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Abstract−To process the solid particulates in fluidized bed and slurry phase reactors, attrition is an inevitable con-
sequence and is therefore one of the preliminary parameters for the catalyst design. In this paper, the mechanical de-
gradation propensity of the zeolite catalysts (particles) was investigated in a bimodal distribution environment using
a Gas Jet Attrition - ASTM standard fluidized bed test (D-5757). The experimentation was conducted in order to explore
parameters affecting attrition phenomena in a bimodal fluidization. In a bimodal fluidization system, two different types
of particles are co-fluidized isothermally. The air jet attrition index (AJI) showed distinct increases in the attrition rate of
small particles in a bimodal fluidization environment under standard operating conditions, in comparison with single
particle. A series of experiments were conducted using particles of various sizes, with large particles of different den-
sities and sizes. Experimental results suggest that the relative density and particle size ratio have a significant influence
on attrition behavior during co-fluidization. Therefore a generalized relationship has been drawn using Gwyn constants;
those defined material properties of small particles. Moreover, distinct attrition incremental phenomenon was observed
during co-fluidization owing to the change in collision pattern and impact, which was associated with relative particle
density and size ratios.
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INTRODUCTION

It has long been known that particle attrition is an unavoidable
phenomenon in fluidization. Therefore, fluidized bed processes have
fines recovery systems (e.g. cyclones); however, high attrition resis-
tant catalysts have been preferred. In general, attrition is the segre-
gation and fractionation of solid particles [1]. This undesired break-
down of solid particles frequently encountered problems in reactors,
especially with changing flow regimes [2], such as loss of catalyst,
pipe/wall abrasion, changes in bulk properties [3], stack opacity [3],
and a decrease in the quality of product due to separation problems
[4]. In general, attrition resistance was affected by several intrinsic
properties of the particles (size distribution, shape, porosity, sur-
face, cracks, electrostatic charge generation, hardness of the parti-
cles, etc.) and the operational environment (exposure time, shear,
gas velocity, bed length, movement, collision, impact, pressure, tem-
perature, etc.) [1,5].

Several experimental studies and empirical models were devel-
oped in order to characterize the extent of attrition in a fluidized
environment. Gwyn et al. [6] developed the following empirical
relationship (see Eq. (1)) by considering shearing time of attrition,
using a single particle system with high velocity air jets in a fluidized
bed. However, particulate attrition indices considering single-parti-
cle impact provide an ambiguous picture as Gwyn did not consider
principal affecting parameters. The Gwyn constants K and m, were
the function of material properties and size, and were determined

experimentally; further details can be found elsewhere [6].

W=Ktm (1)

Many other studies have discussed attrition and the deformation
of particles, or breakage phenomenon using various shapes, materi-
als (e.g., urea prills, TAED, sodium chloride, molecular sieve beads,
heavy soda ash and alumina extrudates) and systems (e.g., shear
cell, annular cell, phunamatic convares, fluidized beds, etc.) [7-10].
The size distribution of generated fines as a result of attrition was
previously defined by Schuhmann [7]. Neil and Bridgwater employed
the Gwyn equation to characterize different particulate systems--
fluidized bed, screw pugmill, and annular shear cell--and found that
one of the characteristic parameters of the Gwyn function, m, is
independent of the equipment type [10]. Moreover, Neil and Bridg-
water proposed that m is a constant for a given material and the con-
stant of proportionality, K, was related to the normal stress. Crutch-
ley and Bridgwater measured the gap size influence on particle attri-
tion in cone cell and observed a maximum attrition rate at gap widths
of approximately two particle diameters [11]. Ghadiri et al. focused
on fragmentation and surface damaging phenomena on the basis of
load and strain [12]. Potapov and Campbell studied particle break-
age induced mechanisms [13]. Consequently, Ghadiri and Zhang
developed a relationship (see Eq. (2)) for the fractional loss of parti-
cles due to impact [14].

ξ=αη=α(ρv2lH/Kc
2) (2)

However, to date, no study has focused on particle attrition phe-
nomena in bimodal particle fluidized bed (co-fluidization environ-
ments), i.e., the most feasible design for handling extremely endo-
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thermic or exothermic reactions, while the disadvantage of attrition
[15] becomes serious. Therefore, the present study focused atten-
tion not only on attrition calculations, but explored its incremental
phenomena and developed a more generalized relationship for cal-
culating attrition debris in a bi-modal particle system. The Gas Jet
Attrition - ASTM standard fluidized bed test method (D-5757-Re-
vised) was used for determining attrition resistance of catalyst parti-
cles, and was calculated in terms of Air Jet Index (percentage loss)
[16].

EXPERIMENTAL

1. Materials
ZSM-5 and SAPO-34 zeolites of two different sizes, 0.098 mm

and 0.15 mm, were used as small particles. The SAPO-34 catalyst
was prepared at the Beijing Key Laboratory of Green Chemical
Reaction Engineering, Tsinghua University, Beijing, with the mix-
ture composition: SAPO-34 zeolite, kaolin and silicon solution with
a weight ratio of 30%, 40% and 30%, respectively. Both ZSM-5
and SAPO-34 small-sized particles have density 1.68 g/cm3. The
large and small ZSM-5 particles of 2.7 mm were provided by Hui
Er San Ji Co., Ltd. Beijing, China. Large ceramic balls of 0.7 mm
having composition Al2O3/ZrO2/SiO2, with 40/10/50 weight percent
respectively, were used. And large hollow ceramic balls of 0.7 mm
and 1.2 mm were manufactured by Gongyi SanYuan Ceramic Co.,
Ltd. China. The small-sized particles and fines were characterized
using a Malvern Mastersizer (MICRO-PLUS). The sizes of the large
particles were measured with a Vernier caliper. Particle morphology
was obtained (before and after the attrition experiment) by using a
JEOL JSM 7401F scanning electron microscope (SEM) at an ac-
celerating voltage of 3.0 kV.
2. Gas Jet Attrition Test (ASTM Standard Fluidized Method)

The attrition behaviors of particles were investigated using a gas
jet attrition apparatus. This unit was designed based on a standard
ASTM D-5757 (Revised) test method [16]. Induced particle break-
age mechanisms in air-jet tests were believed to involve fractures
(in the grid region of the apparatus) and abrasions (in the bubble
zone of the apparatus) [5]. All tests were conducted with nitrogen
at room temperature. An operating procedure was followed that
included gas velocity beyond that of the terminal velocity for a given

particle size range allowed in D-5757. It allows the fine particles
(>50µm) to transport to a fine collection chamber. 25.0 g large and
25.0 g small particles were loaded into an attrition tube, and the gas
flow rate was adjusted gradually at 0.60 m3/hr (0.059 m/s) accord-
ing to the ASTM standard D-5757. The gas jet attrition apparatus
is shown in Fig. 1 and its design features were as follows:
(a) A stainless steel 70 cm long attrition tube of OD 12 cm.
(b) Three nozzles of diameter 0.38 mm, equidistant from each other,
10 mm from center.
(c) Settling chamber, 62 cm long cylinder of inner diameter 34 cm
with conical ends.
(d) Fines collection assembly, filtering the fines from the gas.

RESULTS AND DISCUSSION

The Air Jet Index (AJI) of all samples was calculated from the
elutriated fines collected after a series of experimental runs. The

Fig. 1. Gas Jet Attrition experimental rig.

Table 1. Gas Jet Attrition Index and Gwyn constants for single particle systems

Exp. no. Run Material Particle size, mm AJI after 5 h K m
1 I ZSM-5 0.098 0.0028 0.0987 0.4339

II ZSM-5 0.098 0.0030 0.0987 0.4339
2 I ZSM-5 0.150 0.0026 0.0653 0.4321

II ZSM-5 0.150 0.0026 0.0653 0.4321
3 I SAPO-34 0.098 0.0082 0.2027 0.4513

II SAPO-34 0.098 0.0080 0.2027 0.4513
4 I SAPO-34 0.150 0.0052 0.1254 0.4348

II SAPO-34 0.150 0.0052 0.1254 0.4348
5 I Ceramic Balls 0.700 0.0000 0.0000 0.0000
6 I Hollow Ceramic Balls 0.700 0.0000 0.0000 0.0000
7 I Hollow Ceramic Balls 1.200 0.0000 0.0000 0.0000
8 I ZSM-5 2.700 0.0000 0.0000 0.0000
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negligible loss of particles (catalyst) associated with disassembly of
the attrition tube was noted, and the overall recoveries were about
99% in each experimental run. The overall weight loss was used
as fine particles losses during calculations. AJI demonstrates over-
all attrition debris and Gwyn constants were tabulated for single
particle system (see Table 1). Based on the above analysis, the parti-
cles can be classified into two generalized groups elutriated (fines
collected from filter having size smaller than 50µm) and un-elutri-
ated particles (those retained in attrition tube) according to their origi-
nal particle size and system was systematically shown in Fig. 2. The
Gwyn constants K and m, those were the function of material prop-
erties and size [6], were experimentally determined for each small
particle in a single particle fluidization system (for both SAPO-34
and ZSM-5 of particle size 0.098 mm and 0.15 mm). The catalyst
showed good resistance to attrition, with the maximum AJI value
of 0.004, meaning that just 0.40% of the initial sample was lost or
converted into fines in 5 hr. The observed attrition rate was almost
linear. The attrition of coarse particles of varying densities and sizes
showed excellent resistance to attrition, with an AJI value of zero,
which means that 100% of the sample was recovered after 5 hr.

The main objective behind current experimentation was to ana-
lyze the variations in small particle attrition during bimodal fluidi-
zation (gas-solid-solid) system and to explore the influence of relative
density and particle size ratio on attrition behavior. As in the GSS-
CFR (gas-solid-solid circulating fluidized bed), two solid particles
were prone to be co-fluidized, and the attrition behavior was largely
varied from single particle attrition. AJI in certain cases was as high
as 0.28, which means that 28% of the small particles were lost due
to attrition. The attrition evaluation was generally pronounced by
the attrition rate, which depends upon certain threshhold for the size
limit of fines collected. In practice, attrition mass was more impor-
tant than the collected fine’s size distribution; therefore, ASTM stan-
dard D-5757 attrition test method was selected for the present study
and operated under standard operating procedure, in the density range
of 1-3 g/cm3 [16].

The flow regime changes with density variations and fluidization
velocities, but the settling chamber provides slipping area to keep
the particles airborne in these circumstances, and only lets the fines
go out. Therefore, the ASTM standard fluidized bed was selected
and operated at fixed superficial gas velocity, i.e., 0.059 m/s, accord-
ing to the standard operating procedure. The exact values of Gwyn
constants for each particle (small zeolite catalysts) at standard con-
ditions were evaluated in accordance with an exact protocol. Later

the co-fluidization tests were carried out at same conditions using
the same apparatus in order to avoid ambiguity regarding opera-
tional influences. The Gwyn constants of each small particle were
measured experimentally as shown in Table 1. The Gwyn plots for
the single particle system, i.e., the results of overall attrition mass
generated by different samples, are shown in Fig. 3. A linear rela-
tionship was found between attrition mass generated against desig-
nated time. This model does not have the ability to be extrapolated
to a bi-modal system; moreover, severe deviations appear in certain
single particle systems [17]. To avoid this error, we calculated Gwyn
constants of our material online in a similar apparatus, so that their
formulation errors regarding different equipment did not appear.

In general, the Gwyn formulation was more successful in describ-
ing attrition of single-sized particles, as discussed earlier, and widely
deviated in apparent circumstances [17]. The severe deviation of
the Gwyn empirical relationship is shown in Fig. 4, i.e., the case of
a bimodal particle fluidization system, having particles of two dif-
ferent sizes and densities. Cohesive forces developed by large parti-
cles were also large in comparison with small-sized particles. This
leads to larger collision impact and increases attrition rate. To avoid
this ambiguity in the analysis of attrition debris generated in gas-
solid-solid fluidization, we formulated a new relationship based on
the standard operation data, using Gwyn constants for small parti-
cles (calculated in single particle system) and by considering the
densities and size ratios for large particles. Previously, Neil et al.
[10] asserted that the Gwyn constant m was independent of load-
ing rate, the type of equipment used and systems employed. While
large deviations were noted in the present experimentation, a new
relationship was proposed that explains this situation in a well de-
fined manner (see Eq. (4)). Where Z represents the severity of attri-
tion due to size variation and relative density (dimensionless), while
e accounts for the change in material properties with time; and where
K and m were the Gwyn parameters related to the properties of small
particles [6,10].

The effect of relative density was considered to define this new
constant Z and its influence can be observed in Fig. 5. There it is
assumed that S is constant and its value is 1. This newly developed
function (Eq. (4)) has the ability to successfully explain small particle

Fig. 2. Systematic image of attrition tube before and after attri-
tion run.

Fig. 3. Single particle system Gwyn plot for attrition debris of zeo-
lite catalyst particles.
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attrition of zeolites and other synthetic catalysts used in bimodal
fluidized bed reactors. This empirical relationship will become more
generalized and accurate because Gwyn constants of each particle
(catalyst) were determined individually. Therefore, the applicability

of this function is not only limited to the measurement of zeolites
attrition in a bimodal fluidized bed environment but can be used

Fig. 4. Attrition behavior in two particle system (GSS) of different density and sized large particles on (a) small zeolite ZSM-5 0.098 mm
particles (b) small zeolite ZSM-5 0.15 mm particles (c) small zeolite SAPO-34 0.098 mm particles (d) small zeolite SAPO-34 0.15 mm
particles.

Fig. 5. Effect of relative density on newly defined constant Z and
AJI after 5 hr.

Fig. 6. Comparison of Zeeshan formulation and experimental re-
sults over a wide range (a) co-fluidized with ZSM-5 parti-
cles of density 1.68 g/cm3 and 2.7 mm size, (b) co-fluidized
with high density ceramic balls 2.64 g/cm3 and 0.7 mm size.
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for other catalysts. The proposed relationship simulated results were
compared over a wide range of experimental results and shown in
Fig. 6. Furthermore, in defining this new function, we consider the
impact of large particles as a function of relative density and particle
size ratio. Moreover, it was assumed that there is no loss of large
particles (as observed from their subsequent single particle experi-
mental data). A narrow span of deviation, i.e., ±0.50 g, in attrition
debris after 5.0 hours operation was observed. The model was gen-
eralized as changes related to material properties, and by consider-
ing these properties the relationship was made generalized. For each
type of material we first determine the values of their constants for
a single particle system as explained by Gwyn, and then using pro-
posed model the attrition loss of that sample in a bi-modal fluidiza-
tion at designated conditions can be calculated.

x=Z·te (3)

where

Z=(ρ)5·(S)0.44·(K) (4)

where ρ is relative density of large particles to small and S is the
size ratio

e=1.53m (5)

Therefore, in a generalized format, by incorporating Eq. (4) and
(5) in Eq. (3) we get:

x=(ρ)5·(S)0.44·(K)·(t)1.53m (6)

Factors affecting the attrition rate and attrition phenomena of single
particle systems have been extensively studied [18-20]. Apparently,
large particles did not take part in the attrition; therefore, only certain
material and physical properties were effecting attrition. To gain
more insight into the attrition and collision impact mechanism, all
samples were evaluated using SEM before and after the attrition
test. The catalyst particles morphological analysis suggests that both
abrasion and fracturing took place [5]. In fracturing, the size of the
particles was largely reduced by breaking into daughter particles,
and the process was closely related to severe operating conditions,
e.g., high stress [13], number of collusions, etc. In abrasion, the re-
moval of particle edges generates fines and normally the abrasion

Fig. 8. SEM images after attrition test with hollow ceramic balls
of 0.7 mm, density 2.49 g/cm3 (a) small ZSM-5 particles of
0.098 mm and (b) small SAPO-34 particles of 0.098 mm.

Fig. 7. SEM micrograph of small ZSM-5 catalyst particles (initial
particle size 0.098 mm) after being co-fluidized with large
ZSM-5 particles of 2.7 mm (density 1.68 g/cm3) indicates
(a) particle before attrition was shown in small window and
fractures; and (b) close-up of abrasion after the mixed cata-
lyst air jet attrition test.
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process plays a vital role in fluidized-bed attrition [21,22]. Ghadiri
and Zhang studied the impact of single particle on attrition, in con-
trolled loading and proposed a model on the basis of fracturing and
chipping phenomena [14]. Salman et al. recently characterized par-
ticle fragmentation using a continuous-flow gas gun and successfully
developed a numerical model to predict the probability of particle
breakage [23].

The attrition phenomena of small particles in a bimodal particles
fluidized bed was slightly different from above reported phenom-
ena, because in this system the fracture mechanism plays a vital
role in increasing attrition. Moreover, the power of impact was ob-
served to be the function of large particle density and size ratios.
Fig. 7 shows that the fractures were appeared on a ZSM-5 particle
of 0.098 mm (small particles) during co-fluidization with the same
material of size 2.7 mm; the original shape of particles before fluidi-
zation was also shown in a small window. Their surface also con-
tains fines of less than 20µm size generated as a result of further
collisions of daughter fragments. These fracturing mechanisms be-
come dominant with respective increase in the density of large par-
ticles. The SEM images of Fig. 8 and 9 show the distinct impact of

large particles on small particles fragmentation during co-fluidiza-
tion. Therefore, the small particle attrition during bimodal particle
fluidization was due to significant collision impact or shear loads
and the hydrodynamic pattern (i.e., because of different densities),
those defined the numbers and intensity of collisions. It was ob-
served that independent of the particle sizes, the attrition was reduced
by minimizing the relative density difference. Therefore, in sophis-
ticated bimodal (GSS-CFR) with smallest attrition the particles of
different sizes should be of the same material.

CONCLUSION

ASTM standard air jet fluidized bed test (D-5757) was used to
study parameters influencing particle attrition in a bimodal fluid-
ized bed environment. Single particle attrition of each sample was
measured in terms of Gwyn constants under identical experimental
conditions (single particle system). AJI significantly reflects the over-
all attrition rate, irrespective of the type of attrition mechanism and
is experimentally calculated. Distinct increment in the attrition rate
was noted in the case of a bimodal particle fluidization environ-
ment (gas-solid-solid system). This increase in attrition rate of small
particles was partially influenced by the particle size ratio and largely
influenced by the relative density of particles. In addition, signifi-
cant linear deviation of the Gwyn function was observed during
bimodal particle fluidization. The major reason behind this drastic
increase in debris (fines) was the distinct fracturing mechanism due
to the strong collision impact of large particles on small particles;
that was straightforward because of the change in flow regime owing
to density variations. A large particle generates higher impact force
and peens the surface of small particles. The formulation was de-
signed to measure attrition debris of small particles by defining new
constants based on Gwyn constants (which explain small particles’
material properties in a bimodal particle fluidization system), rela-
tive particle densities and size ratios. Attrition debris of zeolite cata-
lysts (small particles) was calculated from the proposed relationship’s
simulated results and was compared with the experimental data.
The model successfully calculated the attrition debris of catalysts
in a bimodal fluidization system; moreover, the narrow span of de-
viation, i.e., ±0.50 g in attrition debris after 5 hours operation was
observed.
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NOMENCLATURE

d : particle diameter [mm]
dT : initial particle diameter [mm]
e : empirical constant
G : exponent characterizing the size distribution
H : hardness [Pa]
K : empirical constant (function of initial particle size)
Kc : fracture toughness [N·m−3/2]
l : particle linear dimension [mm]

Fig. 9. SEM micrograph after attrition test with ceramic balls of
0.7 mm (density 2.64 g/cm3) (a) small ZSM-5 particles of
0.098 mm and (b) small SAPO-34 particles of 0.098 mm.
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m : empirical constant
t : time [h]
v : impact velocity
W : mass that has undergone attrition/degradation [g]
WT : mass degradation product having size less than dT [g]
X : attrition mass [g]
Z : Zeeshan constant (function of initial particle size)

Greek Letters
α : proportionality constant dimensionless
ξ : fractional loss per impact dimensionless
ρ : relative density, dimensionless

: dimension less attrition propensity parameter
υ : Poisson ratio dimensionless
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