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Abstract. The extruded alumina was prepared by the extrusion of a paste that contains
boehmie, 6-alumina, polyethylene glycol 400 as an additive, and nitric acid as a peptizing
agent. Porosity and crushing strength of the samples were carried out by means of Nj
adsorption-desorption isotherm and mechanical strength instrument, respectively. The
calcined extruded alumina has the specific surface area of 168-240 m?/g, pore volume of
0.37-0.5 cm®/g, and pore diameter of 8.2-8.8 nm. More than 36% of pore volume belonged
to the pore diameters larger than 10 nm. The lateral crushing strength was found to be 232-
476 N/cm®. The highest crushing strength of the prepared samples was 30% higher than
that reported in the literature. The addition of aluminum nitrate to the paste increased
50% in the lateral crushing strength; hence, it reached the value of 622 N/cm?. This
was mainly the result of the binder functionality of aluminum nitrate that led to stronger
connections between the particles. The extruded alumina did not show any deformation
when introduced to the impregnation solution. This extruded alumina can be used as the
catalyst support.

(© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

Heterogeneous catalysts play a very important role in
many industrial processes. Different kinds of materials
such as alumina, zirconia, and alumina-silicates, which
can be of a single phase or composites, can be used as a
catalyst support [1]. Among these materials, alumina
is the most widely used catalyst support because of
its attractive mechanical properties, cheapness, intrin-
sic acid-base characteristics, reasonable stability, ad-
justable surface, and physicochemical properties. Alu-
mina can provide, through its different phases, a wide
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range of surface areas and porosities that are suitable
for many catalytic applications such as petrochemical
and petroleum industries [2-4]. The catalyst should be
formed into a suitable shape according to the reactor’s
essentials. Pressing and extrusion are two common
methods of manufacturing shaped supports [1]. The
miscibility of components, i.e. alumina source such
as boehmite and different phases of alumina with
different particle sizes, additives, and peptizing agent,
is necessary, because if the components of the paste
are not miscible, the liquid and solid phases may
separate during the extrusion. The preparation of a
paste with desirable viscosity is an important factor
in the extrusion method because very viscous paste
could not come out of the extruder and stick around
the extruder helix. On the other hand, using low-
viscosity paste will result in the phase separation. The
boehmite powder is being mixed with suitable additives
such as polymers, grease, graphite and peptized by
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the addition of acids or alkalis [1,3]. Binders are
necessary for alumina supports extrusion. Polymer
solutions, clay, boehmites, and pseudo boehmite, gelled
by the addition of acids and alkalis, are used as a
binder. The use of boehmite and pseudo boehmite
species as a binder is beneficial, because they are
transformed into the high-surface-area y-alumina. The
crushing strength, shape retention of extruded support,
and textural properties, such as specific surface area,
pore diameter, and pore volume, are the important
characteristics of a suitable support.

In the present work, the alumina support was
prepared using boehmite, d-alumina, polyethylene gly-
col 400, and nitric acid as a peptizing agent. The
extruded alumina with different boehmite/§-alumina
was prepared, and their crushing strength and textural
characteristic were studied. The effect of aluminum
nitrate addition on the porosity and crushing strength
was also investigated.

2. Experimental analysis

2.1. Materials

Boehmite (surface area: 275 m?/g, pore volume:
0.71 ¢cm? /g, and pore diameter: 10.34 nm are obtained
from the Iranian Institute of Research and Develop-
ment in Chemical Industries), y-alumina (particle size
< 0.063 mm of about 72%, Merck), polyethylene glycol
400 as an additive denoted as PEG-400 (Merck), nitric
acid as a peptizing agent (Merck), aluminum nitrate
nonahydrate (A1(NO3)3. 9H;0, Merck), cobalt nitrate
hexahydrate (Co(NO3)2.6H20, Merck), and distilled
water were provided. All materials were used without
further purification.

2.2. Characterization

2.2.1. Textural properties

The specific surface area, pore volume, and pore size
distribution of extruded alumina were obtained from
nitrogen adsorption-desorption isotherms, determined
at —203°C with Belsorp II apparatus. The extruded
alumina was degassed at 300°C for 5 h. The specific
surface area of the samples was calculated according
to Brunauer-Emmett-Teller (BET) method, and the
pore size distribution and total pore volume were
determined from the adsorption branches of the cor-
responding nitrogen isotherm by the Barrett-Joyner-
Halenda (BJH) method.

2.2.2. Crushing strength

The crushing strength of extruded alumina was deter-
mined by measuring the breaking force for a sample
compressed between two parallel plates using a San-
tam STM-20 (Iranian) machine. The Side Crushing
Strength (SCS) was calculated from the following
equation:

SCS = F/L, (1)

where F is Force (N), and L is the length of extruded
catalyst (mm). In the Lateral Crushing Strength (LCS)
measurements, the cross-sectional area of the granule is
taken to be S = DL, where D is the granule diameter
(em) and L is the granular length (cm):

LCS = F/S. (2)

2.2.8. Paste preparation
The extruded alumina supports were prepared via the
kneading and extrusion of a paste as follows: boehmite
powder and é-alumina (vy-alumina is calcined at 900°C)
mixed thoroughly at different ratios. The nitric acid
solution was added to this composite and kneaded
using a mechanical paddle. Then, the aqueous solution
of PEG 400 was added to the mixture and mixed. The
prepared paste was extruded using an extruder with
the cylindrical die of 2.5 mm. The extruded samples
were dried at room temperature and, then, at 110°C
for 12 h. The dried materials calcined at 550°C for
4 h in air. Calcined extruded alumina was broken into
an appropriate length. Sample H was prepared in the
presence of 3 wt% Al(NOg3)s.

The image of extruded alumina is presented in
Figure 1.

2.2.4. Impregnation

The sample prepared with 5% é-alumina was
impregnated with cobalt salt via incipient wetness
impregnation method for 12 h at room temperature.
After that, the samples were dried at 110°C for 12 h
and calcined at 550°C for 5 h. The calcined samples
contained 9% wt. Co.

3. Results and discussion

Calcination of y-alumina at 900°C led to the formation

Figure 1. The image of extruded alumina after
calcination.
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Table 1. Textural characteristics of y-alumina and é-alumina.

Surface area

Pore diameter

Pore volume

Alumina R 3
(m*/g) (nm) (cm®/g)
0 139 5.4 0.27
6 20 21.2 0.22
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Figure 2. pore size distribution of (a) y-alumina and (b) §-alumina.

of §-alumina [5]. This phase transition decreased
specific surface area and increased pores diameter
significantly. The result is presented in Table 1.

Pore size distributions of ~v-alumina and 6-
alumina are shown in Figure 2. Pore size distribution
of é-alumina is significantly broader than that of -
alumina. These results showed that increasing calci-
nation temperature led to the formation of meso and
macro porosity in the alumina, which is in agreement
with those reported in the literatures [5-7]. Because of
the presence of large molecules in the hydrodesulphur-
ization reactions, the presence of meso and macro pores
in the support is necessary; therefore, the porosity of
support must be tuned by calcination.

Table 2 shows the composition of paste and
textural properties of extruded alumina. The paste
prepared only with boehmite was highly viscous; hence,
the paste could not come out of the extruder and stick
around the helix. The addition of é-alumina to the
materials improved the extrudability of the paste. The
absence of boehmite in the paste led to the separation
of liquid and solid phase during the extrusion.

The specific surface area and pore volume de-
creased with increasing the amount of ¢-alumina. The
crushing strength of extruded alumina did not change
so much in the presence of 5-25 %wt ¢é-alumina;
however, the addition of 50% wt é-alumina reduced
the crushing strength from 9 N/mm to 5 N/mm which

Table 2. Composition of paste and properties of extruded alumina.

PEG Surface

Side

Lateral

Pore Pore

6-Alumina Bohmite HNO3 . crushing crushing Paste
Sample 400 area diameter Volume &, .
(%ow) (%ow)  (%w) (%w) (m2/g) (nm) (cm®/g) strength strength viscosity
ow) (m~/g nm cm” /g (N/mm) (N/cm?)
A 0 100 3 15 — — — — — None Very thick
B 5 95 3 15 240.5 8.4 0.51 8.94 420 Good Good
C 10 90 3 15 240 8.4 0.50 9.5 426 Good  Good
D 15 85 3 15 226.5 8.2 0.46 8.92 476 Good  Good
25 5 3 15 188.5 8.6 0.40 9.6 432 Good  Good
F 50 50 3 15 168.2 8.8 0.37 5.17 232 Good  Good
100 0 3 15 — — — — — None Poor
HP 5 95 3 15 266 7.6 0.5 14 622 Good  Good

aExt.: Extrudability; PAddition of Al(NO3)3.
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Table 3. Distribution of pore volume in different pore diameters.

Pore volume in

Sample 0-3nm 3-5nm 5-10 nm 10-20 nm 20-30 nm +30 nm  Total
pores diameter of
cc/g 0.0229 0.0819 0.220 0.1135 0.0246 0.0476
B 0.5109
% 4.48 16.03 43.14 22.2 4.82 9.31
cc/g 0.0215 0.0788 0.217 0.117 0.0259 0.0445
C 0.5046
% 4.26 15.62 43.00 23.17 5.12 8.82
cc/g 0.0218 0.0753 0.2065 0.1017 0.0235 0.037
D 0.4658
% 4.68 16.17 44.33 21.84 5.04 7.94
cc/g 0.016 0.0654 0.1805 0.0915 0.0212 0.0371
E 0.4124
% 3.98 15.87 43.79 22.21 5.15 9.00
cc/g 0.013 0.0543 0.1622 0.0822 0.0206 0.0408
F 0.3731
% 3.48 14.55 43.47 22.04 5.52 10.93
400 - Table 4. Crushing strength of samples prepared in this
50/50 work and other researches.
Sample Crushing st;‘ength References
N/cm
Example 1 97 [9]
Example 1 360 [10]
S3 322 [11]
420 This work
. H 622 This work
1.2

p/Po

Figure 3. N> adsorption-desorption isotherms of samples
with different Boehmite/§-alumina ratios.

resulted from the higher percentage of é-alumina with
larger particles. The distribution of pore volume
in different pore sizes is presented in Table 3. For
instance, the pore volume of the pores with a diameter
larger than 10 nm is 36.3 when applying 5% é-alumina
and 38.5 to the sample containing 50% é-alumina,
respectively.

N, adsorption-desorption isotherms of different
Boehmite/$-alumina samples are shown in Figure 3.
These isotherms are of type IV and reveal a hysteresis
loop of type H1, indicting the presence of mesopores [8].

Hysteresis loop of these isotherms tended to the

larger P/P, at a lower Boehmite/é-alumina ratio,
which is due to the presence of larger pores in the
sample. Increasing the amount of d-alumina shifted
the isotherms to the lower consumed gas and resulted
in the reduction of specific surface area and pore
volume.

Lateral crushing strength of the sample with
5% wt d-alumina was about 420 N/cm?. The compar-
ison of crushing strength with the samples prepared in
the other researches is presented in Table 4. Therefore,
the samples prepared in this research showed higher
crushing strength than the sample prepared in other
research did.

The metals should be added to the extruded
support in order to prepare the catalyst. The catalyst
support may be deformed or shattered once added to
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Figure 4. Image of extruded alumina after impregnation.

water. The preparation of extruded alumina, which
can preserve their forms and shapes, is an important
issue in the catalyst preparation. When the extruded
alumina (sample B) was added to the aqueous cobalt
impregnation solution, no deformation was observed
after 12 h. The image of the impregnated sample
is shown in Figure 4. The specific surface area
(204 m?/g) and pore volume (0.4 cm?/g) decreased
after impregnation, confirming the penetration of metal
into the pores.

4. Conclusion

The extruded alumina was prepared using boehmite,
6-alumina, nitric acid as a peptizing agent, and PEG
400 as an additive. The calcined extruded alumina
has the specific surface area of 168-240 m?/g, pore
volume of 0.37-0.5 cm?3/g, and pore diameter of 8.2-
8.8 nm. More than 36% of pore volume belonged to
the pore diameters larger than 10 nm. The crushing
strength was found to be 232-476 N/ecm?. The addition
of aluminum nitrate to the paste led to an increase in
the crushing strength up to 622 N/cm?. The crushing
strength of extruded alumina is by far higher than the
values reported in the literature. The extruded alumina
did not show any deformation when introduced to the
impregnation solution. This extruded alumina can be
used as the catalysis support. Further works should be
focused on the activity performance of these catalysts
in the hydrodesulphurization of heavy hydrocarbons
such as gasoil.

Acknowledgment

The authors are grateful for the financial support
received from Iran National Science Foundation (Grant

No. 94028719) and Iran polymer and petrochemical
institute (Project No. 24754103).

References

1. Mills, H. and Blackburn, S. “Rheological behaviour
of §-alumina/boehmite pastes”, Chemical Engineering
Research and Design, 80(5), pp. 464-470 (2002).

2. Rashidi, F., Sasaki, T., Rashidi, A.M., Nemati Kharat,
A., and Jozani, K.J. “Ultradeep hydrodesulfurization
of diesel fuels using highly efficient nanoalumina-
supported catalysts: Impact of support, phosphorus,
and/or boron on the structure and catalytic activity”,
Journal of Catalysis, 299, pp. 321-335 (2013).

3. Trimm, D.L. and Stanislaus, A. “The control of pore
size in alumina catalyst supports: A review”, Applied
Catalysis, 21(2), pp. 215-238 (1986).

4. Liu, X., Li, X., and Yan, Z. “Facile route to prepare
bimodal mesoporous y-Al2O3 as support for highly ac-
tive CoMo-based hydrodesulfurization catalyst”, Ap-
plied Catalysis B: Environmental, 121-122, pp. 50-56
(2012).

5. Nampi, P.P., Ghosh, S., and Warrier, K.G. “Cal-
cination and associated structural modifications in
boehmite and their influence on high temperature den-
sification of alumina”, Ceramics International, 37(8),
pp- 3329-3334 (2011).

6. Sun, Z.-X., Zheng, T.-T., Bo, Q.-B., Du, M., and
Forsling, W. “Effects of calcination temperature on the
pore size and wall crystalline structure of mesoporous
alumina”, Journal of Colloid and Interface Science,
319(1), pp. 247-251 (2008).

7. Ros, S.D., Barbosa-Coutinho, E., Schwaab, M., Cal-
savara, V., and Fernandes-Machado, N.R.C. “Model-
ing the effects of calcination conditions on the phys-
ical and chemical properties of transition alumina
catalysts”, Materials Characterization, 80, pp. 50-61
(2013).

8. Nava, R., Pawelec, B., Morales, J., Ortega, R.A
and Fierro, J.L.G. “Comparison of the morphology
and reactivity in HDS of CoMo/HMS, CoMo/P/HMS
and CoMo/SBA-15 catalysts”, Microporous and Meso-
porous Materials, 1, pp. 189-201 (2009).

9. Wassermann, M. and Meyer, A., Process for Mak-
ing Erxtrudates from Aluminum Ozyhydrates, Google
Patents (1977).

10. Laurer, P.R., Preparation of a Catalyst Carrier from
Alumina Miztures, Google Patents (1981).

11. Parkhomchuk, E.V., Lysikov, A.l., Okunev, A.G.,
Parunin, P.D., Semeikina, V.S., Ayupov, A.B.,
Trunova, V.A., and Parmon, V.N. “Meso/ macrop-
orous CoMo alumina pellets for hydrotreating of heavy
oil”, Industrial & Engineering Chemistry Research, 52
(48), pp. 17T117-17125 (2013).



M. Zarezadeh-Mehrizi et al./Scientia Iranica, Transactions C: Chemistry and ... 25 (2018) 1434-1439 1439

Biographies

Mansoureh Zarezadeh-Mehrizi received her BSc
degree in Pure Chemistry from Alzahra University
in 2006. She obtained her MSc and PhD degrees in
Inorganic Chemistry from University of Tehran in 2009
and 2014, respectively, under supervision of Dr. Alireza
Badiei. Her research interests include porous materials
and catalysis. Currently, she is a post-Doc researcher
in Iran polymer and Petrochemical Institute (IPPI).

Ali Afshar Ebrahimi received his BSc, MSc, and
PhD degrees in Chemical Engineering from Amir
Kabir University of Technology. Currently, he is an

Assistance Professor at the Petrochemical Department
of Iran Polymer and Petrochemical Institute. He is
an expert in heavy petroleum catalytic cracking and
hydrotreating. He is the head of catalytic conversions
of heavy petroleum in IPPL.

Azam Rahimi is currently a Professor at the
Department of Polymer Science, Iran Polymer and
Petrochemical Institute. She obtained her PhD degree
from Michigan State University. She has about 40
years of scientific editing, teaching, and research
experience. Her research interests include synthesis
of inorganic compounds, drug delivery systems, and
nanocomposites.





