru, Co or Ni. The pretreatment for iron FT catalysts is not clearly understood
(Srivastava et al., 1990; Rao et al., 1992; Soled'et al., 1990). Part of the confusion stems from the
' fact that the nature and composition of iron catalysts undergo changes during reaction. These
changes depend on the temperature, time of exposure to the reactant feed, nature of the reactor
system, composition of the feed and activation conditions (timé and temperature). The common
pretreatment conditions employed.in the case of iron catalysts are Hj reduction, CO reduction
(and carbiding), or reduction in the reactant gas. Reéent work at the Fedex;al Energy Technology
" Center has focused on the effect of catalyst pretreatment on the catalysts synthesis behavior in
stirred tank slurry reactor (Pennline et al., 1987; Zarochak and McDonald, 1987).

Several phases of iron are known to exiét when iron-based catalysts are subjected to F-T
synthesis conditions (Amelse et al., 1978, 1984; Blanchard et al., 1982; Dictor and Bell, 1986;
Dwyer and Somorjai, 1978; Jung et al, 1982; Niemantsverdriet et al., 1980; Raupp and Delgas,
1979; Teichner et al., 1982; Zou et al., 1992; Jung and Thomson, 1992;1993; Sault, 1993; Sault
and Datye, 1993; Butt, 1990; Bukur et al., 1995a; 1995b; O’Brien et al., 1995). These include
metallic iron (& -Fe), iron oxides (hematite, oc-FezOg; magnetite, Fe304 and Fex0), and iron
carbides, of which at least five ;lifferent forms are known to exist. These include O-carbides

(carbides with carbon atoms in octahedral interstices, e-Fe,C, €’-Fe, ,C, and Fe,C) and TP-
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carbides (carbides with carbon atoms in trigonal prismatic interstices, ¥ -Fe2sC and Fe3C). The
formation and distri‘bution of these phases depend on the reaction conditions, reaction times, and
state of the catalyst (reduced/unreduced, supported/unsupported , etc.). However, the role of
each of these phases during the reaction has not been resolved. As has been discussed earlier,
the various phase changes which occur for Fe duﬁng pretreatment and reaction may play a

significant role in the catalyst attrition.

1.6 Project Objectives

The objectives of the project were to (1) develop a better understanding of the parameters
affecting attrition resistance of Fe F-T catalysts suitable for use in SBCRs ‘and (2) incorporate
. this understanding into the design of Fe catalysts having superior attrition resistance. The goal
was to dévélop an _Fé catalyst, without sacrificing FTS activity and selectivity, which can be used

in a SBCR having only an internal filter for sep‘aration of the catalyst ‘
2.0 DESCRIPTION OF PROJECT TASKS

TASK 1: Catalyst Preparation

The objectives of this task were to prepare precipitated iron catalyst with various Ievels of
binder and precipitated silica. Several parameters were varied in the catalyst preparation to study
their effect on the catalyst attrition, activity and selectivity. Section 3.1 describes the detailed

catalyst preparation procedure employed in this study.

TASK 2: Catalyst Performance Evaluation

The objectives of this task were to evaluate the performance of various catalyst

compositions under similar conditions in a fixed-bed microreactor. Section 3.3 describe the
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experimental apparatus and procedures employed throughout the project. Catalyst comparisons
were carried out at the following operating conditions:

Pretreatment: CO, 280°C, 16h | ,
Temperature: 250°C

Pressure: 1.48 MPa

SV: 2 nL/(g of cat/h)

H,/CO: 0.67

The catalyst was tested over a period of 100 to 125 h.

TASK 3: Catalyst Characterization

The objectives of this task were to characterize the fresh, reduced and used catalysts.

Section 3.2 describes the various analytical techniques émployed for catalyst characterization
throughout the project. A detailed attrition study of the catalysfs is reported in Appendix A.

TASK 4: Slurry Reactor Testing

The objectives of this task were to determine the catalyst performance (activity, ;

selectivity, longevity and attrition) in a slurry reactor.

e

3.0 EXPERIMENTAL APPROACH

3.1 Catalyst Preparation

A standard Ruhrchemie precipitated Fe catalyst (Identified as Batch 52119) was obtained
from the U.S. Department of Energy (DOE) as a benchmark catalyst. The composition of this
aatalyst was 100 Fe/5 Cu/4.2 K/25 Si0,. It contained 25 parts by weight (pbw) precipitated
silica. It was obtained as a 1/8 in. extrudate and was crushed to 50 to 100 pm particles prior to .

use.

In this study, all catalysts were prepared with the same ratio of iron, copper, and



potassium (100 Fe/ 5 Cu/4.2 K) as the benchmark catalyst, but with differing levels of binder and

precipitated silica. Three types of catalysts were prepared as shown in

Table 1.
Table 1. Catalyst Designation and Binder Content
Catalyst Series Binder Silica ( wt %) Precipitated Silica (pbw)
Fe-bSi(x) X 0
Fe-pSi(y) _ 12 ' y
Ruhrchemie 0 .25
HPR Proprietary Composition

Catalyst prépara'tio_n involved four steps: preparation of the iron, copper, and silica (when
added) precursor; incorporation of potassium; addition of binder silica; and finally épray drying.
Two typés of silica-containing iron catalysts were prepared and the procedure is shown in Figure
1. The first series of catalyst contained binder silica but no precipitated silica and had a
composition of 100Fe/5Cu/4.2 (plus Binder silica). The bihder silica preparation and addition
method is proprietary. These catalysts were prépared by coprecipitation using an aqueous
solution containing Fe(NO3)3.9H;0 and Cu(NO3)3.2.5H,0 in the desired Fe/Cq atomic ratio,
which was precipitated by adding ammonium hydroxide. The resulting precipitate was then

filtered and washed three times with deionized water. The potassium promoter was addeci as
aqueous KHCOj3 solution to the undried, reslurried Fe/Cu coprecipitate. To this catalyst, five
different levels of bindef silica were added: 4,8,12,16 and 20 %. These catalysts were then spray
dried at 250°C using a large bench-scale Niro spray dryer, 3 ft diameter x 6 ft high. Finally, the
spray dried catalyst was calcined at 300°Cfor5h in a .mufﬂe furnace. These catalysts are
designated Fe-bSi(x), denoting that they contain x % binder silica.

The second series of catalysts contained both precipifated and binder silica. Four such

catalyst were prepared containing 5,10,15 and 20 pbw precipitated silica (vielding catalysts of
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the composition 100Fe/5Cu/4.2K/ySiO, where y is 5,10,15 or 20). The preci.pitated silica was
added as a dilute solutioh of Si(OCsz)g to the nitrate solution described above. To each of these
catalysts, 12 % binder‘ silica was added. These catalysts are designated Fe-pSi(y). These
catalysts were then spray dried and calcined in the same way as those above. Finally, HPR series

of iron precipitated catalyst was prepared. The preparation of HPR series of catalyst were

proprietary.

Fo— ‘ ¢ ¢ C

p-S: > Precipitation
v Filter

 qu—— Cake «—b-Si

v

Spray Drying

v

50-90ume——{ Calcination 300°C; 5h
Catalyst

Fig: 1 Catalyst Preparation Procedure
3.2 Catalyst Characterization
Detailed physical and chemical characterizatioﬁ of the fresh, reduced and used catalysts
were carried out using the following analytical techniques.
The BET surface area of the catalysfs was determined by N, physisorption using a
Micromeritics Gemini 2360 system. The samples were degassed in a Micromeritics Flow Prep
060 at 120°C for 1 h prior to each measurement. The SEM micrograph was taken using a

~ Cambridge Stereoscan 100. X-ray powder diffraction patterns were obtained using a Phillips
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PW1800 x-ray unit using CuKe radiation. Analyses were coﬁducted using a continuous scan
mode at a scan rate of 0.05° 20 per second.

For determination of the reduction behavior and fhe reducibility of the catalysts, TPR T
experiments were carried out using a Micromeritics 2705 TPR/TPD system. A sample close to |
02g was dried and degassed under high purity Ar at 400°C for 1h followed by cooling to
ambient temperatufe. Reduction was acl_ﬁeved under Hy/Ar gas mixtufe (vblume ratio 5/95).
Total gas flow was 40 cc/min and temperature program was 25 to 900°C at a heating rate of
10°C/min. Hydrogen consumed by the catalyst was detected using a thermal conductivity
detector (TCD) and recorded as a function of temperature.

The attrition of the catalysts was measured using a three-hole air-jet attrition tester per
ASTM-DQ5757-95. This test method is applicable to sphericaliy or irregularly shaped particles
that range in size between 10 and 180 micrometers, have skeletal densities between 2.4 and 3.0
g/cm3, and are insoluble in water. Particles less than 20 microns are considered fines. The heart
of the system is the vertical attriting tul.)e,‘ a stainless steel tube 710 mm long with an inside
diameter of 35 mm. There is an orifice plate attached to the bottom of this tube with three 2-mm
long drilfed sapphire square-edged nozzles. The nozzles are precision drilled 0.381+/- 0.005 mm
in diameter. Above the attriting tube is the settling chamber, a 300-mm long cylinder with a
110-mm inside diameter. Finally, there is a fines collection assembly madé up of a 250-mL
filtering flask and an extraction thimble. There is additional peripheral equipment required to
provide the source of humidified air (30-40% relative humidity) that the test method requires.

To conduct a test, a sample of dried powder is humidified and attrited by means of three high
velocity jefs of humidified air. The fines are continuously removed from the attrition zone by

elutriation into a fines collection assembly. The attrition index (AI) is calculated from the
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elutriated fines to give a relative estimate of the attrition resistance of the powdered catalyst as
may be observed in commercial use.

" The full test protocol calls fof 45 g of a screened and dried representative sample to be
humidified with 5 g of demineralized water to produce 50 g of water equilibrated sample. This
sample is run in the apparatus for 5 hours, with an intermediate change of the fines filter at one

hour elapsed time. The Al is based on the fines loss after 1 hour and 5 hours.

3.3 Apparatus and Procedures

The catalysts ﬁrepared were tested in a laboratory scale high-pressure and high
temperature fixed bed reactor which is shOwr; in Figure 2. Briefly, the fixed-bed reactor was
constructed of 1-c.m-i.d. stainless steel tube. The iron F-T catalysts wére pretreated under
flowing CO at 280°C for 16 h before reaction. Following catalyst pretreatment, the reactor
temperature was decreased to 50°C. CO flow was stopped, and 4synthesi‘s gas was intrqduced ata
gas space velocity of 2.0 NL/g-cat/h. The synthesis gas was a premixed gas of CO and H,
(H,/CO=0.67) containing 5 % Ar as an internal standard for product analysis. The reactor
system was then pressurized to 1.48 MPa. The reactor temperature was then increased gradually
to 250°C. This is referred to as the conditioning period. After a;:hieving, the desired process.
condition of 250°C, 1.48 MPa, 2.0 NL/g-cat/h and H,/CO=0.67, fhe catalyst was tested over a
period of 100 to 125 h.

The product gas was analyzed by an qr_lline Hewlett-Packard (HP) 5890 Series II p1u§ gas
chromatograph (GC), with advanced Chemstation control and capabilities. The hydrocarbons
C;-C;s and the oxygenates were analyzed using an HP-1 100 m x 0.25 mm x 0.5 um capillary

column and detected by a flame ionization detector (FID). The CO, CO,, and Ar were separated

‘bya26ftx 1/8 in. Haysep Q column detected by TCD.
| 13
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4.0 RESULTS AND DISCUSSIONS

" Scanning electron microscopy (SEM) of binder and precipitated silica catalysts are
shown in Figure 3. The cata]yst. is roughly spherical in shape, typical of a spray drying process,
with ‘diarneters ranging from 30 to 90 p.m..

The attrition resistance of the silica binder based catalysts (with no precipitated silica)
increased (attrition feduced) as binder level was increased up to 12 % as shown in Table 2. It
then decreased when the binder level was increased to 20 %, indicating an optimum binder level
of about 10 tq 12 %. For this reason, this material was used as the basis for preparing the Fe-
pSi(y) series of catalysts with various levels of precipitated silica. The Fe-pSi seﬁes containing
precipitated silica was prepared with 12 % binder silica. As precipitated silica content increased
from 5 to 20 parts by weight, the attrition became so severe that it plugged the attrition tester
during 5 h test. It is clear that frorﬁ these results, the addition of precipitated silica causes more
attrition. An HPR series of proprietary catalysts was prepared to further improve attrition
resistance. As can be seen, these catalysts have significantly improved attrition resistance, even
better than the Fe-bSi series of catalysts. Finally, an HPR-43 material was prepared as a larger
500-g batch to demonstrate scalability of the proprietary preparation technique.

Table 3 shows the BET surfacé areas of the fresh and reduced catalysts, the hydrogen
uptake, pore volume, bulk density and the porosity of all the catalysts synthesized. The BET
surface area of the catalysts increased wiih both binder silica and precipitated silica

concentration. In general, the addition of silica to iron FT catalysts is known to improve sta’i)ility

of the porous iron oxide/hydroxide network (Bukur et al., 1995a). Silica enters the pores of the

original network of the catalysts, thus providing a rigid matrix which helps prevent a complete -

collapse of the pore structure of the catalyst. However, after reduction with CO at 280°C for

15




Fig.3()

Figure 3. SEM Image of the Spray Dried Precipitated Iron Catalysts (a) Fe-bSi(12) (b) Fe-pSi(15)

16

o

d




Table 2. ASTM Fluid Bed Test Results

Catalyst Designation Attrition loss (wt %)
1h 5h
Fe-bSi(4) 244 32.6
Fe-bSi(8) 25.7 354
Fe-bSi(12) 12.8 22.7
Fe-bSi(16) 220 30.1
Fe-bSi(20) 34.9 35.0
Fe-pSi(5) 24.2 37.3
Fe-pSi(10) 31.0 39.6
Fe-pSi(15) 42.1 *
_Fe-pSi(20) 39.1 *
HPR-39 4.7 10.0
HPR-40 4.1 9.7
HPR-41 6.4 17.7
HPR-42 5.2 15.5
HPR-43 7.6 14.6
Ruhrchemie NM NM

NM=Not measured

* Tester plugged due to severe attrition

17
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16 h, the surface area of the reduced catalyst was low;r than that of the fresh catalyst. This may
be due to the formation of carbonaceous deposits, which causes blocking of the pores of the
catalyst. The catalysfs prepared had pore volumes in the 0.54 to 0.65 cm’/ g range and the bulk
densities in the 0.89 to 0.95 g/cm’ range. These densities are higher ihan typic;al precipitated
catalysts that have bulk densities of about 0.7 g/cm3 and should allow easier sepération from wax
which has a density of about 0.68 g/cm3 .

The reduction behavior of the FT catalysts was studied by TPR and the profiles for binder
and precipitated silica catalysts are shown in Figure 4. There were sii ght variations among the
catalysts, with all showing peaks at 320 and 750°C. The peak at 320°C corresponds to the
réduétion of Fe,03 —=Fe304, and the peak at 750°C corresponds fo the reduction of 'FegO4 to
metallic iron. Thus, it can be seen that the reduction of Fe;O, to Fe is more difficult step
requiring teﬁperatures greater than 600°C for its occ;urrence in temperature-programmed mode.
The small shoulder peak at roughly 250°C is due to the reduction of CuO—Cu. A summary of
the TPR characterization results for all the catalysts studied is given Table 3. The hydrogen |
uptake generally decreased with silica content, though the effect of the precipitated silica is much
less than the effect of the binder silica. The higher H, consumption by the Fe-bSi catalysts
compared to the Fe-pSi indicates a greater extent of reduction for catalysts containing binder
silica.

X-ray powder diffraction patterns of the fresh, CO-activated sample after activation, and
after 100 h of FT éynthesis for the binder and precipitated silica catalysts are shown Figures 5
and 6. The pattern has been plotted over 26 value ranging from 5°to 75°. The pattern in Figures
5 and 6 shows that the “ffesh” samples are identical and are comprised of a-Fe,Os. The catalyst

activated at 280°C, with CO for 16 h exhibits the peaks for Fe3s04 and xFe;sC. The “used”
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H, Consumptibn (Arbitrary Units)

Fe-bSi(12)

Fe-pSi(15)

100 200 300 400 - 500 600 700 800 800

Temperature (° C)

Figure 4. TPR Profile of (a) Fe-bSi(12) (b) Fe-pSi(15) Catalysts
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sample contain mainly Fe, sC.

The CO conversioné plot are shown Fi gures 7 and 8. All catalysts tested were more active
than the Ruhrchemie catalyst. Table 4 shows the CO conversion and hydrocarbon selectivity for
the various catalysts, along with the data on Ruhrchemie catalyst for comparison. Following a |
short induction period, during which steady state was achieved, there was no significant change
with time in CO conversions or hydrocarbqn selectivities reported in Table 4 over the test |
dura.t’ion,‘ typically 100 to 125 h, for any of the catalysts. The alpha value for all catalysts tested
range from 0.87 to 0.91. Ail catalysts tested were more active than Ruhrchemie. The selectivity
varied with silica type and content. There was a beneficial effect of binder silica up to 8 to 12 %
on selectivity (reduced methane, nearly constant Cs"). However, as binder silica content
increased ab0\./e 12 %, the C; and C; to Cy selectivities incfeased at fhe expense of Cs*
selectivity. As the precipitated silica content increased (at 12 wt % binder silica), the selectivity
toC; to C“ products increased. However, the Cs to Cy; selectivity for the catalysts containing
precipitated silica was hi gher than the selectivity for those catalysts containing only binder silica.

HPR-43, a proprietary catalyst, showed the lowest methane selectivity ahd nearly the
~ highest CO conversion. As stated earlier, this catalyst was scaled up to 500-g quantity. This
catalyst showed 95 % CO conversion over 125 h of testing at 250°C, 1.48 MPa, and 2 NL/g.cat/h
and had a less than 4 % methane selectivity. Its attrition resistance was one of the highest among

the catalysts tested.
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5.0 CONCLUSIONS AND FUTURE WORK
The addition of binder silica to precipitated 100Fe/5Cu/4.2K FT catalyst followed by
spray drying increases the attrition resistance significantly. Within the range of the non-

_ propric;tairy éatalysts tested here, the optimum binder silica content is 10 to 12 wt %. The FT
activity and selectivity of this catalyét are better than a Ruhrchemie catalyst at 250°C and 1.48
MPa. The addition of precipitated silica to catalyst containing 10 to 12 % binder silica decreases
attrition resistaﬁce and increases methane selectivity. Based on the experience gained, a
proprietary HPR-43 catalyst has been successfully spray dried in 500-g quantity. This catalyst

. sﬁowed 95 % CO conversion over 125 h‘of testing at 250°C, 1.48 MPa, and 2 NL/g.cat/h and had |
a less than 4 % methane selectivity. Its attﬁtion resistance was one of the highest among the
catalysts tested. |

Future research needs to continue to focus on further increasing iron catalyst attrition
resistance, activity, and selectivity for example by evaluating the effect pf pretreatment, binder

‘type, and promoter content, Hampton University, University of Pittsburgh, and Research
Triangle Institute have reached an intelluctual property and commercialization agreement to
further develop the iron catalyst. HPR-43 prepared and scaled up under this grant using a spray

. drier. Final catalyst activity and selectivity of HPR-43 is being evaluated in a slurry reactor at a

host private company site. A patent application is being prepared for the iron catalyst. An

agreement has been developed with the private compariy to evaluate the catalyst in a slurry

reactor, both CSTR and SBCR. Initial test results reported by the private company have been .

promising. HPR-43 promises to be much more attrition resistant than the iron catalyst tested by

DOE at the Laporte slurry reactor pilot plant. The private company also plans to carry out |

comparision testing of attrition, activity, and selectivity for HPR-43 and the iron catalyst tested at |

Laporte
27
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ABSTRACT
Fiécher—Tropsch Synthesis (FTS) is one of .th'e major indirect routes for converting syngas
(CO+Hy). Iron .CatalySIs are the preferred datalysts for the conversion of syngas based on coal,
due to their water gas (WGS) capabiiities. Since FTS is highly exothermic, slurry bubble
column reactors (SBCRs) has been suggested for this reaction due to their excellent heat removal
capability. However, the catalyst attrition encountered, especially when iron catalyst is used, has

hindered the application of SBCRs. To improve the physical strength of the iron catalysts, the

spray drying technique has recently been used for preparation of iron SBCR Fischer-Tropsch (F- |

T) catalysts. However, the effects of such preparation in the improvement of catalyst attrition
resistance are still not clear.

In this study, two series of spray dried iron F-T catalysts having the composition
Fe/Cu/K/SiOz have been studied to better understand the characteristics important for attrition
resistance. XRD results confirmed that the c;atalysts after calcination are in the same hematite
Fe,05 phase. Crystallinity and BET surface area were found not to be relevant to the catalyst
attrition performance. TPR results indicated little or no SiO, and metal interaction. However,
the porosity of the catalysts was found to be relevant to the ;:atalyst attrition resistance. After
acid leachiﬂg .of the catalysts, further study of the SiO; in the catalyst showed a porous and
uniform SiO; construct is suggested to provide the best attrition resistance for the catalysts.

Since phase change during reaction has always been a concern for iron catalysts in terms
of attrition resistance, some of the catalysts were carburized and tested using the jet cup. The

attrition resistance was found to actually improve after carburization.
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1.0 INTRODUCTION

Fischer-Tropsch synthesis (FTS) is one of the major indirect ways of converting coal into
a wide variety of hydrocarboné. Iron-based catalysts are the prefefred catalysts for FT'S based on
coal and have been a research focus for FTS recently (Bukur et al., 1990; 1996; Schulz et al.,
1994; Kalakkad et al., 1995; Huahg etal,, 1993). Such catalysts are relatively inexbensive,
possess reasonable activity for FTS, and have high WGS activity compared to cobalt catalysts.
This enables iron Fischer-Tropsch (F-T) catalysts to process low H,/CO ratio syngas without an
external shift reaction step.

In the development of FI'S over the past 20 years, the application of slurry bubblé
column reactors (SBCRs) has drawn much attention. This is due to their excellent heat removal
éapability of SBCRs during reaction. Since FTS is a highly exothermic reactioh, the use of
SBCRs can largely solve the reaction control problem. However, commercial application
SBCRs is just now being to be appliéd. One of the major drawbacks in the industrial épplication
of SBCRs is catalyst attrition, especially when iron catalysts are used (Bhatt et al., 1997). The
attrition of catalysts in SBCRs causes filter plugging problems as well as lower product quality.
The use of supported iron catalysts can imﬁrove the catalyst attrition resistance, but at the
expensé of lower specific catalyst activity.

In order to try to improve the physical strength of the catalysts without sacrificing their
activity, the spray drying technique has been recently used in the preparation of ifon F-T
catalysts (Sﬁnivasan et al., 1996; Jothimurugesan et al., 1999). This improvement in physical
strength by use of spray drying has stimulated much interest in preparing iron F-T catalysts by
this technique as well. In practice, many parameters are relevant td final catalyst attrition
resistance, such as solids concentration in the slurry, calcination temperature etc. Differe;it

preparation conditions result in different catalyst morphology, BET surface area, and porosity,
36



which can affect not only the catalyst attrition resistance, but also the catalyst activity. The
effects of each'preparation parameter on the performance of a catalyst are therefore complex.
In the present research, the structures of two series of spray-dried Fe catalysts were
studied. The.gc')al was to investigate the relationship Bctween the structure of the catalysts and
binder material and their attrition resistances. At the absence of iron phase change, such -
understanding caﬁ help us to better address the impact of the catalyst physical properties on

catalyst strength and separate these phase effects from further studies of Fe catalyst attrition

- performance under reaction conditions. Preliminary results had indicated significant differences

in attrition resistance and it was desired to better understand these differences. The effects of
type and concentration of refractory silica (precipitated or binder silica), as well as morphology

and porosity of particles on attrition resistance of spray dried iron catalysts are addressed.

2.0 EXPERIEMENTS
2.1. Catalyst Preparation

~ The iron catalysts were prepared at Hampton University and then it was shipped to
University Sf Pittsburgh fof attrition tests. In brief, two series of iron catalysts were prepared for
this study. One series of catalysts were prepared without precipitated silica but with different
weight percentages of binder silica. The other series of catalysts were prepared with different
levels of precipitated silica and with v12 wt % of binder sili&a. For both series, ca.talysts were
prepared having compositions of 100Fe/5Cu/4.2K/xSiO; by weight. First precipitation from an
aqueous solution containing Fé(N03)3.9H20, Cu(NO3),.2.5H,0, Si(OC,Hs)4 (if added to give

precipitated SiO;) in the desired ratio by the addition of ammonium hydroxide. This precipitate

| was then slurried with the binder SiO; precursor. The final step was to spray dry the catalysts at

250°C in a Niro Spray drier, which is scalable spray drier. After spray drying, the catalysts were
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then calcined at 300°C for 5 hours in a muffle furnace. The detailed preparation conditions and
procedures can be found in section 3.1 of the main text. -

In this report, the following nomenclature is used: the letter p represents precipitated

silica while the letter b stands for binder silica. For example, a catalyst designated as Fe-bSi(12)

refers to an iron éatalyst prepared without precipitated silica but with 12 wt % binder silica.
Since the concentfations of Cu and K were not varied relative to Fe, tﬁey are not addresséd in the
nomenclature used. In additifm, since two different types of SiO, was used in the preparation of
catalysts, i.e. precipitated and binder SiO,, the term SiO, study refers to either or both of them.
In order to study the precipitated and/or binder silica incorporated in the catalysts, acid |
leaching was performed by. treating the catélysts using an HCl solution. After the iron dissolved,
the SiO; remaining was washed 5 times using deibnized water. After filtration, the SiO, was
dried under vacuum condition \‘at room temperature in order to avoid any possible agglomeration

caused by heating.

3. CATALYST CHARACTERIZATION
3.1 Attrition Resistance

The attrition resistance of the catalysts were evaluated using the jet cup test, a proposed
ASTM method and one which has been demonstrated to cause attrition characteristic in an SBCR
(Zhao et al., 1999). In the present study, 5 grams of each sample were used fér the attrition tests,
- which were all performed using the air flow rate of 15 l/nﬁn with a relative humidity of 60 % at
room temperature for 1 hour. The detailed attrition assessment study for SBCR catalysfs, system
configuration and test procedure can be found in Appendix B. The fines were ‘collected by a
thimble filter at the outlet of the jet cup chamber and were analyzed for particle size distribution

together with the particles remaining in the chamber.
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3.2, Particle Morphoiogy

Particle morphology was obtained for each catalyst (as prepared and after attrition
testing) and acid-leached sample using a Philips X130 FEG Scanning Electron Microscope
(SEM). The samples were coated with palladium before measurement to avoid charging
problgms. |
3.3. Particle size Distribution

ALeeds & Northfup Microtrac Model 7990-11 laser particle size analyZer was used in
order to measure the particle size distributions. Both size. distributions of the samples as
prepared and after jet cup testing Were measured. Each sample was put into 50 ml of deionized
water anci dispersed using an ultrasonic bath. The results of several measuréments of the same
éample averaged in order to minimize the error. The detailed sampling and measuring
procedureé were described in Appeﬁdix B.

Since size distribution in attrition studiés are usually plotted as weight (or volume)
percentage versus average projected area diameter of particles, change in the volume moment, a
type of average particle size commonly used to represent a particular PSD, has been selected as a
useful indicator of the attrition process. The volume moment, Xy, can be calculated by (Allen,
1997).

Y. Y, x*dN

Xym =Xwm = = '

where, xvy is the volume moment, Xw the weight moment, M the size moment, V the particle
volume, and N the number of particles of size (diameter) x.
3.4. BET Surface Area and Pore Size Distribution

~ The BET surface area and pore size distribution (micropore and mesopore) of the
catalysts were determined by N> physisorption using a Micromeritics ASAP 2010 a'ﬁtomated

39



system. The samples were degassed in the Micromeritics ASAP 2010 at 100°C for 1 hour, and
then 300°C for two hours prior to each measurerhent. These parameters were determined for
both catalyst samples as prepared and after attrition tésts. _
3.5. Reducibility
| The redﬁcibility of the iron catalysts as prepared were measured by temperature

programmed reduction (TPR) using an Altamira AMI-1 systems. 'fhe TPR measurements were
cam'ed out using 5% Hj in Ar with a flow rate of 30 cc/min and the temperature was ranged from
30°C up to 900°C at a ramping rate of 5°C/min.
3.6. Phase and Crystailinity

X-ray powder diffraction patterns were obtained using a Philips PW1800 x-ray unit using
Cu'Koa radiation. Analysi.s was conducted for each catalyst sample as prepared and some

samples after acid leaching using a continuous scan mode at a scan rate of 0.05° (26) per second.

4.0 RESULTS

The attrition resistance results for all the iron catalysts studied are summarized in Table
1. It can be seen that catalysts without precipitated silica in genefal are rel.ativély more attrition
resistant compared to the catalysts with precipitated silica. For the series of catalysts with

precipitated silica, the attrition resistance obviously decreased with an increase in the
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concentration of the precipitated silica. On the other hand, for the series of catalysts without
precipitated silica, an optimum concentration of binder silica was obscrved in terms of
improvement of the catélyst attrition resistance. The cataiyst with 12 wt% of binder silica but no
précipitated silica, Fe-bSi(12), appears to be the most attﬁtion resistant one among all the
catalysts tested. A cobalt catalyst with 20 wt% of cobalt prepared using incipient wetness of a
spray dried silica is also liéted in Table 1 as a benchmark. This cobalt catalyst was found to be
suitable for use in an SBCR (Zhao et al., 1999). The comparison of the attrition results shows
that some of thé spray dried iron catalysts in their calcined state are physically as strong as, or
stronger than, the cobalt catalysts. These iron catalysts are there for considered to have strong
potential for SBCR use.

The XRD results of these catalysts verify that the components of the fresh
catalysts are rather the same, consisting primarily of hematite Fe,O3; (Figure 1). A sample of
hematite Fe,O3 (purity 99.98%), Aldrich Chemicals, Co., was also examined by XRD as a
benchmark (see also Figure 1). Compared to this pure Fe,O3 sample, the iron catalysts was
- obviously less XRD crystalline. Othei' components, even the SiO; (bi'ndér silica and/or
preci_pitaied silica) were not detectable by XRD results for any of the catalysts.

The reducibiiity of the catalysts was determined using TPR and the results are listed iﬁ
Table 2. The TPR results indicate that H; consumption during TPR decreased with an increase
in' the concentration of the binder silica. However, this change was due mainly to decrease in the
overall concentratipn of iron oxide in the catalysts. The reducibilities of the iron catalysts were
approximately the same (as an iron basis) for all the catalysts. In Figure 2, a typiéal reduction
curve is shown. This curve is similar to other in the literature (Jothimurugesan et al., 1999). The

first peak is considered to be the reduction of Fe;O3 to Fe304 and the second peak to be the
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Table 2. TPR results of spray dried iron catalysts.
Catalyst Hz TPR (mmol H;/g cat) Reducibility (%)

Fe-bSi(4) 1390 0.74

Fe-bSi(8) | 38.8 0.76

Fe-bSi(12) 345 0.70

Fe-bSi(16) 349 0.74

Fe-bSi(20) 34.1 074

Fe-pSi(5) 34.6 0.74

Fe-pSi(10) 32.8 0.73

Fe-pSi(15) | 33.1 o 0.77

Fe-pSi(20) 316 0.76 -
o

.....
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Figure 2. A typical TPR result [Fe-bSi(16) as prepared]

1200 -
1000 -
800

600 -

Intensity

400 -

200 A

' 0 1 | 1 i
i | , 0 200 400 600 800

Temperature (°C)

45




reduction of Fe;O, to metallic iron. The small shoulder before the first peak has been suggested -
to be due to the reduction of the CuO. ‘

: The BET surface areas and average pore sizes were measured for both catalysts as
prepared and after attrition tests using N2 physisofption. As shown in Table 3, the BET surface
areas, for each series of catalysts, generally‘incr'eased with an increase in the conéentration of
SiO,. The series with precipitated silica had relati\}ely higher surface areas compared to the
~ series without precipitated silica. The pofe volumes (micropore and mesopore) slightly
increased with an increase in} the concentration of SiO;. The series of catalysts with precipitated
silica appears to have had higher pore volumes cofnpare to the series without precipitated silica.
The average pore sizes (calculated using 2*pore volume/surface area) varied slightly for all the
catalysts. In general there was a decrease in average pore size for both series of catalysts, as
Si0, content increased-related obviously to the large increase in BET surface érea. After the jet -
cup tests, the average pore sizes remained unchanged for all the catalysts compared to those of
the catalysts as prepared, while the BET surface areaé slightly decreased after the test for most
catalysts. |

Figure 3 and Figure 4 illustrate the morphologies of the catalyst with and without
precipitated silica, respectively. For each catalyst, micrographs_of the particles both as prepared ‘.
and after attrition testing are shown. It is apparent that the particles were mofe spherical (less
agglomeration) with the increasé of binde_;' concentration for both series of catalysts. There are
relatively less agglomeration observed for the series of catalysts with precipitated silica and
some “donut”-shape particles (the particles with holes) can be observed (where the arrows
pointed in Fi gﬁre 3). Such “donut”-shape particles are not observed for the series of catalysté

without precipitated silica, even for those having higher concentration of binder silica.
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Table 3. BET surface areas and average pore sizes of the iron catalysts.

BET Surgace Area
Catalyst (m'/g)
Fresh Attrited | Fresh | Attrited | Fresh Attrited

Pore Volume (cm’/g) Average ?X;’e Radius

Fe-bSi(4) 1013 94.23 0.29 0.28 43.6 447
Fe-bSi(8) 124.6 108.1 0.28 0.26 35.3 36.1
Fe-bSi(12) | 1462 | 137.1 0.28 0.29 32.0 33.9
Fe-bSi(16) 176.6 1731 | 037 | 034 33.8 333
Fe-bSi20) | 1583 168.2 0.33 0.34 373 | 377
Fe-pSi(5) 1794 | 180.5 0.34 034 | 352 35.8
Fe-pSi(10) | 190.8 177.1 0.37 035 | 369 37.3
Fe-pSi(15) 216.8 1887 | 036 033 30.8 334
Fe-pSi(20) 245.0 2439 0.39 0.40 30.2 32.6
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Before Attrition After Attrition

Figure 3. Morphology of the series of iron catalysts with precipitated silica
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Before Attrition After Attrition
Figure 5. Morphology of binder silica catalysts.
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When comparing the particles before énd after attﬁtion, it appears that the agglomerates
formed during catalyst preparation were broken apart during the attrition test (Figures 3 and 4).
The particle siie obviously decreased for most catalysts after the attrition tests, especially for the
series of catalysts with precipitated silica. The apparenfdecrease in the particle sizes was similar
as seen by SEM and determined using laser diffraction. The only catalyst that did not change
much in particle size was Fe-bS‘i(12), as also seen by particle size analysis. For this catalyst,
~ some agglomerates still remained even after the jet cup test.

In order to study the phase and morphology of the supports, which plays an important
role in attrition resistance of the catalysts, both series of catalysts were treated using acid

leaching. This is due to the strong signal of iron oxide during XRD or SEM measures make the

analysis of the supports very difficult. The XRD results of the supports are shown in Figure 5.

The single peak in the XRD patterns shows thaﬁ iron oxide is almost completely' resolved during
acid leaching; The supports are identified as silica, but are found all t§ be not crystallized.

The morphology of the supports was further studied using SEM. The results are
summarized in Figure 6 and 7 for the supports of the series of catalysts with or witﬁout
precipitated silica, respectively. The supports for the catalysts Without precipitated silica (Figure
7) agglomerated more after dry compared to those without precipitated silica (Figuré 6). The
supports of the cétalyst Fe-bSi(12) seem to agglomcfate the least in series of catalyst without
precipitated silica. On the contrary, the supports of the series of catalysts with precipitated silica
seem to form individual épherical particle with very seldom agglomeration. There are also
“donut”-shape particles that can be observed for the supports of the series of catalysts with

precipitated silica (where the arrows pointed at in Figure 6).
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Figure 6. Morphology of the supports of the series of iron catalysts with precipitated silica
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Figure 7. Morphology of the supports of the series of iron
catalysts with binder silica
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5.0 Discussion

Although the catalysts tested were prepared under similar coﬁditions using spray dry |
technique, the attrition resistances vary in a large range (Table 1). After the addition of the
precipitated silica, not only is the overall catalyst attrition resistance worse than ,thai of the -
catalysts without precipitated silica, but also the attrition resistance decreases with the increase in
the concentraﬁon of precipitated silica. Without the addition of the precipitated silica, it is not .
very clear how cafalyst attrition resistance is affected by the concentration of the binder silica,
even though there seems to be a trend of an optimum concentration of binder siljca atca. 12 wt
%. In order fo find out why and how the type and concentration of the suppo;'ts have such an
effect on attrition résistance, some further studies were performed.

As we expected, the XRD results (Figure 1) shows ‘that the iron phase present in all the
catalysts after calcination is Fe,Os. It is less likely that the difference in attrition resistance was
| due to any phase difference. Nor is the crystallinity of the iron oxide found to be responsible for
the differénces in the catalyst attrition resistance. It is shown in Fi‘gurév 1 that iron oxide in the
catalysts are not as crystél as the plire Fe,0; elements, but slight differences were found for all
the catalysts.

To find out any possible support and metal interaction, the TPR analysis was carried out.
‘The calculated results (Table 2) showed that the reducibilities of the catalysts are very close.
The addition of precipitatéd silica does not appear to affecf the catalyst reducibility. These .
results suggest an unlike interaction of the supports énd iron metal.

It is apparent from the XRD and TPR results that the cataiysts as prepared are not very
different chemically, except for the concentrations of the components. Therefqre, the physical

properties of these catalysts have drawn more attention in our studies. The morphology of the
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catalysts was determined using SEM (Figure 3 and 4). To our sufprise, the sphericity of the
catalysts is found to héve insignificant effects on the attrition resistancc. For the catalysts with
: precipitéted silica (Figure 3), the catalysts are more spherical compared to the ones without
precipitated silica (Figure 4), whereas the attrition resistances of the oﬁes without precipitated
silica are relativel.y. better (Table 1). Further study of the catalyst structure at higher magnitude
-using SEM did not show any differences among the catalysts. Since iron oXide is the dominant
phase in the particles, iron oxide crystals are the only élements observed.

Although the BET surface areas are found different for these catalysts, they do not appear
to affect the attrition resistance of the catalysts. In general, the surface area increases with the
increase in the Supﬁort concentration for both serie‘,svof catalysts. On the other hand, when plot
the average pore size with the attrition resistance (weight loss of fines during jet cup tests), it
éppears for the series of catalyst without precipitated silica that the attrition resistance decrease
with the increase of average pore size. On the contrary, the series of catalysts with precipitated
silica, similar trend was not observed .

From the above analysis, it seems that the poros_ilty of the catalyst particles appears to
have some impact on the attrition resistance. Yet the mechanisms of the structure effects are not
clear from the data above. Itis known that the iron oxide itself does not have much attrition
resistancé, the supports incorporated in the catalyst particles obviously are the key elements in
the attrition pérformance of the catalysts. It is therefore interesting to find 6ut whether such
structure of the supports also present in these iron catalysts and whether any egg-shell type
structure of the supports also present in these iron catalysts and whether the formafion of such

structure is the key factor in the attrition resistance improvement as well.
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Since the signals of iron oxide is much stronger than those of the silica supports during XRD and ?F
SEM measurements, the catalysts were therefore treated using HCI solution in order to resolve

the iron oxide. The XRD results of some of the supports after acid leaching (Figure 5) show that i
the suppoﬁs are all silica. The supports are also found not crystallized, which is considered to be
due to the low calcination temperature of the catalysts.

The study of the support morphoiogy (Figure 6 and 7) shows that the supports for the
catalysts appeared to be relatively smaller compafed to the catalysts as prepared, especially for
the catalysts without precipitated silica. The supports of the catalysts without precipitated silica
appear to agglomerate more easily compared to those of catalysts with precipitated silica. When
the supports were observed at higher magnification, it was found that these agglomerates were
made of spherical particles (~30-40 pm in diameter) and some “amoi'phous” material (Figure 8).
The XRD reéults (Figufe 5) Show that both of the spherical particles and the “amorphous”
material should be silica, since no other elements present in the XRD patterns. It is, therefore,
‘interesting to notice that silica exist in the catalyst partig:les seems to ‘have two types: one forms
the skeletal stmcturé that appear to be spheres, the other appear to be more “amorphous” which
causes aggloﬁxeration of the supporfs during drying. |

For the supports of the catalysts with precipitated silica (Figure 9), the “amorphous”
silica is seldom observed. Since the lacking of such “glue”, these supports were not
agglomerateci much after the acid leaching. At higher magnification, it can be observed that the
particles are spherical in shape and appear to be more porous (Fi gufe 9) compared to the supports
of the catalysts without precipitated silica (Figure 8). “Donut”-shape particles can also be found
for the supports of catalysts with precipitated silica (Figure 6), whereas this type of particles is

seldom observed for those of the catalysts without precipitated silica (Figure 7). Itis
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therefére speculated that addition of preéipitat’ed silica eliminated the existence of the
“amorphous” silica and helped the silica to form a more porous structure. The increase in
‘concentration of precipitated silica further increases the porosity of the supports. Such iﬂcrease
in the porosity of the supports is not beneficial for catalyst attrition resistance at all. On the
contrary, decrease in the attrition resistance of the catalyst particle is observed with the increase
of precipitated silica. |

In Figure 9, a broken support particle of catalyst Fe-pSi(15) is shown. As can be: seen,
this particle is not 6nly porous from an overall view, but also contains inner vacancy. Compared
to a broken particle of the catalyst without precipitated silicé (Figure 8), such porous structure is
not observed. Instead, 2 much solid structure is found in Figure 8. These results are viewéd as
strong support of the above speculations. This also explains the “donut”-shape particles
observed for the catalysts/supports with precipitated silica. Since the addition of precipitated
siliéa facilitates the formation of a more porous structure and possible inner vacancies, such
inner vacancy might be bigger enough that can be seem from outside the particles as a hole into
the particle. In brief, it is suggested that the addition. of the precipitated silica make it easy for
the support to forrﬁ primary silica particles and form more porous skeletal structure. It ié also
suggested to facilitate the formation of the structure With inner vacancy (shell type strﬁcture).

On the contrary, as seem in Figure 8, when precipitated silica is not added during catalyst .
preparation, the supports form less porous structure compared to those with précipitated silica.
In addition, some silica seems to not form any primary silica particles (granules) but rather exist
in an “amorphous” form. This less porous structure of the supports seems to provide better
attrition resistance of the catalyst particle compared to the more porous structure of the supports.
Another pdssibility is that the presence of the “amorphoué” silica improved the attrition

resistance. However, when the catalyst Fe-bSi(12) was studied, it is found that it is less likely
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that “amorphous” silica is responsible fbr the catalyst attrition resistance improvement. Instead,
for the support of the catalyst Fe-bSi(12), it is found that the support particles do not agglomerate
as much as other supports for the same serieé of catalysts. A broken support particle of the Fe-
bSi(12) catalyst (Figure 10) shows that this catalyst has a relatively mb,re porous but uniform

structure compared to other support particles of thé same serieé of catalysts. No inner vacancy
was observed for this catalyst even though it is porous. Other supports for the series of catalysts
without precipitated silica, except for Fc-bSi(lZ), were found to have much less porous interior
structure.

It is therefore speculated that at the absence of the precipitated silica, the support is less
likely to form primary silica particle and therefore form l;ass porous structure. The silica added
seems to exist in the particle as an “amorphous” fonn. This more cbndensed structure (core type
structure) seems th provide a better attrition resistance compared to the supports with shell type
structures. However, there seems to bve an optimum point between these two different types of
structure. The catalyst of Fe-bSi(12) showed thét when the porosity of the suppoﬁ isata
optimum point, whefe the inner vacancies are minimized, the porous structure became uniform
through out the whole catalyst particles. At this point the presence of the “amorphous” silica is
also eliminated to an amount that is not observable. The attrition resistance is the highest at this
point. -

Carburized Fe Catalyts

To further investigate the effects of phase change on catalyst attrition resistance, some of

the spray dried catalysts were carburized under CO flow (Table 4). Surprisingly, the weight

percentage of fines loss during jet cup test was found less compared to the attrition test of the

same catalyst under calcined state.
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6.0 CONCLUSION
Two series of spray dried ifon catalysts were studied in the present research. Both of the series.
of catalyst were prepared similarly except for the difference iﬁ the concentration of the supports
- (precipitated and binder silica). It is found that the attrition resistances of these catalysts vary in |
a large range. The XRD results confirmed that all the catalysts after calcination are Fe;0;3 in
phase and similar in crystallinity. TPR results further show a unlike metal and support
interaction. ?hysical properties was thereafter our research focus. |

BET surface areas were found to increase with the increase in the concentratioﬁ of the
supports, but less relevant to the catalyst attrition resistance. On the other hand, average pore
 size of the catalysts seemed to have some impact on the attrition performance, but the effects are
not ciear from the porosity of the éatalysts.

Since the iron oxide is known not to be attrition resis'ta_nt,' the ca_taiysts were therefore
treated using acid leaching in order to better study the support with a clearer vision.v The XRD
results of the supports showed that only silica remains after the acid leaching for all the catalysts.
However, SEM micrographs of the support show that there seems to be two different types of
silica existing in the catalysts. For the series of catalyst without precipitated silica, there are a
‘type of “amorphous” silica in addition to another type of silica that forms spherical skeletal
structure. Such spherical structure are, however, found to be smaller compared to the catalyst
particles. This is considered to be a “core_” type of structure. On the contrary, the addition of
precipitated silica appears to eliminate the amount of such “amorphous” silica, and facilitate the
formation of more porous skeletal structure, which even appears to contain inner vacancy. Such
structure was found not beneficial for catalyst attrition resistance at all. It is also suggested that

such “shell” type of structure is the reason of the formation of the so-called “donut”-shape
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particles. With the increase in the conéentration of precipitated silica, the skeletal structure of
the supports becomes more porous and therefore less attrition resistant.

For the series of catalysts without precipitated silica, it is found that the presence of such
“amorphous” silica does not improve the attrition resistance of the catalysts. On the other hand,
it is the less porous structure appear to be more attrition resistant compared to the more porous
~ structure of the series of catalysts with precipitated silica. However, such “core” type of
~ structure does not seems to provi.de the best attrition resistance either. It is found that only when
the skeletal structure is porous’ and uniform can the catalyst particles Bave the best attrition
performance.

Since phase change during »reaction has always been a concern for iron catalysts in terms
of attrition resistance, some of the catél_ysts were catbuﬁzed and tested using the jet cup. The
attrition resistance was found to actually improve after carburization in terms of weight

percentage of fines lost. Such improvement was considered to be due to the change in catalyst

bulk density upon carburization.
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ABSTRACT

Significani interest in 3;phasc slurry bubble column reactors (SBCRs) has come about in
recent yéars due to their excellent heat removal capabilities during reaction. | However, no
evaluation test for catalyst attrition resistance is available in the literature yet for SBCR catéiysts,
although severe attrition of catalyst particles has actﬁally been ehcountered‘ in SBCRs. In this
work, fluidized bed catalyst attrition tests (fluidized bed and jet cup) and other tests (collision
and ultrasound) are evaluated for the first time for their suitabilify in predicting catalyst attrition
in an SBCR. Based .on comparisons of particle morphology and size distribution (PSD) of a
silica supported cobalt catalyst before and after use in an SBCR with the results from the various
attrition ‘assessment tests, it is suggested that the fluidized bed, jet cup and ultrasound tests all
provide reasonable and efficient predictions of catalyst attrition. Although the dominant attrition
mechanism appeared to be fracture in both SBCR run and collision test, the latter showed ioo
little attrition efficiency to be suitable as an attrition test. Despite the fact that abrasion occurs to
a greater degree during the fluidized bed, jet cup, and ultrasound tests compared to during an
SBCR run, all these three tests cause particle breakage similar to that in the SBCR, but in
relatively short periods of time. Therefore, all three, especially the jet cup test, are suitable tests

for predicting catalyst attrition resistance in an SBCR environment.
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1. INTRODUCTION

Attrition, defined as the unwanted breakdown of solid pé.rticlés [1], is a commonly
éncountered problem in c_:atalytic chemical reactors, especially fluidized bed types [2]. Attrition
resistance is one of the critical parameters in the development of catalystsv' because any attrition
of a catalyst causes loss of the catalytic agént and lower product quality. In fluidized bed
reactors, attritidn can also cause additional filtration and plugging problems and affect the
fluidization properties.

Such problems have stimulated many earlier studies [3-15]." Currently; it is believed that
attrition processes include both abrasion/erosion (the process during which particle surface layers
or comers are .removed) and fractu're (the fragmentation of particles) [1,2]. These are due to
various fypes of stresses that catalyst particles undergo during reaction, among which tﬁe major
ones include contact, thermal, pressure, and chemical stresses [2]. For example, in Fischer-
Tropsch‘ synthesis (FTS), phase change and carbon deposition have been suggested to be

responsible for the nano-scale breakage of iron catalysts [13]. In most earlier studies, however,

‘only attrition due to hydrodynamic forces has been the focus of the research, whereas the other

three sources of stress listed above have been assumed to be negligible. In recent reviews and
studies by Ghadiri and coworkers on particle attrition [16-18], particle breakdown during impact
has been further categorized into different breakage modes according to the impact velocity,
particle size and shape, and contact geometry. Particle fracturé during impact due to pre-existing
internal or surface flaws is classified as brittle failure. Crack initiation, on the other hand, is
considered to be semibrittle failure, which can be further categorized by fragmentation or

chipping depending on the position of the cracks.
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Based on such understanding of attrition processes, several types of attrition assessment
methods have been developed and used to evaluete catalyst attrition resistance [3,4,9-11,19-24].
Since it has been concluded that no single particle can represent all the particles involved {21,
most catalyst attrition tests involve multiple particles. While tests have been developed for
various reactor configurations, such as the compression [19] and rotating drum [20,21] tests
aimed mainly at moving bed reactor catalysts, most tests developed have foculsed on fluidized
bed catalysts, which cén undergo extensive attrition due to particle-particle and particle-wall
collisions. In order to mimic the particle movement ancl collision inside fluidized bed reactors,
Forsythe and Hertwig [3] were the first to use a high-velocity air jet in their attrition test device.
This formed the basis of various subsequent tests [4,9,10,12,22,23], including' an ASTM
(American Standard Test Method) procedure [24]. In a more recently proposed ASTM method,
the jet cup test [11], catalyst. particles are also fluidized by a high velocity air jet. As mentioned
above, physical attrition properties of the catalyst particles are the only ones measured in these
tests.

Significant interest in slurfy bubble eolumn reactors (SBCRs) has come about in recent
years due to their excellent heat femoval capabilities during reaction, especially for exthothermic
reactions such as FTS. Although it had been suggested that SBCRs are free of catalyst attrition
and erosion problems [25], severe attrition problems have been encountered [26]. Due to the
complex nature of attrition in three-phase reacters, the attrition mechanisms in SBCRs are still
not clear. A suitable evaluation of catalyst attrition resistance is hence a necessity in the SBCR

catalyst development. Although, the rotating drum test was modified in order to test a slurry of

unsupported precarbided or carbided iron SBCR catalysts in a previous study [15], the results |

were not compared to attrition in actual SBCR runs. Thus, none of the test methods reported to
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date have béen developed and qualified for use in assessing the attrition resistance of catalysts
- for SBCRs.

In the present study, Co/SiO; was tested using four different types of att;‘ition assessment
methods and the test results were compared to laboratory-scale SBCR results obtained under
reaction conditions. The goal was to develop a suitable laboratory test method for predicting the
attrition of catglysts under SBCR conditions. Only physical effects have been considered in

these comparisons.

2. EXPERIMENT

2.1 Catalyst

The catalyst used was a spray dried silica (Davison Gfade 952) supported, Zr promoted,
Co catalyst prepared using the incipient wetness technique. After the silica support was pre-b
calcined at 500°C for 10 hrs and pre-sieved to 38-90 um (400-170 mesh), Co and Zr salts in an
'aqueous solution were co-impregnated using incipient wetness in amounts to produce a reduced
catalyst having 20 wt% Co and 8.5 wt% Zr. The catalyst precursor was then dried at 115°C for 5
hrs and calcined at 300°C. The prepared catalyst was sieved again after calcination to 38-90 um
using standard sieves. Since particulate materials can undergo size segregation during storage
and transportation, such materials have to be mixed as well as possible prior to taking samples.
" Because the total amount of the catalyst was not very large in this case, this was accomplished by
shaking the catalyst container thoroughly in. several directions prior to removing a sample.
2.2 Instrumentation and Procedures |
2.2.1 SBCR System

The Co catalyst was placed in a 1 inch (1 in = 2.54 cm) diameter, 3 foot (1 foot = 12 in)

tall SBCR under Fischer-Tropsch synthesis (FTS) reaction cc_mdifions for 240 hrs. All FTS runs
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were at 450 psi total pressure k(in‘cluding N») and _220-240°C with a CO/H, ratio of 2. The slurry v
initially consisted of Synfluid (Chevron) as the .liquid phase and 15 wt% of catalyst presieved to |
38-90 um. After the SBCR run, the éatalyst was extracted from the slurry liquid by solvent
extraction. The resulting catalyst particles were éhé.racterized and compared to those of the

catalyst as prepared and sieved.

2.2.2 - Air Supply System

Air flow is essential for most of the attrition tests employed. Therefore, a supply system
was built in order to supply a steady flow of humidified or nonhumidified air. The flow rate was
controlled by a mass flow meter or a rotameter. The humidity and temperature of the airflow
was monitored using an on-line Fisher temperature and relative humidity meter. The humidity
was able to be adjusted by éontrolling the volume of air bubbled through a distilled water

reservoir.

2.2.3 Collision Test

As illustrated in Figure 1, the instrument for this test consisted of an air supply tube,
sealed catalyst reservoir, capillary particle drop channel, and collection assémﬁly. The collection
assembly also provided the hard surface (pyrex glass) with which the acceleratéd particles

collided. After loading 1 g of sample into the catalyst reservoir with the air supply tube

71



Figure 1. Collision or drop shatter system
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depressed against the entry to the drop channel in order to prevent pafticle flow out of the
reservoir, the reservoir was sealed. After the air jet stabilized at a set flow r;ltc, ‘the air supply
tube was raised about 0.5+ 0.01 mm to provide a gap through which particles could slip into the
drop channel. The particles fell into the drop channel and were then accelerated by the air stream.
before colliding With-the,innér flat surface vof the collection assembly. - The speed of the particles
striking the hard surfaces was 12 m/s. The gas outlet of the collection assembly was covered
with a thimble fi[ter that prevented fine particle loss. The particles collected by the thimble and
the collection assembly were removed after the test and analyzed for change in particle size
distribution (PSD). \

2.2.4 Fluidized Bed Test

A modified fluidized bed test system, based on ASTM D5757-95 [24] but smaller, was
‘employed in this study. This scaled down system'is considered superior since less than 5 g of
catalyst is required rather than 50 g. The fluidized bed dimensions were calculated using the
minimum ﬂuidization gas velocity equation [27]. The gas distributor design was Based on the
literature [22,23]. The instrument, gas distributor plate and orifice dimensions and setup are
illustrated in Figure 2.

In order to prévent the pﬁrticles from sticking to the tube és a result of static electricity,
hﬁmidified air (relative humidity of 60+ 5%) was used as the gas medium instead of using a
mechanical tapping system. The fines collection assembly was weighed before the test and its
mass recorded. With the airvflowing at 0.5 I/min and the fines collection assembly removed, 3.0
g of sample were charged into the attrition bed. The fines collection assembly was then replaced

and the air flow increased to the desired level. In the procedure given in reference [23], the air
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Figure 2. Fluidized bed system
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ﬂow is specified to be stopped periodically to measure the rate of loss of fines. However, this
potentially leads to turbulenge in the ﬂuidization condition and was determined to have an
impact on the attrition process inside the fluidized bed. In order to determine the rate of loss of
fines without stopping the air flow, two thimbles were weighed and numbered before the
experiments in the present study, which is similar to the ASTM procedure [24]. The interqhange
of thimbles was made quickly to minimize any.particle loss. After 6,12, 18, or 24 hrs tirhe—onf |
stream, the air supply was stopped. All the catalyst particles were recovered from both the
fluidized bed and the fines collection assembly for particle size distribution analysis.
2.2.5 Jet Cup Test

The jet cup test system was based on a proposed ASTM design. As illustrated in Figure
3, the instrument consisted of an air inlet tube connected to the sample cup at the béttom, the
settling chamber, and the fines collection assembly. Five grams of sample were weighed and
charged into thé sample cup. The jet cup was then attached to the settlipg chamber. Afterall
joints were sealed, humidified air with a relative humidity of 60i- 5% was introduced at a
controlied flow rate of 10, 15, or 20 I/min for one hour. Similar to the fluidized bed test, in order
not to interrupt the air flow during experiment, two thimbles were weighted and numbered |
before fhe start of the experiment to determine the rate of loss of fines. A thimble, placed on the
fines collection assembly, was interchanged‘with the other quickly at 5 min, 15 min, and 30 min
after the start of air flow and its mass recorded. The air flow was stopped after 1 hr on stream,

and the fines in the thimbles and the coarse particles in the jet cup were recovered for analysis.

2.2.6 Ultrasonic Test
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Figure 3. Jet cup system
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As illustrated in Figure 4, the ultrasonic system cpnsisted of a 20 kHz Tekmar TMS501
sonic disrupter with a CV26 homn and a 0.5 inch tip, a container for holding the catalyst slurry,
and the horn sﬁpport frame. Pre-weighed sample was dispersed in the media, which was distilled
water in the present study, by stirring. Suspensions were prepared with about 2.5 vol% of solids
in a total of 400 ml of distilled water [13,28,29]. The suspension was then treated at a particular
energy setting of the sonic disrupter for 15 min. As reported by the system manufacturer, the
‘maximum energy output is 500 W, and the settings correspond to percentages of the total energy
output. In the preser;t study, 150 W, 250 W, or 400 W energy settings were used. Since it was
reported that temperature is one of the factors affecting ultrasonic energy output, a water bath
was used in order to keep a relatively constant terhperature of 23°C. After the electronic timer on
the ultrasonic generator automatically shut down tﬁe system, the slurry was transférred, sampled
and characterized using a particle size analyzer. The remainder of the slurry was ﬁlfercd and

dried at 110°C in an oven for SEM analysis.

2.3 Particle Analysis

A Leeds & Northrup Microtrac model 7990-11 laser particle size analyzer was used in
order to measure the particle size distributions @SDS). The original, fluidized bed, jet cup or
collision test samples were each was put into 50 ml of deionized water and dispersed using an
ultrasonic bath. The approximate 2.5l vol% suspension wés then sampled for the Microtrac in
order to determine PSD. The suspension from the ultrasonic test was stirred to an even
distribution after the test before samplihg. S.amples were taken from the top, center and bottom
of the suspension in order to ensure more accurate analysis. The results 6f several

measurements of the same sample were averaged in order to minimize the error.
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Since size distribution is usually plotted as weight (or volume) percentage versus average
projected area diameter of particles in attrition studies, change in the vqlume moment, a type of
average particle size commonly used to represent a particular PSD, has béen selected as a useful
" indicator of the attrition process. The volume moment, xyy, can be calculated by [32]:

_Yam _.Zx“dN

Xy =Xy = = '
VM wM EdV 2x3dN (1)

where, xyy is the volume moment, xwy the weight moment, M the size moment, V the p_article
volume, and N the number of particles of size (diameter) x.

Particle morphology information was obtained for each sample by using a Philips X1.30
‘FEG Scanning Electron Microscope (SEM). SEM migrographs were further analyzed using
Scion Beta 2 image analysis software for determination of' areas and perimeters of particle

projections.

2.4 Reproducibility

Due to the iimited amount of the Co/SiO; catalyst available, sieved Davison 952 silica
support was used instead to evaluate the repréducibility of each test method. The comparisons
are shown in Table 1. Weight percent elutriated and average particle size were used to determine

the reproducibility of these attrition tests.

3. RESULTS
The morphology of the catalyst as prepared and sieved is showed in Figure 5. -Although
the silica support was spray dried, the catalysts as prepared were not as‘spherical as expected.

This is considered to be due in part to particle agglomeration during catalyst preparation — as
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Table 1. Reproducibility tests

Elutriated

Test Run | Flow Rate [Time- on-Stream Fines (wt%)? Volume Moment (Wm)
- 1 1.0 Vmin 12 hr 10.85 70.1
Fl‘g‘:jed 2 | 1.0Vmin 12 hr 10.39 70.7
3 1.0 /min 12 hr 11.17 69.8
1 10 I/min 1hr 17.0 46.8
Jet Cup 2 10 I/min 1hr 18.6 45.2
3 10 /min 1hr 17.0 44.2
1 1.0 I/min 1 time - NA 72.4
Collision 2 1.0 I/min 1 time - NA 72.6
3 1.0 Vmin 1 time NA 72.0
1 250 WP 15 min NA 48.1
Ultrasound {| 2 | 250 WP 15 min NA 483
3 250 WP 15 min NA 48.8

a. Elutriated fines wt% = (weight of fines recovered from the fine recollection assembly after test/total

weight of catalyst recovered after test) X 100%
b. Ultrasound energy setting: 50% of 500 W.
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Figure 5. Morphology of the catalyst as prepared and sieved
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seen by comparing the particle morphology of pre-calcined and sieved catalyst support (Figure
6) and the Co catalyst after preparation (Figure 5). The catalyst support particles before
preparation are felatively smaller and more spherical. On the other hand, in addition to particle
aggldmeretion, some fracture and crack formation were also found on the catalyst particles after
catalyst preparation. Some of the impregnated cobalt appeared to form cobalt patches on the
surface of the silica support particles as can Be seen in Figure 5. These patches Were found both
on and inside the silica support particlee when space pernﬁtted and had an average size around 2
um. They appeared at high magnification to be made i.lp of clusters of Co oxide crystals (.ih the
calcined catalysts).

As seen in the SEM micrograph (Figure 7), the catalyst particles after use in the SBCR
appeared to be even less spherical than those of the catalyst as prepared (Figure 5). The number
of broken panicles (fragments and chips) ebviously increased after FTS reaction in the SBCR.
The external cobalt patches appeared not to be affected during the SBCR run. Obvious fractures
could be observed for some of the larger particles. The PSDs of both fresh and used catalysts are
given in Figure 8. Continuous curves, instead of bar charts, were chosen to represent the PSDs
based on the assumption of continuous size distribution [30-32] for easier data comparison and
analysis. The center size of each size interval (i.e., each Microtrac channel) was plotted as the
abscissa and the frequency of particles in each interval as the ordinate. As shown in Figure 8, the

average catalyst particle size decreased after use in the SBCR. The concentration of particles

less than 30 um obviously increased. Two peaks are apparent for the perticles less than 30 pm in

the PSD of the catalyst after SBCR use. Cohsidering that fine particles were lost during the

SBCR run through the liquid effluent filter with openings of 10 um, the actual concentration of
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Figure 6. Morphology of the catalyst support
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Figure 7. Morphology of the catalyst after SBCR FTS
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Figure 8. Comparison of PSD before and after the SBCR run
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fine particles less than 10 um should be higher. For particles larger than 30 um, the PSD of the
catalyst after SBCR use appears to have a bi-modal distribution as opposed to the essentially
single modal distribution of the catalyét as prepared. Not only the average size, but also the
 concentration of these larger particles decreased during SBCR operation.

The attrition tests were run under various conditions and the resulting particle
characteristics (from SEM) and size distributions were compared to those of the fresh catalyst
and after the SBCR run. Figufe 9 sﬁows a comparison of the. PSDs for the fluidized bed tests
(after different tlengths‘of testing time) with the PSDs for the catalyst as prepared and after the
SBCR run. Due to thé loss of most of fines <10 um through the downstream filter during SBCR
operation, all PSDs of the attri‘tion‘ test results were truncated to > 11 wm before being comﬁared
to the SBCR result. Note that all PSDs reported in this work include elutriated ﬁnés. The
average particle size decreased with increasing time-on-stream in the fluidized bed. Both the
weight percent of the elutriated fines (particles exitipg the fluidized bed or jet cup and capturéd
by tﬁe filter at the top of the system) ahd the volume moment, as well as other results, are
summarized in Table 2. As can be seen by SEM,vthe particles remaining in the fluidized bed
(Figure 10) were more spherical and/or smoother on the surface than those of the fresh catalyst
(Figure 5). In’ addition, the number of cobalt patches on the outside surface of the catalyst
particles was much less than that on the fresh catalyst particles. Particles\ elutriated (Figﬁre 11)
were less than 60 yum in size‘and included fragments and chips, as well as fines.

Similar results were found for the jet cup test. The particles remaining in the jet cup
chamber (Figure 12) were more spherical compared to those of the fresh catalyst (Figure 5).

However, the particles collected in the fineé collection assembly of the jet cup test (Figure 13)
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Figure 9. Comparison of PSD for the catalyst after the fluidized bed tests
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Figure 10. SEM of the catalyst particles remaining in the fluidized bed (24 hrs time-on-stream)
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Figure 11. SEM of the elutriated fines of a fluidized bed test recovered in the fines collection
assembly (24 hrs time-on-stream) :




Figure 12. SEM of the catalyst particles remaining in the jet cup chamber (15 I/min flow rate)
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Figure 13. SEM of the fines in the fines éollection assembly of a jet cup test 915 //min flow rate)




were smaller than for the fluidized bed, mostly chips and fines due to the diffefent fluidization
conditions (such as system configuration, flow rate, etc.) in the jet cup. No fragments larger than
30 um were observed in the fines collected. In Figure 14, tho' PSDs following several 1 hr jet
cup tests using different flow rates are plotted with the distributions of the fresh and the SBCR
used catalyst. It is apparent that the mean particle size decreased with an increase in the flow
rate.

Different from the results for tho fluidized bed and jet cup tests, the change in mean
particle size (volume moment) in the coilision test, another air jet type test, was small even after
- multiple runs. The PSDs for different numbers of runs are plotted in Figure 15 and are very

close to the PSD of catalyst as prepared. No particles less than 16 um were observed. The

morphology of the catalyst particles recovered after 2 .sequcntial collision tests is illustrated in

Figure 16. As expected, the particles after the collision test were similar to thoseb of the fresh

catalyst in morphology but cootained slightly .r.nOre chips. The cracks and fracture on larger
catalyst particles were also more obvious than those on the fresh catalysts.

The ultrasonic test was the only test employed in the present study that did not involve a
high velocity air jet but rather ultrasound. The breakdown of particles is believed to be caused
by cavitation via the expansion and subsequent intense collapse of tiny bubbles in the liquid
medium [28,29]. The PSDs resulting from different ultrasonic power settings are plotted in
Figure 17. It is apparent that the degree of change in mean particle size increased with an

increase in ultrasound power setting (or in other words power input), but this trend is not linear
with the power input. The PSDs of the catalyst after testing were very close for the runs at

power settings of 250 W and 400 W. The morphology of the particles after a 15 min ultrasonic
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Figure 14. Comparison of PSD after the jet cup tests
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Figure 15. Comparison of PSD after the collision tests
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Figure 16. SEM of catalyst particles after a collision test (twice)
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Figure 17. Comparison of PSD after ultrasound tests
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test at a power setting of 250 W is illustrated in Figure 18. The particles are apparently more | -
spherical than those of the catalyst as prepared. Particle breakage may have been a resultof

crack propagation under pressure, rather than pure impact fractures. ‘ _ .

4. DISCUSSION
4.1 Attrition Mechanisms iﬁ the SBCR

SEM provides a very powerful and direct determination of attrition mechanism since it is
easy to distinguish broken particles resulting from abrasion or.fragmentatidn based on particle
morphology. Catalyst particles after the SBCR run (Figure 7) were much less spherical _
compared to the fresh catalyst (Figuré 5). Compared to the fluidized bed and jet cup test resulté
(Figures 10 & 12), surface layer removal was not evident for the SBCR sampie (Figufe 7) and
cobalt patches on the catalyst surface were similar to those of the original catalyst (Figure 5). It
is, therefore, speculated that the presence of the dense molten wax served as a “lubricant”
betwéen particles during the SBCR run and reduced the abrasion by a considerable degree. In
order to quantify the particle morphology, the average particle sphericity was calculated based on

N

the Scanning electron micrographs

sphericity = (particle' circumference)2 / (4zrx particle projection area)]. The sphericity
value for a spherical particle is 1, and this value increases with an increase in paﬁicle

| irregularity. As shown in Table 2, catalyst particles apparently v;/ere much less spherical after
the SBCR run. This evidencel suggests that the mechanisms of chipping and fragmentation,

therefore, may have been the primary cause of attrition in the SBCR.
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Figure 18. SEM of catalyst particles after an ultrasonic test (250 W power input)
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4.2. Attrition Mechanisms in the Attrition Tests ,
For the fluidized bed, jet cup and ultrasonic tests (Figures 10, 12, & 18), the large catalyst

particles remaining were obviously smoother on the surface and more spherical compared to the
fresh ones (Figure 5), which suggésts that abfasion was much more important than during the
SBCR run. Image analysis of these micrographs indicates that samples after the fluidized bed,
jet cup and ultrasonic tests did not vshow any significant change in sphericity (Table 2). This
might have been causéd by the inclusion of the smaller énd irregular fragments during image
analysis. For fluidized bed and jet cup, only the SEM micrographs for the particles remaining in
the chamber were used for image analysis. Since most of the fragments and chips were
elutriated out in the ﬂuidized bed, the sphericity value after this test was found to be relatively
lower compared to that after the jet cup test. The higher sphericity value of the jet cup is
considered to be partly due to the inclusion during image analysis of considerable amounts of
fragments. For the ultrasound test, since all the particles were used for image analysis, a higher
sphericity value was also observed.

While abrasion is more apparent for the fluidized bed, jet cup and ultrasound tests
compared to that in the SBCR, it could not account for all the attrition. Instead, chipping and
fragmentation both must exist in order to achieve the observed particle size reduction. Evidence
of the existénce of chips and fragments can be seen in the results after fluidized bed, jet cup and
ultrasound tests (Figures 10-13, & 18).

It is obvious that the collision teét is a different attrition process than the other three
methods. As expécted, since fracture is the dominant mechanism in this type of test, catalyst
baﬂicles were less spherical (Figure 16) éo;npared to those after the fluidized bed and jet cup
tests (Figures 10 & 12). For the collision test, the change in volume moment was insignificant
even after several consecutive runs (Table 2), although chips and small fragments can be
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observed in the SEM micfograph (Figure 16). Perhaps only a few flawed particles broke or
Microtrac measurement is unable to detect particle change if only a corner of a particle is broken
off. This supports the suggestion [16] that there is a necessary velocity required for the threshold

of significarit particle breakage.

4.2 Comparison of the Different Attrition Tests
It has been shown above that the attrition processes in these tests differ somewhat from

each other and also from that of the SBCR run. However, the goal of this work is not to find a
test (or a specific experimental condition) that necessarily generates exactly the same attrition
result as the 240 hr laboratory SBCR run, since application of a catalyst in a different SBCR

would produce different attrition results. Rather, it is to determine a laboratory scale test that is

able to reasonably mimic the attrition processes in an SBCR in order to predict the relative

_ attrition resistances of different catalysts developed for SBCR use. Thus, a single attrition

parameter cannot define an adequate attrition test. Instead, it is a combination of such
pérameters that can suggest a suitable test. The various attrition parameters are compa;ed below.
The weight pe’rcenf of elutriated fines (ratio of weight of fines recovered fo total weight
of catalyst recovered) was measured for both fluidized bed and jet cup tests and is listed in Table
2. The weight loss of elutriated fines increased with increase in time-on-stream for the fluidized
bed test and with the increase in ﬂow.rate for the jet cup test, consistent with earlier.reports
[11,12,33]. In most attrition tests, the weight percent of elutriated fines is used as the sole
measure of attrition. It is suggested that such a siﬂgle measure, while giving a quick result, is
inherently flawed due to the fact that elutriation rate is determined by many parameters, such as
particle density and shape. In addition, due to different fluidization conditions, it is very difficult

to use weight percentage of elutriated fines for comparison between the fluidized bed and jet cup
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tests. Moreover, it is impossible to compﬁre sﬁch results for these two tests with those of the

* ultrasonic test, the colljsion test, or the SBCR run, for which an amount of elutriated fines cannot
be measured. Furthermore, similar td otﬁer reports [4,11], the attritibn rate (wéight of fines

. elutriated pér uhit time) in the fluidized bed test was found to decrease with time-on-stream,
whereas the attrition rate in the jet cup test was relatively constant during the short period of
testing (1 hr).

As shown in Table 2, the cﬁange in volume moment indicates that all the tests except the
collision test were able to generate considerable attrition in relatively short periods of time. The
volume moment. value determined for the catalyst after the SBCR run is somewhat higher than
the actual value since fines Jost through the 10 pm ﬁlt'erkwere not included in the calculation.
Thus, fo provide a more exact comparison, the values of volume moment for the PSDs truncated
at 11 um are alsb listed ih Table 2 for the SBCR run and all the tests. By comparing these
volume moment values, three of the attrition tests can be considered to be reasonable in terms of
producing attrition. For the 15 min ultrasonic (at 150 W power input), 1 hr jet cup (at 10 //min
flow rate), and 18 hr fluidized bed tests, the volume moments of the catalyst‘particles decreased
approximately the same amount as that for the 240 hr SBCR run. The jet cup and ultrasonic tests
appeared to be more aggressive in producing attrition in a shorter time than thc‘ﬂuidi»zed bed tést;

The PSDs can be further analyzed in order to determine the suitability of these tests in
predicting SBCR attrition. Log-normal is the most commonly used distribution function for
particle size in powder technology. In past studies, log-normal distribution was used to describe
both the original and the resulting PSDs [32]. It has also been modified to describe samples of
truncated or mixed particles [32, 33]. In the present study, a multi-model log-ndnnal distribution

was used to fit the experimental data. Considering the attrition mechanisms and the SEM results,
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it was assumed that four different types of particles (unbroken/slightly broken particlés,.
fragments, chips and fines) resulted during attrition. Therefore, a quad-model log-normal
distribution as given by equation (2) was used to describe the catalyst particles after the SBCR

run and attrition tests.

_ 2
o i P [_ {In(x) —In(x,)} :| 2

= ] ex
din(x) 427 In(o,) P 2In*(o )

- Where, ¢is the general term for the frequency and volurﬁe percentage in this present study, Gg; is
the standard deviation for each peak, P; is the percentage of each peak in the oyerall distribution,
Xgi is the mean (o;.center) size of each peak, and xbis the particle size. This distribution model
fits the experimental data quite well (see Figures 19 and 20). The center values of each peak for
the log-normal distributions are also listed in Table 2. The quad-model distribution Qas not used
to deconvolute the PSD of the fresh catalyst because the catalyst as i)repared and sieved
consisted only of unbroken particles. Although there are only fifteen data points available for the
Microtrac results for each sample, this deconvolution analysiS is still considered applicable due
to the good reproducibility of the Microtrac data points. However, the exact location of the
peaks should be considered to be only approximate. As can be seen from Table 2, the center
vallies fo; Xg3 and xgq are very similar. for all the attrition tests and the SBCR run. Considering
the SEM results, this might be a confirmation of the assumed existence of fines and chips (due to

abrasion and chipping mechanisms). For the collision test, there was no
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Figure 20. Curve fit of the results for the fluidized bed test for 24 hours time on stream
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obvious peak for the fines (xg), suggesting that little abrasion ocqﬁrred during the particle
breakdown. However, the xg.1 and xg of the different tests varied ‘significanfly. This is
considered to be partly due to errors caused by the few data points available in the large particle
- size range. This difference is also probably partly due to differences in the fracture and abrasion

mechanisms for the different tests. It seems that the x> value after the SBCR run was relatively

lower than that after most of the tests. This might be a result of more fragmentation attrition .

during the SBCR run.

A Chi-squared (%®) test [35] was employed to determine the statistical goodness of fit for
the PSDs after the various test methods to the PSD after the SBCR run. The xz results are listed
in Table 2 for all the tests. Thg closer the value of xz is to 0, the better the g.oodness-of-fit and
the better the test generated result matches the SBCR result. Only the jet cup test at 10 /min
showed near perfect fit. Other jet cup tests at higher flow rate deviated greatly due to aggressive

attrition and fhe high concentration of finés generated. The PSDs from the fluidized bed tests

showed poorer fits than the 10//min jet cup test. The % value for the PSD’s after the fluidized

bed and ultrasound tests were similar and, as to be expected, better somewhat than those after the

collision tests.

5. Conclusion
It was observed that catalyst attritibn ina laboratofy SBCR run differs somewhat from
that m the attrition tests studied. Attrition in 'the SBCR and the collision test appeared to be
fracture dominant, while abrasion was not very important. In the fluidized bed, jet cup, and

ultrasound tests, abrasion was more important than in the SBCR, but fragmentation and chipping
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also obviously occurred in order to give the particle size distributions (PSDs) which resulted.
Although there are some differences in the attrition 'processés in different systems, the objective
of this research was to determine a laboratory scale attrition test which is able to evaluate in a
timely fashion the relative attrition resistances of different catalysts developed for SBCR use,
rather than to produce exactly the same attrition result as a particular laboratory SBCR run.
Therefore, the comparisons of attrition resulting from the different tests and the SBCR run

focused on the overall suitability of these tests in mimicking the attrition in the SBCR, especially -
'with regards to the PSD.

Since a single attrition parameter cannot define an adequate attrition test, various attrition
parameters were compared. Among the parameters considered, attrition efficiency, i.e, the
attrition géncrated during a certain period of time, was obvious an imporfant criteria for
determining the sﬁitab)ility of a test. Although the attrition mechanisms in the collision test
appeared to be similar to that of the SBCR run, its attrition efficiency was too low to be suitable
for testing attrition. On the contrafy, obvious decreases in average paﬂicle‘size were obtained
after fluidized bed, jet cup, and ultrasound tests. Using optimum operating conditions, all three
tests produced attrition results in terms of change in average particle size, PSD, and % fines quite
similar to that produced in the SBCR. Thus, all three tests can be used to study the relative
attrition resistance of catalysts developed for SBCR usage. However, the jet cup (10l/min., 1 hr) -

can be considered sii ghtly superior to the other two based on and in-depth analysis of PSD.
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