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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
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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)

86




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

2.0 - —— origin‘al
—a— after SBCR use
— 150 W (> 11 um)
—— 250 W (> 11 um)
1.5 1 —-— 400 W (> 11 um)
] ' '
3
£ 1.0 1
=
o
2
T
05

0.0

O 20 40 60 80 100 120 140 160
particle size, x (um)

97



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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