
Influence of Temperature on Fluidized-Bed
Catalyst Attrition Behavior

Particle attrition is a prevalent problem in fluidized beds due to continuous mov-
ing of catalyst particles. It is always operated at high temperature either for lab- or
industrial-scale fluidized beds. The influence of temperature on the attrition
behavior of commercial methanol-to-olefins (MTO) and fluid catalytic cracking
(FCC) catalysts is analyzed in a three-orifice lab-scale fluidized bed device from
room temperature to 600 �C. The two catalysts are found to be alike in attrition
mode. Both change from a combination of abrasion and fragmentation to main
abrasion with increasing temperature, but differ greatly in the variation of attrition
index with temperature which may be attributed to the difference of material and
particle properties. An empirical correlation of attrition index to attrition temper-
ature for all test samples is proposed.
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1 Introduction

The gas-solid fluidized bed is an indispensable reactor type in
chemical and petrochemical industries due to its various
advantages such as fast mixing and heat exchange. Typical
applications include fluid catalytic cracking (FCC) and metha-
nol-to-olefins (MTO) process. The attrition of catalyst particles
is a crucial issue in the operation of fluidized-bed reactors, on
account of the continuous movement of the catalyst particles.
Multiple-stage cyclones are common practices in both industri-
al FCC and MTO units, which are used to capture the fines
generated during the normal operation. In industrial FCC
units, multiple-stage cyclones can typically recover fines in the
size range of 10–45 mm with high efficiency (> 99 %). As a
recently developed process, the design of MTO fluidized-bed
reactors and the internals inside borrowed a lot of experiences
from FCC fluidized beds since both FCC and MTO catalyst
particles are the A-type according to Geldart’s classification [1].
Of particular importance are the cyclones in the MTO fluid-
ized-bed reactors, which basically follow the design routine of
those in industrial FCC fluidized beds. Note that the design of
cyclones has consequences on operation cost, product quality,
and environment pollution. It is critical to understand the attri-
tion mechanism of MTO and FCC catalyst particles in fluid-
ized-bed reactors at high temperature. This work embodies the
authors’ ambition in this direction.

Catalyst particle attrition in fluidized-bed reactors is compli-
cated since it is affected by the properties of catalyst particles,
such as surface morphology, shape, cracks, composition, and
internal structure, the operating conditions, such as tempera-
ture, pressure, and gas velocity, and the layout of reactor inter-
nals, such as cyclones, air grid, and catalyst inlet device [2, 3].
Different operating conditions and fluidized-bed internal lay-
out may lead to various stress types on particles. Mechanical
stress plays a critical part when catalyst particles collide with
each other or the inner reactor wall. Meanwhile, the uneven
temperature distribution during operation will induce a ther-
mal stress inside the particles. In the presence of chemical reac-
tions in the reactor, there also exists chemical stress inside the
catalyst particles. These stresses in the reactor can cause differ-
ent attrition mechanisms of catalyst particles [2, 3].

In general, the particle attrition can be classified as either
abrasion or fragmentation, mainly identified by the change of
particle size distribution (PSD) before and after operations [4].
Abrasion normally occurs at the particle surface due to lateral
cracks and surface wear, and is featured by the generation of a
large amount of fines hard to capture by cyclones, whereas the
change of PSD is negligible. Fragmentation refers to the break-
down of catalyst particles into smaller pieces with similar size.
The PSD can vary significantly in the fragmentation process. In
many cases both the abrasion and fragmentation may be
found.

The research of attrition of FCC catalysts could go back to as
early as 1949 [5] when the FCC process was still in its infancy.
Since then extensive work has been devoted to the attrition of
FCC catalyst particles [6–10]. It has been found that the attri-
tion of catalyst particles in an FCC fluidized-bed reactor can
come from the high-velocity jet by the air grid, bubble-induced
particle motion, and cyclones [11–14]. Although the attrition
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of FCC catalyst particles inside fluidized beds is controlled in a
complicated manner by the properties of catalyst particles,
operating conditions, and layout of reactor internals, both
abrasion and fragmentation are found as the attrition mecha-
nism for FCC catalyst particles, leading to the size of fines of
10–40 mm, which is well within the optimal operation range of
cyclones. However, most of these studies on catalyst attrition
are performed at room temperature. Despite the catalytic reac-
tions occur at high temperature, the physical properties of the
flowing gas and particles, as well as the hydrodynamic regime
in fluidized beds, vary significantly with temperature [15–17].
This indeed leads the stress distribution on the surface and in-
side of the particles differing from that at room temperature,
and eventually affects particles’ attrition behavior at high tem-
perature. Hao et al. [18] recently studied the attrition mecha-
nism of MTO catalyst particles at room temperature and
500 �C, and found that temperature has a substantial impact on
the attrition mechanism of MTO catalyst particles.

Attrition has been studied for many materials at room tem-
perature, e.g., Fischer-Tropsch catalyst [19–24], coal [25, 26],
glass [27], oxygen carriers [3, 28–30], and various crystals
[31–33]. Lin et al. [21] and Bukur et al. [20, 22] carried out the
attrition tests of an iron Fischer-Tropsch (F-T) catalyst in a
stirred-tank slurry reactor. They concluded that attrition of the
F-T catalyst was induced by both the mechanical stress from
particles’ collisions and the chemical stress due to phase trans-
formation. Lin and Wey [34, 35] studied the attrition of silica
sand at high temperature in a bubble fluidized-bed incinerator.
They found that prediction results from existing correlations
derived at room temperature could not coincide with their
experimental results achieved at high temperatures, whereas
the attrition rate increased with higher temperature.

Chen et al. [36–38] investigated the attrition of limestone by
impact tests in a circulating fluidized-bed combustor at tem-
peratures from 25 �C to 850 �C. They stated that the attrition
decreased with increasing temperature, which is in contrast to
the findings of Lin and Wey [34, 35]. The attrition of calcium-
based sorbents for removing sulfur dioxide (limestone, dolo-
mite, lime etc.) in fluidized-bed combustors has also been stud-
ied at high temperature [39, 40]. Li et al. [41] examined the
attrition of silica sand and petroleum coke in a hot fluidized
bed with an attrition nozzle operating at temperatures from
ambient to 500 �C. They concluded that the dominant attrition
mechanism at high temperature is fragmentation and high
temperature promotes particle attrition. They also showed that
the petroleum coke produced fines with relatively larger size
after attrition at higher temperature, while the results are
reverse for silica sands. Nevertheless, these results indicate that
the attrition behavior at high temperature varies with experi-
mental conditions and materials utilized.

However, the knowledge on attrition of FCC and MTO cata-
lysts at high temperature in fluidized beds is limited. The aim
of this experimental study is to explore the influence of temper-
ature on the attrition rate of MTO and FCC catalyst particles
in the temperature range from ambient to 600 �C, and to
understand the attrition mechanism of MTO and FCC catalysts
at high temperature, in order to shed some light on the cyclone
design in industrial units.

2 Experimental

2.1 Experimental Apparatus

The experimental apparatus follows the ASTM D5757-11 [42],
which is composed of a reactor and a 3-mm orifice stainless-
steel distribution plate. The reactor consists of four parts: gas-
preheating chamber, attrition chamber, particles settling cham-
ber, and fines collector. The 5 mm thick distributor plate is
placed inside the reactor tube, which separates the tube to the
upper attrition chamber and lower gas-heating chamber. Three
orifices with 0.5 mm diameter are isometric from each other
and 10 mm from the center of the plate. An electric heating
device that can heat the reactor up to 700 �C is installed outside
the preheating and attrition chamber, as shown in Fig. 1.

Above the attrition chamber is the particle setting chamber,
which is connected to the fine collector. The stainless-steel
reactor tube is 34 mm in inner diameter, and therein, the length
of the gas-preheating chamber is 462 mm and of the attrition
chamber 733 mm. The particles settling chamber is 620 mm in
length, being cylindrical in the middle part and conical at two
ends. The inner diameter of the cylindrical part is 110 mm, the
lengths of the upper and lower cone are 120 mm and 235 mm,
respectively, with two terminals converging to a diameter of
34 mm.

The fines collector has a filter bag that can collect fines larger
than 0.1 mm and withstand up to 260 �C. The experiments were
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Figure 1. Air jet fluidized-bed experimental apparatus [18].
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carried out from room temperature to 600 �C with compressed
air under ambient pressure.

2.2 Materials

The samples used in the experiments are listed in Tab. 1. Three
different types of particles, i.e., MTO catalyst, FCC catalyst, and
inert particles, were studied. The MTO catalyst and inert par-
ticles were both supplied by Chia Tai Energy Materials (Dalian)
Co. Ltd. (China), the FCC-1 catalyst was from Beijing Huiersanji
Green Chem Co. Ltd. (China), and the FCC-2,3 catalyst was pur-
chased from Zibo Xinhong Chemical Co. Ltd. (China).

Both the MTO and FCC catalyst are fresh industrial catalysts
and are mainly composed of zeolite, binder, matrix, and addi-
tives. The inert particles have almost identical compositions as
the MTO catalyst particles except SAPO-34 zeolites, which
were used in the cold-flow experiments or commercial MTO
units for fluidization tests before starting up. All the MTO,
FCC, and inert particles were manufactured by spray-drying
and then calcinated at high temperature; they have not been
sintered or hardened. Tab. 2 lists the compositions of MTO and
FCC catalysts.

Prior to the experiments, the samples were screened by two
sieves to get a narrow PSD of particles. FCC-1 and MTO-1
have a little broader PSD than the other samples. Fig. 2 shows
the PSDs of the initial samples.

The PSDs were analyzed by a
Malvern laser particle size analyzer
(Mastersizer 2000), in which the deion-
ized water was used to disperse the
sample under ultrasonic condition pri-
or to analysis and the morphology was
determined by scanning electron mi-
croscopy (SEM; Hitachi TM 3000).
Fig. 3 depicts the SEM photos of typical
MTO and FCC catalysts. All samples
were calcined in a muffle furnace at
600 �C for 3 h and cooled down to
room temperature in vacuum desicca-
tors before each test.

2.3 Attrition Measurements

The experimental apparatus was first preheated to a tempera-
ture slightly lower than the desired one. Then the weighed cata-
lyst sample was charged into the apparatus from the top of the
settling chamber. Meanwhile, a gas flow of 1 L min–1 was blown
into the fluidized bed to prevent falling of catalyst particles
through the orifices of the distributor plate. The preheating
and attrition chamber, when filled with particles, were further
heated to the desired temperature. Then the gas flow was
turned carefully to the target flow rate. The operating condi-
tions were the same for all samples. The gas velocity through
the orifices was fixed at 424 m s–1, thus the superficial gas veloc-
ity in the attrition tube was set at 0.28 m s–1, by altering the flow
rate for different temperatures since the attrition may change
with gas velocity. The test time was 12 h.

Chem. Eng. Technol. 2016, 39, No. 5, 927–934 ª 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cet-journal.com

Table 1. Properties and mass of samples used in the experi-
ments.

Sample d50

[mm]
D[3,2]
[mm]

Bulk density
[g cm–3]

m0

[g]

MTO-1 117 112 0.71 50

MTO-2 124 121 0.71 100

FCC-1 116 110 0.79 50

FCC-2 126 122 0.76 100

FCC-3 126 122 0.76 200

Inert particle-1 130 127 1.03 100

Inert particle-2 130 127 1.03 200

Table 2. Compositions of MTO and FCC samples.

Composition [wt %] MTO-1, 2 FCC-1 FCC-2,3

Al2O3 54.02 50.38 49.46

SiO2 25.00 40.41 41.22

P2O5 19.72 0.85 1.05

La2O3 0 4.38 4.33

SO3 0.23 0.80 1.19

Figure 2. PSDs of initial samples.

a) b)

Figure 3. Typical SEM photos of initial samples: (a) MTO-1, (b) FCC-1.
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In this study, the gas velocity of the orifice was much higher
than that encountered in the real industrial fluidized-bed reac-
tors. Such a high gas velocity was used in the laboratory-scale
experiments in order to shorten the test time. In real units, the
attrition of catalysts is related to long-term operation, i.e., sev-
eral months to several years. Investigating the attrition mecha-
nism under real operation conditions with such a long duration
is extremely difficult, if not impossible. Therefore, as common
practice [5, 10, 42], the attrition of catalysts was normally tested
in laboratory facilities with a much higher gas velocity but
within a relatively short time.

During the tests, elutriated fine particles were collected by
the filter bags, which should be replaced quickly at a predeter-
mined time interval. The filter bags were weighed before and
after being replaced to assure the accurate weight of fines gen-
erated in this time span. All samples and filter bags in the tests
were weighed by a Mettler Toledo precision balance (ML3002),
with a readability of 0.01 g. A slight tapping of the walls of the
attrition chamber and settling chamber was conducted regu-
larly.

2.4 Characterization of Attrition

The attrition resistance of granular material is generally charac-
terized by the attrition index (AI) as defined in Eq. (1), being
the percentage of the mass of fines less than 20 mm collected
during the test in relation to the total mass of catalyst samples
charged into the apparatus at the beginning of the test.

AI ¼ mf20

m0
· 100 (1)

where mf20
1) is the mass of fines smaller than 20 mm, which is

the sum of fines collected at each time interval during the
whole test, and m0 is the mass of catalyst samples initially
charged to the apparatus.

The attrition mode is usually distinguished by comparing
the PSDs of samples before and after the tests. After each test,
the PSDs of particles remaining in the attrition chamber and
fines collected at each time interval were analyzed. Eq. (2)
defines the total PSD of the sample after the test including fines
collected and the remaining particles in the attrition chamber.

PSDtotal ¼
P

i;j mi;jPSDi;j þmrPSDr
P

i;j mi;j þmr
(2)

where mi,j is the mass of fines collected between the i-th and
j-th hour, mr is the mass of the remaining particles in the attri-
tion chamber after each test, PSDi,j (i < j) is the PSD for fines
collected between the i-th and j-th hour, and PSDr is the PSD
for the remaining particles in the attrition chamber.

The fine powder in the initial sample was removed before
each test to ensure that the majority of fines collected by the fil-
ter bag were produced by attrition rather than that from the
initial sample charged into the apparatus. It is clear that the

particle size will influence the fluidization performance, but the
attrition of coarse particles might be more important in fluid-
ized-bed operation as this is directly related to the catalyst lost
in real units. Less than 1 wt % of initial catalyst particles
charged into the reactor was lost after each of the experiments,
which can be attributed to the fines elutriated in the feeding
and unloading process.

3 Results and Discussion

3.1 Dependence of Attrition Index on Temperature

In Fig. 4, the attrition indices are plotted as function of temper-
ature for all samples tested. A significant difference between
the attrition indices of MTO and FCC catalysts can be found.
Two stages can be clearly distinguished in terms of the influ-
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Figure 4. Attrition indices of samples from room temperature to
600 �C: (a) MTO-1, 2; (b) FCC-1, 2, 3; (c) inert particle-1, 2.

–
1) List of symbols at the end of the paper.
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ence of temperature on the attrition index of MTO catalyst par-
ticles. When the operation temperature increases, the attrition
indices of MTO catalyst particles firstly rise and then drop sig-
nificantly, reaching a maximum at around 300 �C (see Fig. 4 a),
which suggests that the attrition rate of MTO catalyst particles
has a complicated dependence on temperature.

The attrition performance of inert particles with temperature
is illustrated in Fig. 4 c. Note that the catalyst attrition is related
to mechanical, thermal, and chemical stress acting on the par-
ticles. In the current study, the chemical stress is not included.
Concerning mechanical and thermal stress, the latter is mainly
dominated by the material properties. MTO catalyst particles
are composed of active components (SAPO-34 zeolites),
binder, matrix, and additives, while the inert particles have al-
most identical compositions like MTO catalyst particles except
SAPO-34 zeolites. According to Watanabe et al. [43] and Buch-
holz et al. [44], SAPO-34 zeolite is thermally stable at tempera-
tures up to 900 �C, and no change of the crystallinity and
microporous structure of the framework could be found at
such high temperature. However, the material properties of the
matrix, blinder, and additives, including the Young’s modulus,
brittleness, and surface energy, may vary at high temperature
[38, 41, 45, 46]. Thus, it is expected the thermal resistance of
MTO catalyst and inert particles has the similar trend with
temperature, and consequently the attrition index has a similar
shape. However, the mechanical stress of catalyst particles is
strongly determined by the surface properties, inner structure,
and among others. The much higher attrition index of MTO
particles compared to the inert particles may be attributed to
the existence of zeolite crystals in MTO particles. Without zeo-
lite crystals inside, the inert particles have an amorphous inner
structure. However, the MTO catalyst particles contain many
crystals. The binding force at the interfaces between zeolite
crystals and amorphous substance is relatively weak, thus
lowers the strength of MTO catalyst particles.

From Fig. 4 b, it is obvious that the attrition indices of FCC
catalyst particles drop monotonously with increasing operation
temperature. This apparently deviates from that of MTO cata-
lyst particles.

Chen et al. [36–38] studied the attrition of limestone in a cir-
culating fluidized-bed combustor from 25 �C to 850 �C and
found that the attrition index decreases with rising tempera-
ture. But Lin and Wey [34, 35] stated that the attrition of silica
sand at high temperature in a bubble fluidized-bed incinerator
exhibits a monotonous increase with operation temperature.
Our results for FCC catalyst particles are consistent with the
findings by Chen et al. [36–38] though the attrition indices of
our MTO catalyst particles and inert particles manifest a maxi-
mum at 300 �C. This is certainly related to the material proper-
ties which may have a different dependence on temperature.

A quantitative explanation on the maximum attrition index
of MTO catalyst and inert particles is dependent on the direct
measurement of the material properties of powder at high tem-
perature, which remains a big challenge so far. However, a
hypothesis can be used to qualitatively explain this maximum
attrition index. Note that the MTO catalyst particles consist of
SAPO-34 zeolite, matrix, binder, and additives. As mentioned
above, SAPO-34 zeolite has a good thermal stability [43, 44],
and the material properties including hardness, Young’s modu-

lus, brittleness etc. are closely related to temperature
[38, 41, 45, 46]. Actually, as suggested by Werther and Reppen-
hagen, for any specified type of material there should be an
optimal temperature range with respect to the attrition per-
formance [4]. Thus, it can be argued that the material of non-
active components such as matrix, blinder, and additives of
MTO catalyst particles has a weak attrition resistance in the
temperature range around 300 �C. The existence of SAPO-34
zeolite crystals inside the catalyst does affect the mechanical
stress but has a negligible influence on the thermal resistance.
This also explains the similar maximum attrition index at
around 300 �C for inert particles as the materials of inert par-
ticles are the same as those of the nonactive components in
MTO catalyst particles.

A careful check with the experimental data suggests that the
decrease of attrition index with rising temperature can be well
described by:

AI Tð Þ ¼ AI0exp �k T � T0ð Þ½ � (3)

where AI (T) is the attrition index at temperature T, AI0 is the
pre-exponential factor, which can be influenced by the reactor
layout and operation conditions, and among others, k is a con-
stant rate that is only influenced by particle properties; T0

means the characteristic temperature.
Tab. 3 lists the fitting parameters based on Eq. (3) for all

samples. Fig. 5 compares the experimental with the prediction
data based on Eq. (3). The attrition index of FCC catalyst par-
ticles can be well captured by Eq. (3). The attrition index of
MTO catalyst particles at high temperature (> 300 �C) can also
be predicted by Eq. (3). It should be stressed that, although
Eq. (3) can provide a good representation for the attrition index
of FCC and MTO catalysts at high temperature, it is not our
intention to find a widely accepted formula. The parameters
used in Eq. (3) would vary for different testing conditions.

3.2 Attrition Modes

The total PSDs of catalyst particles after tests at different tem-
peratures are provided in Fig. 6. The PSDs measured at lower
temperature, i.e., room temperature and 200 �C, have three
peaks: the first one is around 100 mm, which follows exactly the
mean size of the parent particles; the second one is in the range
of 10–40 mm, showing debris with this size were generated due
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Table 3. Fitting parameters of Eq. (3) for different samples.

Sample T0 A0 k R2

MTO-1 300 17.82 0.00149 0.9857

MTO-2 300 6.11 0.00149 0.8918

FCC-1 25 36.19 0.00125 0.9307

FCC-2 25 20.94 0.00125 0.9809

FCC-3 25 10.30 0.00125 0.9207

Inert particle-1 300 3.97 0.00250 0.9490

Inert particle-2 300 0.78 0.00250 0.8506
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to the fragmentation; and the third one is between 1 and 5mm,
indicating that the abrasion occurs at lower temperature, thus
fines of 1–5mm were found. Apparently, the attrition at lower
temperature is a combination of abrasion and fragmentation. At
high temperature, i.e., > 200–300 �C, only the first and third peaks
remain in the PSDs of catalyst particles. This means that abrasion
becomes the dominant attrition mode at high temperature.

In Figs. 7 and Fig. S1 of Supporting Information, typical SEM
photos of the MTO-1 and FCC-1 catalyst particles remaining
in the reactor after attrition tests are presented. After the attri-
tion tests at low temperature, i.e., at room temperature and
100 �C, small debris due to breakdown of the parent particles
can be observed. The uneven shape of these debris evidenced
that they were generated along the cracks on the parent par-
ticles (see Figs. 7 a, b and Fig. S1 a, b). After the attrition tests at
higher temperature (200–600 �C), there
are many superfine particles which
generated by propagation of cracks on
the particles’ surface under the stress
(see Figs. 7 c, d and Fig. S1 c, d, the
SEM photos of 400–600 �C are similar).
This agrees with the observation con-
cerning the change of PSDs of catalyst
particles.

3.3 Mechanism of Catalyst
Attrition at High
Temperature

As discussed above, the MTO catalyst
particles have a better attrition resist-
ance than FCC catalyst particles. How-
ever, the mechanism behind the differ-
ent attrition performance between MTO
and FCC catalysts with increasing tem-
perature is not obvious. Werther and
Reppenhagen [4] suggested that the at-
trition of catalysts at high temperature
might be due to the thermal shock and
the variation of particle and gas proper-
ties. At room temperature, the catalyst

particles are brittle and easy to break down into similar sizes be-
cause the cracks on the surface will develop readily. At high tem-
perature, the material is softer than that at room temperature
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Figure 5. Dependence of attrition index on temperature for dif-
ferent samples. The solid lines are the fitting based on Eq. (3)
and scatters denote experimental results.

Figure 6. Total PSDs of catalyst particles after tests: (a) MTO-1,
(b) FCC-1.

a) b)

c) d)

Figure 7. SEM photos of MTO-1 after tests: (a) room temperature, (b) 100 �C, (c) 200 �C, (d)
300 �C.
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and the particles become more resistant to the
mechanical impact [18]. In this case, the
chance for fragmentation is significantly re-
duced and abrasion is the main attrition mode.

The compositions of two catalysts are differ-
ent. The molecular sieve of MTO is SAPO-34,
and FCC is typically Y-type. The compositions
of these two catalysts are compared in Tab. 2.
The mechanical strength and attrition resistance
performance of MTO and FCC catalyst particles
depend on particle properties such as hardness,
mechanical properties, and residual stress,
which is eventually related to their compositions
and the synthesis conditions. Another reason
might be the initial shape and the cracks on the surface of these
two catalyst particles. As can be seen in Fig. 3, the MTO catalyst
particles have a much smoother surface than the FCC catalyst
particles. Most of the MTO catalyst particles in the initial sample
are spherical, with some small pieces sticking to the surface. The
shapes of the FCC catalyst particles, however, deviate signifi-
cantly from the perfect sphere, which certainly enhances the sur-
face wear and thus abrasion of catalyst particles.

Also some cracks were found on the surface of FCC catalyst
particles. The development of cracks on the catalyst surface is
influenced by operation temperature, which may cause differ-
ent attrition behavior at lower temperature. It has been found
that porosity influences the stress distribution and cracks
growth [47]. In addition, porosity affects the interfacial crack
propagation of brittle materials [48]. As demonstrated in Fig. 8,
the interior construction of MTO and FCC catalyst particles is
different but both are porous and inhomogeneous. According
to the study of Nakamura and Wang [49], the crack growth
and propagation within inhomogeneous porous material is un-
even and influenced by pore arrangements. In addition, the
growth and propagation of the crack of porous materials at
high temperature [50] is very complicated, which is influenced
by the structure and composition of the material, environment
temperature, and stress on the particles. In other words, these
factors may partly contribute to the distinct attrition of MTO
and FCC catalyst particles as the latter exhibits apparent cracks
on the particle surface, as shown in Fig. S1.

It should be stressed that many factors will influence the
attrition of catalyst particles, such as material properties, syn-
thesis methods, and hydrodynamics in reactors. The attrition
of catalyst particles is indeed a complicated process. However,
as analyzed above, the compositions and surface cracks might
play a key role in the distinct attrition behavior of MTO and
FCC catalyst particles, especially at high temperature.

4 Conclusions

Although the design of the fluidized-bed reactors and the inter-
nals inside of the recently developed MTO process borrows a
lot of experience from the FCC process, it has been found that
the attrition of MTO catalyst particles is different from that of
FCC catalyst particles at high temperature. In general, MTO
catalyst particles have a better attrition resistance than FCC
catalyst particles. The attrition index of FCC catalyst particles

shows a monotonous dependence on temperature, while that
of MTO catalyst particles manifests a maximum at round
300 �C. An exponential relation was found which describes well
the influence of temperature on the attrition index of MTO
and FCC catalyst particles at high temperature.

Detailed analysis discovers that, among many complicated
factors influencing the attrition of catalyst particles, the materi-
al composition and surface cracks would play the key role in
the distinct attrition behavior. Both abrasion and fragmenta-
tion was found for either MTO or FCC catalyst particles at low
temperatures, i.e., room temperature and 100 �C, while abra-
sion becomes the dominant attrition mode at high tempera-
tures from 200 �C to 600 �C, which was confirmed by both PSD
measurements and SEM of the samples. Although MTO cata-
lyst particles have a lower attrition rate, most of fines generated
are between 1 and 5 mm, which would be difficult to capture by
multistage cyclones that are common practice in industrial
MTO and FCC units. This should be taken into account in
improving the cyclone design for MTO units.
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Symbols used

AI [%] attrition index
AI (T) [%] attrition index at temperature T
AI0 [–] pre-exponential factor of Eq. (3)
d50 [mm] particle size
D[3,2] [mm] particle size
k [–] constant parameter of Eq. (3)
m0 [g] mass of catalyst samples initially

charged to the apparatus
mf20 [g] mass of fines smaller than 20 mm
mi,j [g] mass of fines collected between the i-th

and j-th hour (i < j)
mr [g] mass of the remaining particles in the

attrition chamber after each test
PSDi,j [–] PSD for fines collected between the i-th

and j-th hour (i < j)
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a) b)

Figure 8. Interior morphology of catalyst particles: (a) MTO-1, (b) FCC-1.
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PSDr [–] PSD for the remaining particles in the
attrition chamber

PSDtotal [–] total PSD of the sample after the test
T [oC] test temperature
T0 [oC] characteristic temperature

Subscripts

i, j [h] attrition time

Abbreviations

AI attrition index
ASTM American Society for Testing and Materials
FCC fluid catalytic cracking
MTO methanol-to-olefins
PSD particle size distribution
SEM scanning electron microscopy
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