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•	 High temperature attrition tests 
which mimic the regenerator 
condition has been carried out on 
a FCC catalyst.

•	 Considerable reshaping of PSD 
plots reported extreme particles 
cracking at high temperature.

•	 Attrition process contour plots 
addressed optimization point and 
interaction between temperature 
and time.
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In this work, high temperature attrition was studied in a standard attrition set-up to mimic 
the FCC regenerator environment with mechanical attrition. Operating conditions were 
modified in this pilot due to the application of high temperatures. Two parameters, i.e., 
time and temperature in the ranges of 1 to 5h and 673-973K, were surveyed, respectively. 
The behavior of attrition and mass loss was then modeled and validated. At higher 
temperatures mass loss response sensitivity became larger. Finally, PSD and SEM tests 
were used to investigate the attrition mechanism. In the ambient tests, abrasion was 
significant while at higher temperatures, fragmentation was considerable. PSD plots 
shifted into larger particles and SEM images showed those changes as well. In addition, 
significant reshaping in the PSD curves indicated particle cracking at high temperatures.

* Corresponding author: Tel.: +9821-48662484   ;   Fax: +9821-44787076     ;   E-mail address: a.afshar@ippi.ac.ir
DOI: 10.22104/jpst.2020.3853.1158

Air Jet Stream

Heat Heat

Attrition Riser

FCC Particle

Fragmentation

Abrasion



S.F. Ghazvini et al. / Journal of Particle Science and Technology 5 (2019) 135-143 136

1. Introduction

A gas-solid fluidized bed reactor is the key item 
in the fluid catalytic cracking (FCC) process. FCC 
operates at high temperature and utilizes solid catalyst 
particles. Attrition is an indispensable problem in 
reactor fluidization and circulation in the unit. Gas-solid 
fluidized reactors are the core of industrial, chemical, 
and petrochemical processes due to the advantages of 
their good phases contact area, rapid mixing, and highly 
efficient transport phenomena [1-2]. Solid particle 
attrition is a crucial issue that refers to the process of 
particle resurfacing, reshaping, and size reduction [3]. 
The study of the attrition process has been done on many 
diverse materials such as: residue fluid cracking catalysts, 
methanol to olefin catalysts, and CO2 adsorbents [4-
7]. Particle attrition in fluidized bed reactors is very 
complicated and causes the abrasion and fragmentation 
mechanisms [8-9]. It is affected by various parameters 
of catalyst properties such as: morphology, cracks 
and synthetic compositions, feedstock contaminations 
and the engineering operational parameters such as 
temperature, pressure, and gas phase velocity [10].

Many studies have been done on the attrition behavior 
of diverse particle materials at ambient temperature such 
as crystals, like sodium chloride and sodium carbonate 
monohydrate particles, which are used in bulk chemical 
and detergent industries [11-13], coal ash particles 
used in combustion technology [14-15], iron Fischer-
Tropsch catalyst used in slurry bubble column reactors 
(SBCR) or stirred tank slurry reactors (STSR) [16-19], 
glass [20], and oxygen carriers used in chemical looping 
combustion technology [21-23].

Scala et al. investigated limestone attrition at high 
temperature. The experiments were done in a stainless 
steel (AISI 312) fluidized bed reactor of 1m height 
and 40mm internal diameter. The reactor, which was 
filled with 100-200 gr samples, was heated up to 1123K 
before each batch run [24]. Lin et al. worked on the 
effect of high temperature and combustion conditions 
on silica sand attrition. The stainless steel (AISI 
310) fluidized reactor was constructed with a 0.5m 
length preheating section connected to a main column 
with a height and internal diameter of 1 and 0.09m, 
respectively. The tests were done under an atmospheric 
pressure and temperature of 873, 973, and 1073K. The 
reported results showed that the attrition rate was higher 
at high temperatures and combustion conditions due to 

the influence of thermal shock [25]. Lin et al. continued 
their previous study and proposed the attrition rate 
model at high temperature. The applied operating 
factors were a temperature, particle size, fluidized 
static bed height and velocity of the jet gas of 298-
1173K, 385-1095µm, 1.2-2.0 H/D and 0.14-0.29 m/s, 
respectively [26]. Chen et al. assessed limestone 
particles attrition by utilization of impact tests at 
temperatures of 298-853K. The experiments were 
undertaken in the circulating system of a 
fluidized bed chamber. The system was comprised of a 
compressor, three-stage preheater, super heater, and an 
accelerating tubular combustor with a 1m length 
and 0.012 m internal diameter. They proposed two 
experimental correlations and stated the decrement 
of attrition by increasing the temperature [27]. They 
expanded their attrition research temperature to 1123K. 
Rittinger’s surface theory analysis was employed 
[28], and the results stated that the attrition rate was 
affected by calcination and sulfation at 1123K; whereas, 
no effect was observed at less than 853K. The highest 
rate was for attrited calcined limestone at 1123K [29]. 
In continues process studies, the particle population 
model was proposed using the Arrhenius format [30]. 
Li et al. investigated the attrition behavior of the fluid 
coking process with supersonic convergent-divergent 
nozzles. The apparatus consisted of a high temperature 
fluidized reactor with 1.23m height and 0.1m × 0.5m 
cross section. The attrition gas/gases were injected 
from the sidewall nozzles and tests were done from 
ambient temperature up to 773K. The obtained data 
revealed that the temperature had considerable 
effect on grinding efficiency, and Ghadiri’s breakage 
model was applied to represent the effect. Moreover, 
fragmentation was the dominant mechanism in the hot 
attrition process [31]. Hartman et al. developed a high 
temperature attrition module for Lanov dolomite in 
catalytic biomass gasification. Experimental tests were 
conducted in a hot turbulent fluidized reactor with 
a 0.5m height, 0.051m inner diameter, and constant 
temperature of 1123K [32].Recently, Hao et al. 
performed a high temperature attrition study for the 
MTO catalyst from 373-773K. A jet cup attrition 
apparatus was utilized and the breakthrough results 
offered the significant influence of gas velocity. 
Due to the transition of the attrition mechanism, the 
maximum attrition index was switched from 573 to 
373K at the highest gas velocity [5]. 
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Extensive study has been done on FCC catalysts 
attrition since 1949 [33]. The catalytic cracking process 
operates at high temperature and there are very few 
studies devoted to high temperature FCC catalyst 
attrition. The aim of this work is to investigate the 
FCC catalyst attrition behavior in high temperatures 
to mimic the regenerator conditions for the catalyst. 
Two operating attrition factors, i.e., time, 1-5h, and  
temperature, 673-973K, were chosen as A and B 
parameters, respectively. Statistical response surface 
methodology (RSM) with central composite design 
(CCD) was utilized to give us the layout of experimental 
tests and reveal the simultaneous interactive effect of 
attrition time and temperature. This study can predict 
the catalyst behavior in large scale FCC operation. 
Furthermore, the mathematical fundamentals of this 
method give accurate and reliable results. The generated 
contour plots, results of RSM, were in close agreement 
with numerical model rates. Finally, PSD and SEM 
analysis offered the dominant attrition mechanism in 
different operating conditions. Attrition of FCC catalyst 
particles at elevated temperatures has been very rarely 
studied, to the best of the author’s knowledge.

2. Experimental Study 

2.1. Attrition apparatus 

Fig. 1 shows the schematic attrition system used 
in this work. The system was constructed at the Iran 
Polymer and Petrochemical Institute, IPPI, according 
to the procedures and sizing scales reported in 
ASTM-D-5757-00 [34]. The compressed air is the 
fluidizing agent in this apparatus. Due to the electrostatic 
forces of the generated fine particles, there is mitigation 
of solid particles. Therefore, the compressed air passes 
through 0.25m of deionized water. The size and 
structure of the deionized water column was extracted 
from the standard ASTM test method to reach the 
desired humidity. Pressurized air with the humidity of 
30-40% flowed into the bottom of the attrition column 
through a distributor plate. The plate has three 0.0003m 
diameter nozzles  arranged as a triangle 0.010m from 
the center of the triangle. According to the standard, 
the inlet flowrate was controlled so that the outlet 
flowrate became 10 L/h in each test. The attrition 
column consisted of an attrition riser and a settlement 
chamber. The attrition riser, with 0.710m height and 

0.035m internal diameter, was made of stainless steel 
(AISI 310). This research was designed to assess high-
temperature experimental tests; therefore, a specific 
furnace was constructed for the attrition riser section. 
The riser section was located in a 4.4kW electrical 
furnace for high-temperature tests. In each run, the 
riser was filled with 50g catalyst sample according 
to the ASTM test. The riser connects to the 0.630m 
settlement chamber. The first conical part expands to a 
0.110m internal diameter, which was welded to 0.300m 
height tubular column. Finally, a convergent conical 
shape was abridged to 0.030m diameter and lined to the 
fines collector bag. The collector is a vertical cylindrical 
chamber whose bottom is a classic general purpose 
filter paper. So, the fine particles entrained from the 
riser were properly collected above the filter.   

 

2.2. Catalyst characterization tests

A fresh catalyst sample was provided from a domestic 
refinery. Catalyst properties, such as bulk density and 
particle density, were measured and the BET surface area 
of the catalyst was calculated using a CHEMBET-3000 
analyzer. Table 1 reports the properties results. For 
further study of the impacts of operational conditions, 
morphology and surface structure were observed with 
a VEGA II TESCAN scanning electron microscope. 
SEM tests were done on catalyst samples before and 
after the tests. Particle size distribution was also one of 

Fig. 1. Attrition system schematic.
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the most important analyses which shows the dominant 
mechanism or mechanism transfer at different processing 
conditions. PSD graphs were generated after 1h and 5h 
tests for ambient temperature, 673K, and 973K with 
Malvern Mastersizer 2000. Those PSD results were 
done for the remaining catalyst over the jet nozzles plate.

2.3. Experiments layout

Processing conditions impacts and relevant mechanisms 
were inferred from the generated fine mass in the down-
stream of the set-up. Response Surface Methodology is 
a combination of mathematics and statistical techniques 
for monitoring and analyzing a process. It is utilized in 
engineering for optimization of multi-factorial operating 
conditions. Two factors, i.e., time and temperature, 
were chosen and entitled as A and B, respectively. 
Temperature is the most imperative feature of FCC 
reactor processing. Time is another significant parameter 
because  the FCC catalyst is being circulated in the unit 
for long time periods. Therefore, these two parameters 
were selected to mimic the closest points of industrial 
conditions and to report challenges. “A” ranges from 
1 to 5h and “B” ranges from 673 to 973K. These data 
were imported to the Design Expert calculation tool (DX 
7.0.0) for processing. The experiments layouts were 
generated with the central composite design. Table 2 
reports the related factors, units and ranges. The response 
of the experimental design is the collected mass loss of 
fine particles in grams. In each run, the weight of the 
collector before and after the test was measured with a 
digital scale. The difference shows the mass of collected 
attrition loss. Then, the mass loss was removed, and the 
collector was weighed again  to ensure the validity and 
exactness of the measured mass. 

3. Results and Discussion

3.1. Air jet index

ASTM-D-5757-00 offered a dimensionless numerical 
value entitled the Air Jet Index (AJI). The AJI refers 
to the percentage of catalyst loss in attrition processing 
5h following equation 1. AJI gives a better estimated 
vision for the attrition resistance of a catalyst used on 
the industrial scale. Jones et al. developed this index for 
longer time ranges and to compare the AJI  transition for 
different catalysts [3]. In this study, the Air Jet Index was 
calculated and reported in  Fig. 2. Numerical values were 
obtained over five-hour attrition in ambient temperature, 
673K, and 973K. The test results demonstrated that the 
loss rate increases smoothly in moderate temperatures, 
such as 673K, and at higher temperatures, i.e., 973K, 
there was an intense transition due to thermal shock. So, 
temperature plays a significant role in the attrition tests, 
and the catalyst physical-thermal resistance underwent 
considerable changes.

100×=
wieghtbedcatalystinitial

weightparticlesfinecollectedAJI
                                   

                                          

3.2. Statistical results

Experimental tests were done according to the 
DX (Design Expert) calculation tool results. A RSM 
package with a central composite design was selected 
from the DX calculation tool. The experimental test 
layout and the obtained results through 13 tests are 
reported in Table 3. It was observed that the highest 
fine particles loss occurred at 973K and 5h attrition, and 
this record was followed by 1035K-3h and 823K-5.83h 
in second and third places, respectively. The top three 

(1)

Fig. 2. Air jet index for attrition loss.

         Table 1. Properties of fresh catalyst sample.

Bulk density
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(a)

(b)

         Table 3. Experimental layouts of catalyst mass loss.

Run no. Calculated information Calculated results

A
Attrition time (h)

B
Temperature (K)

Down-stream mass distribution
 (g)

Coded value Real value Coded value Real value Real value

1
2
3
4
5
6
7
8
9
10
11
12
13

1.000
1.000
0.000
0.000
0.000
0.000
-1.000
-1.414
0.000
1.414
0.000
-1.000
0.000

5.00
5.00
3.00
3.00
3.00
3.00
1.00
0.17
3.00
5.83
3.00
1.00
3.00

1.000
-1.000
-1.414
0.000
1.414
0.000
-1.000
0.000
0.000
0.000
0.000
1.000
0.000

973.00
673.00
610.87
823.00
1005.13
823.00
673.00
823.00
823.00
823.00
823.00
973.00
823.00

6.55
3.61
2.82
4.06
4.81
4.06
1.58
0.76
4.00
4.57
4.06
2.29
4.00

         Table 4. Catalyst mass loss via ANOVA results.

Source Sum of squares df Mean of squares F-Value P-Value
(Prob. >F)

Significance

Model
A
B
AB
A2

B2

Residual
Cor Total

8.613E-003
5.757E-003
1.307E-003
1.488E-004
1.398E-003
1.257E-005
5.511E-005
0.75

5
1
1
1
1
1
7
12

1.723E-003
5.755E-003
1.307E-003
1.488E-004
1.398E-003
1.257E-005
7.873E-006

218.81
731.27
166.04
18.91
177.59
1.60

<0.0001
<0.0001
<0.0001
0.0034
<0.0001
0.2469

Significant

Standard Deviation =2.806E-003
Mean =0.33
Coefficient of Variation (C.V.%) = 0.86
Predicted Residual Error of Sum of Squares (PRESS) = 3.816E-004
R2 = 0.9936
Adj R2 = 0.9891
Pred R2 = 0.9560
Adeq Precision = 50.613

experimental catalyst loss in Table 3 defines the two 
parameters interaction along with the optimized point. 
DX design considers the result of tests slightly more 
than the upper limit and lower than the minimum limit 
to certify there are no sharp changes over the operating 
parameters-slot. Therefore, two tests at 5.83 and 0.17h 
were performed.

3.3. ANOVA results

The DX calculation tool utilizes analysis of variance 
program (ANOVA) for the regression of results, which 

were obtained from experimental tests. This analysis 
program proposes the best fitted polynomial model 
and multifactorial contour plots. The coefficients of 
the model represent the effect of each operating factors 
and interaction influences. In the ANOVA program, 
the validity of the results are measured with statistical 
F-value and P-value, and the reliability of the proposed 
model is assessed with R2 and adj. R2. ANOVA results are 
reported in Table 4. The P-value for the sample catalyst 
is <0.0001, which is less than the 0.05 target. Therefore, 
the fitted model is significant and accurate. R2 and adj. 
R2 are 0.9936 and 0.9891, respectively. These values are 
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close to 1, which demonstrates the model fits well with 
the experimental data. The generated models are shown 
in Table 5 with actual and coded values. 

3.4. Optimization plots analysis

2D and 3D operation contour plots were obtained 
from simultaneous statistical equation solving and 
data regression, which are reported in Fig. 3. At initial 
attrition time, temperature played the dominant role. As 
the test time increased, the slope of the contour lines 

Table 5. Generated model for catalyst mass loss (in g).

Response Surface Linear Model (A and B are coded values)

Response Surface Linear Model (Time and temperature with actual values)

Fig. 3. Operation contour plots (a) 2 dimensional and (b) 3 dimensional. 

)a(

decreased. This shows the synergic impact of time on 
the attrition loss. The minimum mass loss condition 
was 973K and 1h, which is followed by 610.87K-3h. 
The interaction term was mostly significant at higher 
processing times.
 
3.5. Characterization tests analysis

Particle size distribution graphs at ambient 
temperature, 673 and 973K for 1 and 5h attrition times 
are reported in Figs. 4 and 5. The largest particles size in 
the PSD plot in Fig. 4 were nearly 240µm, while those 
in Figure 5 were about 200µm. These show the breakage 
of the particles and changes in the PSD curve area. At 
the start of the test, fine particles from the initial samples  
migrated and were collected in the filter bag. Therefore, 
it was observed that the PSD peak shifted slightly to 
the right. The vertical axis is the volume percentage. 
Since the migration of generated and original fine 
particles occurs during attrition, the remaining catalyst 
on the orifice has more larger particles. So, the shift 
of PSD lines to the right was observed. In the high 
temperature tests, the curves peak switched smoothly 
to the left from the 1 to 5h run. This represents the 
abrasion of catalysts particles due to more attrition 
time, and implies new fine particles were generated 
from the parent particles. This proves that as time 
increases abrasion plays a more important role. As the 
temperature increases, fragmentation will become more 
significant in attrition. Width changes of the curves was 
another important factor of the PSD curve at different 
operating temperatures. With the abrasion mechanism, 
the PSD lines smoothly shift right-left and up-down 
directions without considerable change. But with the 
fragmentation mechanism, the width has been changed. 
It is also observed that this transition is  considerably 
more at 973K. This shows that the thermal shock had 

2 21 0.32 0.027 0.013 (6.100 003) 0.014 (1.344 003)
( 6)

A B E AB A E B
Sqrt Downstreammassloss

= − − − − + + −
+

1 0.41906 0.023495( ) (8.9924 005)( )
( 6)

Time E Temperature
Sqrt Downstreammassloss

= − − − −
+

2 2(2.03333 005)( ) (3.54421 003)( ) (5.97327 008)( )E Time Temperature E Time E Temperature− × + − + −

)b(
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an impact on fragmentation, and it is more significant at 
higher temperatures. So, fragmentation is the dominant 
mechanism of attrition in this condition. Therefore, 
when these two parameters are working together, 
the attrition condition is complicated and perceiving 
the dominant mechanism is challenging. Therefore, 
statistical-mathematical methods, like RSM, are useful 
for better understanding of the process. It also helps 
to have a better visualization for higher temperatures 
similar to industrial conditions. Part “a” in Fig. 6 is the 
SEM images of a fresh sample, and part “b” is the SEM 
of the attrited catalyst at a constant temperature of 973K 
for 5h. It is observed from part b that the small size 
particles produced from cracking, thermal, and physical 
shocks have left the system. These image results support 
the peak shifts of the PSD plots to the right. 

4. Conclusion

FCC catalyst attrition tests were done according to 
ASTM-D-5757-00. Regarding the operation of FCC 
process at high temperature, the attrition pilot was 

facilitated with a 4.4kW furnace. Two operational 
parameters, i.e., time and temperature in the range of 1-5h 
and 673-973K, were selected, respectively. Response 
surface methodology with a central composite design was 
utilized for the investigation of individual parameters’  
impact and interaction influences.  According to the 
experimental results regression, the best fitted model was 
proposed and operating contour plots were generated. 
At early attrition times, especially before the second 
hour, although temperature was the affecting parameter 
on the mass loss with abrasion mechanism, it showed 
a synergic effect at higher temperatures and made the 
mass loss response more sensitive to temperature, which 
resulted in fragmentation. Moreover, PSD plot peaks 
moved toward larger particle sizes after the test and 
considerable shape changes especially at 973K/5h were 
observed from 1 to 5h run. Shape change confirms that 
fragmentation is the key mechanism of attrition due to 
thermal shock impact. At this point, it is perceived that 
not only physical resistance but also thermal resistance 

Fig. 4. Particle size distribution for 1h operating time.

Fig. 5. Particle size distribution for 5h operating time.   

)a(

)b(
Fig. 6. SEM images of (a) fresh sample and (b) attrited catalyst.  
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is of great significance. SEM images supported those 
results and reported larger size particles. At higher 
temperatures, smaller particles generated from the 
initial hours undergo multi-fragmentation and migrated 
from the system, bigger particle sizes settled down in 
the riser and were recognized in the SEM image. This 
study mimicked the regenerator section of a FCC, where 
physical attrition of the catalyst particles in the presence 
of high temperature takes place. So the results of this 
study can help catalyst manufacturers to consider some 
measurements against the thermal shock effect on 
the physical attrition of the particles. Study of the 
attrition riser hydrodynamic at different temperatures is 
suggested for future study. 
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