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High Activity of Aluminated Bifunctional Mesoporous Silica Nanoparticles 
for Cumene Hydrocracking and Measurement of Molar Coefficient 
Absorbance 

Mohammad Reza Sazegara,b *, Sugeng Triwahyonob , Aishah Abdul Jalilc, Rino R. Muktid, 
Seyed Mohammad Seyed Mohagheghe,f and Madzlan Azizb   

Bifunctional mesoporous silica nanomaterials (MSN) with various Si/Al molar ratios of 7, 
10, 20 and 50 in platinum supported (Pt/HAlMSN) were synthesized using sol-gel 
followed by post-synthesis methods. XRD and nitrogen sorption results confirmed the 
mesoporous structure with the surface areas of 537–775 m2

g
-1. 27Al NMR spectroscopy 

confirmed aluminium loading with tetrahedral, pentahedral and octahedral structures. 
Pyridine adsorbed IR results indicated that the aluminium incorporating led to generate 
strong Brønsted and Lewis acidic sites. Catalytic activity was investigated for cumene 
hydrocracking in a pulse microcatalytic reactor at the temperature range of 323–573 K 
which revealed that this activity depends on the number of Lewis and Brønsted sites. 
High yield of cumene conversion increased from Si/Al of 50 to 10 and decreased in Si/Al 
of 7 due to the presence of pentahedral Al and/or inactive tetrahedral Al atoms in 
Pt/HAlMSN-7. High selectivity of α-methylstyrene showed the important role of Lewis 
acid sites in these bifunctional catalysts. In spite of the coke formation in the Pt/HAlMSN 
catalysts, the reactivation recovered the activity of catalysts after 100 h of reaction. The 
molar coefficient absorbances of Pt/HAlMSN were measured using pyridine followed by 
water adsorption monitored by FTIR.   
 

Introduction 

Mesoporous silica nanoparticles (MSN) with specific 
characteristics like large surface area, high pore size 
and volume, catalysis behavior and adsorption 
properties open up many potential applications in 
catalysis, environmental protection and nanostructured 

materials1-3. Aluminium loading into MSN in order to 
produce active sites results in a decrease of the pore 
structure as compared with the pure MSN4. 
Protonation of mesoporous materials changes the pore 
structure as well as undesirable loss of 4-coordinated 
aluminium structure and appearance of 6-coordinated 
aluminium structure5. Introduction of platinum to the 
mesoporous silica materials usually combined with 
metal oxides such as Zr, Ir, Al and Mo oxides6-8 which 
increased the catalytic activity. Enhancement in the 
amount and strength of the acidic sites conducted 
through the generation of Brønsted acid sites by using 
protonation process.  

Recently, Jana et al.9 synthesized the catalyst of Al-
MCM-41 (Mobil Composition of Matter No. 41) with 
different molar ratios of Si/Al via four different 
synthesis methods: hydrothermal, grafting, sol-gel and 
template cation exchange. They showed that the 
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acidity and catalytic activity increased with the increase 
of Al loaded into the catalyst structure. Al-MCM-41 
showed the highest activity in the cracking reaction in 
comparison with zeolite Y, SBA-15 (Santa Barbara 
Amoprhous 15) and ZSM-5 (Zeolite Socony Mobil–5) 
due to the highest acidity of Al-MCM-4110. Handjani et 
al.11 synthesized Pt/Al-SBA-15 catalyst and showed that 
lower amount of Brønsted acid sites and higher amount 
of Lewis acid sites had influenced in the activity of 
catalyst in cumene cracking.   

Whereas few studies have been reported the 
synthesis of Al-containing and platinum supported on 
mesoporous silicates, this study focused on the 
synthesis and characterization of protonated AlMSN 
with platinum supported in the cracking reaction. MSN 
exhibits low catalytic activity due to the presence of 
weak Lewis acid sites and the absence of Brønsted acid 
sites in its framework. Incorporation of aluminium 
followed by protonation generates the strong Lewis 
and Brønsted acid sites which lead to increase the 
catalytic activity. In the present work, the catalyst of 
Pt/HAlMSN with different Si/Al ratio of 7-50 was 
synthesized and cumene hydrocracking reaction was 
investigated in order to evaluate the effect of Al 
concentration accompany by platinum species over 
cumene conversion. We reported here the synthesis of 
MSN by sol-gel method and incorporation of aluminium 
with different Si/Al ratio of 7, 10, 20 and 50 followed by 
protonation resulted HAlMSN which was found to 
enhance the acidity, activity and stability of MSN. 
Platinum loading of HAlMSN (denoted Pt/HAlMSN) was 
carried out as much as 0.1 wt% Pt which promoted the 
active sites for cumene hydrocracking reaction. The 
physical properties of Pt/HAlMSN were confirmed by 
nitrogen physisorption, XRD, FTIR, pyridine-FTIR and 
29Si and 27Al solid state NMR. The activity of the 
Pt/HAlMSN catalysts was examined using the cracking 
of cumene under hydrogen atmosphere. The 
conversion results revealed that the activity of the 
catalysts was strongly related to the number of Lewis 
and Brønsted acid sites. The role of platinum particles, 
Brønsted and Lewis acid sites in the formation of 
propene, benzene, toluene and α-methylstyrene in 
cumene cracking reaction were discussed in details.  
 
 

Experimental 
 

The preparation method 
 

General procedure of Pt/HAlMSN synthesis 
 

The synthesis of MSN was carried out according to 
the previous reported procedure2. The mesoporous 
MSN was prepared using 1,2-propanediol (PD) as a co-
solvent in sol-gel method. Cetyltrimethylammonium 
bromide (CTAB, 1.17g) was dissolved in an aqueous 
solution containing double distilled water (180g) and 
1,2-propanediol (PD, 30 mL) in an aqueous ammonia 
solution (7.2 mL, 25%). After vigorous stirring for 
approximately 30 min at 323 K, tetraethyl orthosilicate 
(TEOS, 1.43 mL) and 3-aminopropyl triethoxysilane 
(APTES, 0.263 mL) were added to the mixture. The 
resulting mixture was stirred for an additional 2 h at 
323 K and allowed to rest for 20 h at the same 
temperature. The gel composition used in the synthesis 
of the parent MSN was 1TEOS:0.17APTES:0.5CTAB: 
13.5NH3:85.2PD:1042H2O.  

The sample was collected by centrifugation for 30 
min at 20,000 rpm and washed with deionized water 
and absolute ethanol 3 times. The surfactant was 
removed by heating MSN (1 g) in an NH4NO3 (0.3 g) and 
ethanol (40 mL) solution at 333 K. The surfactant-free 
product was collected by centrifugation and dried at 
383 K overnight prior to calcination in air at 823 K for 3 
h. The acidic sites of the samples were prepared by 
aluminium grafting on the template-free MSN at 353 K 
for 10 h followed by centrifugation and dried at 383 K 
overnight prior to calcination in air at 823 K for 3 h. 
Sodium aluminate (Sigma-Aldrich) was used as a 
precursor of aluminium. Al-grafted MSN was denoted 
as AlMSN. The initial molar ratios of Si/Al were 7, 10, 20 
and 50. The AlMSN samples were synthesized by 
adding MSN (1 g) in an aqueous solution (50 mL) of 
sodium aluminate (0.154, 0.110, 0.054 and 0.022 g) for 
Si/Al ratios of 7, 10, 20 and 50, respectively, at 353 K 
for 10 h followed by centrifugation and dried at 383 K 
overnight prior to calcination in air at 823 K for 3 h with 
a heating rate of 1 K min-1. The protonated AlMSN 
(HAlMSN) sample was synthesized by protonation of 
AlMSN (1g) using aqueous solution of NH4NO3 (2.5g in 
50 mL of double distilled water) at 333 K for 16 h 
followed by removal of solution, drying at 383 K 
overnight and calcination at 823 K for 3 h in air. The 
Pt/HAlMSN catalysts were prepared by impregnation of 
HAlMSN with 0.1 wt% Pt solution followed by 
calcination in air at 823 K for 3 h. Chloroplatinic acid 
hydrate (H2PtCl6·6H2O, Sigma-Aldrich) was applied as a 
source of platinum.  
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Catalyst Characterization 
 

The crystallinity of catalysts was measured with a 
Bruker Advance D8 X-ray powder diffractometer with 

Cu Kα (=1.5418 Å) radiation as the diffracted 
monochromatic beam at 40 kV and 40 mA. Nitrogen 
physisorption analysis was conducted on a 
Quantachrome Autosorb-1 at 77 K. Before the 
measurement, the sample was evacuated at 573 K for 3 
h.  

The elemental analysis of the catalysts were 
determined by Bruker S4 Explorer X-ray fluorescence 
spectroscopy (XRF) using Rh as anode target material 
operated at 20 mA and 50 kV. XRF analysis showed that 
the Si/Al ratio of the Pt/HAlMSN frameworks were 5.6, 
9.0, 18.9 and 48.7 for S7, S10, S20 and S50, respectively. 

Fourier Transform Infra-Red (FTIR) measurements 
were carried out using Agilent Carry 640 FTIR 
Spectrometer. The catalyst was prepared as a self-
supported wafer and activated under H2 stream 
(FH2=100 mL/min) at 623 K for 3 h, followed by vacuum 
at 623 K for 1 h2,7. To determine the acidity of the 
catalysts, the activated samples were exposed to 2 Torr 
pyridine at 423 K for 30 min, followed by evacuation at 
473 K for 1 h to remove physisorbed pyridine on the 
samples. In order to study the effect of activation 
temperature, the Pt/HAlMSN was activated at four 
different temperatures of 473, 523, 573 and 623 K. All 
spectra were recorded at room temperature. All 
spectra were normalized using the overtone and 
combination vibrations of the lattice of MSN between 
2200 and 1300 cm-1 after activation, particularly the 
lattice peaks at 1855 cm-1 2. The number of Brønsted 
and Lewis acid sites was calculated using the integrated 
molar adsorption coefficient values. 

The measurement of molar absorption coefficients 
of the catalysts was carried out by using IR 
spectroscopy. In this method the infrared experiments 
were carried out using 50 mg of sample pressed into a 
15 mm diameter disk. Spectra were recorded after the 
initial evacuation of the sample at 673 K for 1 h and 
then after exposure to 1 Torr pyridine and evacuation 
at 423 K for 15 min, followed by outgassing at the same 
temperature. The IR spectrum was recorded at room 
temperature. Then, the amount of 5 Torr of water was 
introduced to the sample at 423 K for 2 h. After this 
period, FTIR spectra was recorded at room 
temperature with the integrated areas of the bands at 
1455 and 1545 cm-1 due to the 19b ring vibrations of 
pyridine adsorbed at Lewis and Brønsted sites, 
respectively. The molar absorption coefficient and the 

value of Brønsted and Lewis acid sites were measured 
by exposed 1 Torr of pyridine at 423 K for 15 min and 
outgassing at the same temperature, followed by 
adsorption of 1 Torr excess pyridine at 423 K for 20 min 
without followed by outgassing. Then, the IR spectrum 
was recorded at room temperature. 

29Si MAS NMR spectra were recorded on a Bruker 
Avance 400 MHz spectrometer at 79.49 MHz with 18 s 
recycle delays and spun at 7 kHz to determine the 
chemical status of the Si in the silicate framework of 
catalysts. 27Al MAS NMR spectra were recorded at 
104.3 MHz with 0.3 s recycle delays and spun at 7 kHz 
to determine the chemical status of aluminium in the 
silicate framework of catalysts12.  

 
 
 

Catalytic Activity  
 
Hydrocracking of cumene was carried out under 

atmospheric pressure in a microcatalytic pulse reactor 
coupled with an online 6090N Agilent FID/TCD Gas 
Chromatograph equipped with a VZ-7 packed column. 
About 0.2 g of the catalyst was placed in an OD 10 mm 
quartz glass reactor and subjected to air (FAir=100 
mL/min) stream for 1 h and hydrogen (FH2=100 
mL/min) stream for 4 h at 623 K2. A dose of cumene (36 
µmol) was injected over the catalyst at the reaction 
temperature and the products were trapped at 77 K 
before flushing out to the gas chromatograph. In order 
to find the appropriate condition of cumene cracking, 
the reaction was done at the different temperature 
range of 323- 523 K.  

The cumene conversion (Xcumene) and selectivity of 
the products (Si) were calculated according to Eq.(1) 
and Eq.(2) , respectively: 

𝑋𝐶𝑢𝑚𝑒𝑛𝑒(%) =
𝐶𝑖𝑛−𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
× 100%            (1) 

 

𝑆𝑖(%) =
𝐶𝑖

(∑𝐶𝑖)−𝐶𝑐𝑢𝑚𝑒𝑛𝑒
× 100%                 (2) 

Where Cin, Cout, Ci and Ccumene are mole number of 
cumene in the inlet, outlet, particular compound and 
residual cumene, respectively, which calculated based 
on the Scott hydrocarbon calibration standard gas (Air 
Liquid America Specially Gases LLC). The i is the number 
of particular carbon.  
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Results and Discussion 
  

Preparation of catalyst 
 

The parent MSN was synthesized through sol-gel 
technique and the Pt/HAlMSN samples were prepared 
by aluminium loading of MSN followed by introduction 
of platinum. XRD patterns of the Pt/HAlMSN samples 
with Si/Al molar ratios of 50 to 7 are given in Fig.1. An 
intense diffraction peak (100) at low angle degree 
between 2θ=2.28-2.40o and two small signals (110, 
200) at 2θ = 4-5o were observed. The peaks were 
confirmed the presence of two-dimensional hexagonal 
(p6mm) structure with d100-spacing of approximately 
3.6 nm. Incorporation of aluminium into MSN reduced 
the order of hexagonal mesoporous structures 
significantly1. The shift in peak position from 2.28o to 
2.40o may be due to the substitution of Si atoms with 
larger atomic radius of Al atoms which led to enhance 
in the interplanar spacing of MSN.  

Table 1 showed the physical characteristics of 
Pt/HAlMSN catalysts with ratio of 50 to 7. The surface 
areas were shown 775, 620, 537 and 361 m2g-1 for 
Pt/HAlMSN-50 to Pt/HAlMSN-7, respectively, which 
indicated to the loading of aluminium on the catalyst 
surfaces. Decrease in the surface area exhibited the 
direct relationship with Al content which showed the 
change in the pore size distribution in the catalysts 
which probably due to the presence of extra-
framework aluminium (EFAl) inside the pore13. 27Al MAS 
NMR spectra confirmed the presence of octahedral Al 
atom in the Pt/HAlMSN catalysts structure. The grafting 
of MSN with sodium aluminate has plugged the pores 
of MSN with diameter around 3.5-4 nm (Fig. 2B). The 
plugging of the MSN increased with increasing the Al 
loading which led to decrease the pore size and volume 
(Table 1). The aluminium species placed inside and/or 
on the mouth of the pores2. Increase in the Al loading 
decreased the pore volume from 0.40 to 0.15 cm3g-1 
and the pore size from 3.77 to 3.64 nm. The wall-
thickness increased with Al incorporation from 0.47 to 
0.56 nm while, it decreased to 0.40 nm in Pt/HAlMSN-
7. This decrease indicated that aluminium and residual 
sodium placed inside and outside of the pores in the Al-
rich sample with Si/Al ratio of 7. 

Similar results had been reported on aluminium 
immobilized mesoporous of MCM-41 by Chen et al.14. 
The introduction of aluminium to MCM-41 decreased 
the surface area from 1151 to 336 m2g-1 for Al-MCM-41 
with Si/Al ratios of 15.3 to 1.9, respectively. 

 
Fig. 1   XRD patterns of the Pt/HAlMSN catalysts with the 
Si/Al molar ratio of 7-50 

 
 
In addition, the presence of platinum in Pt/HAlMSN 

was investigated by using FESEM-EDX images and XRF 
analysis (supplementary data, appendices 1 and 2).  

Fig. 2A-B exhibit nitrogen adsorption-desorption 
isotherms and corresponding pore size distribution of 
Pt/HAlMSN catalysts which was calculated by NLDFT 
method. The nitrogen sorption isotherms pattern of 
the samples exhibit Type IV with H1-type hysteresis 
loops for all samples which attributed to the 
mesoporous silica with uniform cylindrical pores (Fig. 
2A).   

 

 
Fig. 2 (A) Nitrogen adsorption - desorption isotherms and (B) 
pore size distribution for Pt/HAlMSN with Si/Al of 7 (○), 10 
(■), 20 (▲) and 50 (●) 
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Table 1  Physical characteristics of the Pt/HAlMSN catalysts   

Catalyst 
d100  

(nm) 
a0  

(nm) 
S  

(m2/g) 
Vp  

(cm3/g) 
W  

(nm) 
t 

(nm) 
Si/Al  
(exp.) 

Si/Al  
(XRF anal.) 

         

Pt/HAlMSN-7 3.50 4.04 361 0.15 3.64 0.40 7 5.6 
Pt/HAlMSN-10 3.65 4.21 537 0.18 3.65 0.56 10 9.0 
Pt/HAlMSN-20 3.59 4.15 620 0.29 3.67 0.48 20 18.9 
Pt/HAlMSN-50 3.67 4.24 775 0.40 3.77 0.47 50 48.9 

         

d100, d-value 100 reflections; a0, pore center distance is equal to 2d100/√3; S, BET surface area (m
2
/g) obtained from N2 

adsorption; Vp, total pore volume (cm
3
/g), W, pore size (nm) obtained from BJH method, t, pore wall thickness is equal 

to a0-W; Si/Al (exp.), experimental Si/Al molar ratio; Si/Al (XRF anal.), Si/Al molar ratio analysed by XRF. 
 
 
 
 

The isotherms of catalysts show an inflection 
characteristic of capillary condensation at relative 
pressure of 0.1< P/P0 <0.3, which displays characteristic 
of porous structures with small and uniform 
mesopore15. A significant increase at higher relative 
pressure in the range of 0.8-1.0 indicates the presence 
of a textural porosity which is owing to the less ordered 
mesoporous structure due to the loading of Al into the 
pure mesopore silica materials. Increase in the Al 
loading altered slightly the properties of sample. The 
presence of Al species plugged inside the microporous 
of the catalysts which led to decreases the inflection at 
P/P0<0.2 and decreases the intensity of pore size 
distribution.   

In agreement with the results of nitrogen 
physisorption and XRD patterns, Subhan and 
cooperators16 loaded Al over MCM-41 by post-
synthesis method in the various Si/Al molar ratio 
ranges of 30 and 50. The XRD patterns showed an 
ordered hexagonal structure for the Al-MCM-41 
samples. The BET results revealed a decrease in the 
surface area from 925 to 556 m2g-1 and reduce the pore 
volume from 0.60 to 0.49 cm3g-1 and no significant 
variation in the pore size distribution was observed.  

Fig. 3 shows the 29Si MAS NMR and 27Al MAS NMR 
spectra of the Pt/HAlMSN catalysts. The chemical shift 
of 29Si NMR in aluminosilicates depends on the number 
of Al atoms in the coordination with Si atoms and the 
peaks observe broader with increasing Al 
concentration. The mesoporous silica materials consist 
of a significant proportion of silanol groups, which 
decreases with alumination process. Typically, the 
chemical shift is about -110 ppm for Si(OSi)4 units17. 
The corresponding signals overlap with those of Q2 and 
Q3 species, which makes difficult to estimate the extent 

of aluminium from 29Si NMR spectra. 29Si NMR spectra 
of the series of exchanged samples are clearly shifted 
from -104 ppm for Pt/HAlMSN-50 to -97 ppm for 
Pt/HAlMSN-7. This confirms that the fraction of Si(OAl) 
species increased due to substitution of more Al into 
the mesoporous silica walls which is ascribed to AlO-
Si(OSi)3 and/or HO-Si(OSi)3, (AlO)2-Si(OSi)2 and/or 
(HO)2-Si(OSi)2 sites. This result is in excellent agreement 
with the evolution of tetrahedral Al structure17.    

In 27Al MAS NMR spectra, signal at 53 ppm 
described the presence of tetrahedrally (Td) 
coordinated aluminium framework and a small peak at 
28 ppm depicted to pentahedral Al species and 0 ppm 
was assigned to octahedrally (Oh) coordinated 
aluminium  non-framework10. This indicates that the 
high aluminium incorporation causes the ‘‘flaking-off’’ 
of Al atoms from tetrahedral sites in the mesoporous 
walls to octahedral and pentahedral sites. The 
pentahedrally coordinated Al is indicative of the 
defects of grafted Al phase18. Pt/HAlMSN-7 showed 4-, 
5- and 6-coordinated Al structures while the other 
samples exhibited 4- and 5-coordination. Consequently, 
generation of non-acidic Al structure in the Al-rich 
sample is probably due to the presence of paired 
framework Al atoms and five-coordinated aluminium 
located at the interface between the tetrahedral 
aluminosilicate framework and the octahedral alumina 
phase19. 
Similarly, Bhange et al.20 reported the modification 
SBA-15 by loading of the various amounts of aluminium 
which led to observe of octahedrally, pentahedrally and 
tetrahedrally coordinated Al structures at 1, 30 and 52-
54 ppm, respectively.  

FTIR spectra of the Pt/HAlMSN catalysts at the range 
of 3800-3500 cm-1 are shown in Fig. 4A.  
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Fig. 3   
29

Si NMR and 
27

Al MAS NMR of the Pt/HAlMSN 
catalysts with Si/Al ratio of 7-50 

 
The sharp band at 3740 cm-1 is assigned to the non-

acidic isolated silanol hydroxyl groups (Si-OH) observed 
on the external surface of mesoporous catalysts21. 
Decrease in the H-bonds of hydroxyl groups is an 
evidence for the increase substitution of Al atoms into 
the framework. These silanol groups were observed 
inside the channels and were connected with structural 
imperfections or local defects21.  

 

 

Fig. 4   (A) FTIR spectra of the Pt/HAlMSN catalysts with Si/Al 
ratio of 7-50 for hydroxyl groups stretching region at 3500 – 
3800 cm

-1
; (B) Pyridine adsorbed FTIR spectra of Pt/HAlMSN 

with Si/Al ratio of 7-50. Pyridine was adsorbed at 423 K for 
30 min, followed by outgassing at 473 K for 1 h 

IR spectra of the Pt/HAlMSN catalysts also showed 
the bridge hydroxyl group of Si-OH-Al at 3552 and 3637 
cm-1 which is assign to the framework Al atom. The 
broad band at 3660 cm-1 is assigned to the presence of 
Si-OH-Al…..Al structure and show the interaction of OH 
group with extra-framework Al which is assign to the 
presence of octahedral Al atom22.  

The peak observed at 3520 cm-1 illustrated the 
hydrogen-bonded internal Si-OH groups which 
decreased with more aluminium grafting. The peak at 
3580 cm-1 is assigned to H-bonded OH and described 
the weak acidic property22.  
 

 

Brønsted and Lewis acidity in the Pt/HAlMSN 
solid catalysts  

The effect of Si/Al ratio and temperature was 
observed in the acidity of the catalysts. The number of 
acid sites was altered by the aluminium concentration. 
The number of Lewis acid sites increased and the 
number of Brønsted acid sites decreased with 
enhancing the Al content and the temperature. 
Increase the temperature enhanced the removal of 
hydrogen from the Brønsted acid sites which resulted 
diminish this sites and enhancing Lewis acidity. 

Fig. 4B shows the acidity of Pt/HAlMSN which 
adsorbed pyridine at room temperature, followed by 
evacuation at 673 K. The pyridine-IR spectrum at 423 K 
shows the Lewis and Brønsted acid sites at 1455 and 
1545 cm-1, respectively. Increase in Lewis acid sites 
indicate to the increase in Al concentration due to the 
replacement of Al species with Si atoms. Tetrahedrally 
coordinated Al3+ ions was responsible of Lewis acid 
formed through the isomorphous substitution of Si4+ 
lattice sites by Al3+ ions, leading to generate of an 
aluminosilicate phase23. The relationship between the 
framework Al concentration and acid strength may be 
explained by the presence of Al atoms in the second 
neighbor which can be supposed to have increased 
Lewis acidity18. The presence of tetrahedral and 
octahedral Al structures in these catalysts which are 
responsible for the Lewis and Brønsted acid sites, 
respectively, were confirmed by 27Al MAS NMR and 
pyridine adsorbed FTIR spectra. 

Wang et al.17 reported the synthesis a low-silica 
AlMCM-41 with Si/Al=1.25 and studied the gradual 
collapse in their frameworks during dealumination 
process. The fraction of tetrahedral Al in the solid 
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decreased with level of dealumination. The presence of 
platinum on these catalysts did not significantly modify 
on the intensity of Brønsted and Lewis bands. The 
acidic properties of platinum loaded nanoparticles have 
not directly influenced in the hydrocracking activity24. 
The Brønsted acid strength decreased and Lewis acidity 
increased while Al content increased.    

Fig. 5A-D show IR spectra of the Pt/HAlMSN samples 
which were activated at 473, 523, 573 and 623 K for 3 
h, then pyridine was adsorbed at 423 K for 30 min, 
followed by outgassing at 473K. Fig. 5E-F illustrated 
variation of the intensity of Lewis and Brønsted acid 
sites determined by pyridine desorption. The number 
of Lewis acid sites increased (Fig. 5E) while Brønsted 
acid sites decreased (Fig. 5F) with raising the 
temperature. Pt/HAlMSN-7 showed less Lewis acidity 
than Pt/HAlMSN-10 due to the presence of inactive 
framework Al structure in this catalyst. Decrease the 
Brønsted acid sites indicate the removal of hydrogen 
with temperature and subsequently increased the 
number of Lewis acid sites.  

 
 
 
Measurement of molar absorption coefficients of 
the Pt/HAlMSN catalysts 

The activity of the catalysts is related to the ratio of 
Brønsted acid sites to Lewis acid sites ([B]/[L])25. Using 
pyridine followed by water adsorption monitored by 
infrared spectroscopic techniques is a method to 
measure the Brønsted and Lewis acid sites strength25. 

 Water is absorbed on Lewis acid sites selectively 
and formed hydroxyl group as Brønsted acid sites on 
surface of the sample. This method change all the 
physically pyridine adsorbed on Lewis aid sites to 
chemically pyridinium ion adsorbed on Brønsted acid 
sites25.  

The molar absorption coefficient of pyridinium ion 
on Brønsted acid sites at 1545 cm-1 (ɛB1545), the molar 
absorption coefficient of pyridinium ion on Brønsted 
acid sites and pyridine on Lewis acid sites at 1490 cm-1 
(ɛB1490, ɛL1490) were calculated. If [B] indicated to the 
amount of pyridinium ion bind on Brønsted acid sites 
and [L] assigned to the amount of pyridine bind on 
Lewis acid site, the ratio of [B]/[L] can be expressed as :  

[B]/[L] = A1545/(A’
1545- A1545)                                (3) 

Where, A1545 and A’
1545 were the intensities of the 

bands at 1545 cm-1 before and after adsorption of 

water, respectively. The molar absorption coefficient of 
pyridinium ion on Brønsted acid sites at 1545 and 1490 
cm-1 and pyridine on Lewis acid sites at 1490 cm-1 were 
denoted as ɛ1545, ɛB1490 and ɛL1490 were as follows:  

A1545 = ɛ1545 [B]                                                      (4) 

A1490 = ɛB1490 [B] + ɛL1490 [L]                                  (5)  

The ratio of molar absorption coefficient of 
pyridinium ion on the band at 1490 to 1545 cm-1 will 
be: 

ɛB1490 / ɛ1545 = A’
1490 /A’

1545                                   (6)  

ɛB1490 [B] = (ɛB1490 / ɛ1545) A1545                            (7) 

From the Eq.(4), (5) and (7), ɛB1490 [B] and ɛL1490 [L] 
can be expressed:  

ɛB1490 [B] / ɛL1490 [L] = (ɛB1490 / ɛL1490) ([B] / [L])      (8) 

ɛB1490 / ɛL1490 = (A’
1490 / A’

1545) (A’
1545-A1545) / {A1490- 

(A’
1490/A’

1545) A1545}                                                    (9) 

If XB and XL were attributed to pyridine adsorbed on 
Brønsted and Lewis acid sites respectively, the 
intensities of the bans at 1490 and 1545 cm-1 were 
obtained as follows: 

A1490 = ɛB1490 XB + ɛL1490 XL                                    (10) 

A1545 = ɛ1545 XB                                                       (11) 

The intensities of the bands at 1490 and 1545 cm-1 
were measured as: 

A’1490 = ɛB1490 (XB + X’B) + ɛL1490 (XL +X’L)                  (12) 

A’1545 = ɛ1545 (XB + X’B)                                                (13) 

From the Eq. (10) to Eq. (13), ɛB1490 / ɛL1490 and ɛB1490 
/ ɛ1545 and molar absorption coefficient of ɛB1490, ɛL1490, 
ɛ1545 can be calculated. The molar absorption coefficient 
units, ɛ were measured by using Beer-Lambert law 
equation: 

A = (ɛ × n)/S                                                          (14) 

Where A (cm-1),  ɛ (cm μmol-1),  n (mole) and S (cm2g-1) 
assigned respectively the absorbance, the molar 
absorption coefficient, amount of pyridine adsorbed 
and the surface of the pressed disk. Calculated molar 
absorption coefficients for Brønsted and Lewis acid 
sites in the Pt/HAlMSN catalysts at 1490 and 1545 cm-1 

and some reported molar coefficient absorbance for 
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different solid catalysts were shown in Table 2. These 
studies have been reported the molar coefficient 
absorbance using a regression analysis of pyridine 
adsorbed FTIR at 423 K with different Si/Al solid 
catalysts which they are in good agreement with our 
results. The calculated values for the pyridine ion 
(Brønsted sites with corresponding band at 1545 cm−1) 
varied within the range 0.56–2.2 cm μmol−1 and For 
Lewis sites the average values of ε were 1.44 and 2.22 
cm μmol−1 26-30.  

 
 
Influence of the Si/Al molar ratio and platinum on 
cumene conversion and selectivity   

   
The influence of Si/Al molar ratio on the cumene 

hydrocracking over Pt/HAlMSN at the region of 323-

523 K was shown in Fig. 6A. The cumene hydrocracking 
enhanced with increasing the temperature which 
described that the catalytic activity directly depends on 
the temperature and Al concentration factors. Increase 
the Al content increased the catalytic activity through 
enhance of the catalyst acidity. The bifunctional 
catalysts of Pt/HAlMSN showed high activity of 84, 88, 
97 and 94% for Si/Al ratio of 50-7, respectively, at 523 
K. Generally, the presence of platinum in the 
heterogeneous catalyst promotes the conversion of 
cumene cracking31. According to the published reports, 
at 523 K, the cumene cracking over the monofunctional 
catalyst of Al-MCM-41 (Si/Al=20)32 and Pt-supported 
MCM-4133 were 13.5 and 25.1%, respectively, while the 
bifunctional catalyst of Pt/HAlMSN represented 88% 
cumene conversion.  
 

 

Fig. 5   IR spectrum of Pt/HAlMSN with Si/Al ratio of 7 (A), 10 (B), 20 (C) and 50 (D) which were activated at 473, 523, 573 and 
623 K for 3 h, then pyridine were adsorbed at 423 K for 30 min, followed by outgassing at 473K; Variations of the absorbance 
of IR acid sites (Lewis (E) and Brønsted (F)) with the activated temperatures. Samples were activated at 473, 523, 573 and 623 
K for 3 h. Pyridine was adsorbed at 423 K for 30 min, followed by outgassing at 473 K
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According to the previous study2, the cumene 
conversion over the monofunctional catalyst of 
HAlMSN (Si/AL=20) showed 55%, while this conversion 
was 88% for Pt/HAlMSN (Si/Al=20) at 523 K. 

Therefore, the presence of Pt species plays a significant 
role in the promoting of cumene conversion34. 

 
 

Table 2 The molar absorption coefficients for absorption 
bands at 1550-1545 cm

-1
 (Brønsted sites, ɛB), 1455-1450 cm

-1
 

(Lewis sites, ɛL) and the amount of Brønsted and Lewis acid 
sites in this study and reported in the literatures 

Catalyst ɛB* ɛL* [B]/[L] Ref. 

     
Pt/HAlMSN-7 1.26 2.08 0.34 This study 
Pt/HAlMSN-10 1.49 1.57 0.40 This study 
Pt/HAlMSN-20 1.03 1.40 1.12 This study 
Pt/HAlMSN-50 1.15 2.17 0.35 This study 
Silica-alumina 0.56 1.44 - 26 
SiO2, Al2O3 1.80-2.20 - - 27 
Zeolite, ASA 1.67 2.22 - 28 
Si-Zr (0.2 in-situ) 0.77 2.08 - 30 
Si-Zr (mol%9) 1.32 1.49 - 30 
Si-Zr (mol%20) 1.16 1.58 - 30 
     

* IR absorption coefficient (cm μmol
-1

) 

 
 
The results showed that the catalytic activity of 

these samples influenced by the presence of the acid 
sites accompany with Pt species. The platinum sites 
protect the neighbouring acid sites from deactivation 
within a determine radius, through the hydrogen 
spillover process24. Hydrogen molecules were adsorbed 
on Pt sites of the catalysts and generated hydrogen 
atoms which spillover onto the surface of Pt/HAlMSN 
and undergo surface diffusion. The hydrogen reaches a 
Lewis acid center and donates an electron to form H+ 
which is stabilized on oxygen atom near the Lewis acid 
sites. The Lewis acid site traps an electron which then 
reacts with the second spillover hydrogen to form an H- 
bond with a Lewis acid site34.  

Fig. 6A also shows the influence of temperature on 
cumene conversion and selectivity over the Pt/HAlMSN 
catalysts. The conversion of cumene reaction increased 
with enhancing the temperature from 323 to 523 K in a 
relatively regular trend. The maximum conversion of 
84, 88, 97 and 94% was observed at 523 K over 
Pt/HAlMSN with ratios of 50-7, respectively. The results 
showed that the generation of pentahedrally Al 
structure in Pt/HAlMSN-7 decreased the activity of this 
catalyst in comparison with Pt/HAlMSN-10.     

The major products of cumene cracking over 
Pt/HAlMSN were composed of propene, benzene, 
toluene and α-methylstyrene. The high activity of 
cumene conversion was due to the presence of 
molecular hydrogen and strong Lewis acid sites in 
which the strong Lewis acid sites acts as active site for 
the formation of protonic acid sites. The protonic acid 
sites were responsible of the production of propene, 
benzene and toluene via dealkylation process, while 
the strong Lewis acid sites enhanced the 
dehydrogenation process and produced α-
methylstyrene35,36. The presence of platinum 
accelerated the cracking of cumene reaction.     

In agreement with obtained results, Corma et al. 
stated that the Brønsted acid sites in the cracking of 
cumene are responsible for the generation of 
carbenium ion which lead to form propene and 
benzene37. While the presence of the strong Lewis acid 
sites accelerates the hydride transfer which enhance 
the formation of α-methylstyrene. Bradely and Kydd 
studied the cracking reaction of iso-propyl benzene 
with an alumina supported gallium catalyst to produce 
propene and α-methylstyrene through solid catalyzed 
dehydrogenation and cracking reactions35. Cumene 
dehydrogenation has also been explored over complex-
derived Cr- and Fe–Cr-pillared clays in which the 
products of benzene and propene was produced at low 
temperature, and α-methylstyrene was observed at 
higher temperatures36.  

Fig. 6B-D shows the selectivity of α-methylstyrene, 
propene and benzene as the selected products of 
cumene conversion at the range of 323-573 K in a 
microcatalytic pulse reactor under hydrogen carrier 
gas. In all catalysts, α-methylstyrene was produced due 
to the predominant effect of Lewis acid sites during 
dehydrogenation mechanism which reduced with 
increasing the temperature. The selectivity of α-
methylstyrene  is 75,  65,  45 and  42%,  respectively,  at 
473 K, for the samples with Si/Al ratio of 20, 50, 7 and 
10. The order of α-methylstyrene formation is due to 
the number of Lewis acid sites in the catalysts. The 
amount of α-methylstyrene decreased with the 
increase of the temperature. Therefore, α-
methylstyrene selectivity decreased with reducing the 
number of Lewis acid sites in accordance with Si/Al 
ratio of 20 > 50 > 7 > 10. The amounts of propene and 
benzene gradually increased with the temperature 
which confirmed the role of protonic acid sites. 

The mechanisms of cumene cracking were proposed 
in terms of the generated ions due to the operation of 
Lewis and Brønsted acid sites. The formation of α-
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methylstyrene in cumene hydrocracking is attributed to 
Lewis acidity, according to dehydrogenation 
mechanism (scheme 1). This mechanism of cumene 
conversion involves several modes: firstly, Lewis acid 
attaches to the aromatic ring and generates a cation 
site; secondly, the C-H bond of methyl group cleavage 
and then hydrogen shifts from methine group of propyl 
to the cation site in order to neutralize the positive 
charge; finally, Lewis acid and hydrogen molecule 
separate and then forms α-methylstyrene in which the 
separated Lewis acid will be applied for a new attach to 
the aromatic carbon38.  

 
 

H3C CH3 H2C CH3

L

+  L + H2

L

H2
C CH3

H

H

L

H

CH3

CH2

 

Scheme 1 Mechanism of α-methylstyrene formation 
(dehydrogenation process) on Lewis acid sites of the 
Pt/HAlMSN catalysts

38
 

 

Another mechanism is based on the generation of 
carbenium ion in cumene conversion reaction which 
gives propene and benzene attributed to the 
interaction of protonic acid site generated from 
molecular hydrogen. The mechanism of dealkylation is 
ascribed to the operation of the Brønsted acid sites on 
the surface of catalyst (scheme 2). This mechanism of 
cumene cracking includes the following steps: (1) 
protonation at the aromatic carbon in which isopropyl 
group is attached, (2) generation of propyl cation and 
benzene compound and (3) deprotonation of propyl 
cation to produce propene and proton which will be 
applied for the protonation at the aromatic carbon39. 

 
 

H3C CH3

H

CH3

CH3

H

Protonation
CH3CHCH3 +

-HDeprotonation

CH3CH=CH2  
 
Scheme 2  Mechanism of propene and benzene formation 
(dealkylation process) on the Brønsted acid sites of the 
Pt/HAlMSN catalysts

39
 

 
Fig. 6   (A) Relationship between the Si/Al molar ratio and 
cumene conversion at the region of 323, 373, 423, 473 and 
523 K; The selectivity of (B) α-methylstyrene, (C) propene 
and (D) benzene formation over the Pt/HAlMSN catalysts 

 
 
 

Influence of temperature on cumene conversion 
and products selectivity 

 
Fig. 6 also shows the influence of temperature on 

cumene conversion and selectivity over the Pt/HAlMSN 
catalysts. The conversion of cumene reaction increased 
with enhancing the temperature from 323 to 523 K in a 
relatively regular trend. Increase of the catalytic activity 
with enhancing the temperature over these 
bifunctional catalysts is an evidence to carry out of the 
spillover phenomenon due to the presence of platinum 
species7. In this process the molecules of hydrogen 
dissociate on Pt particles and react with cumene 
molecules on the surface acid sites and application of 
higher temperature increases the spillover process on 
the surface active sites. Using higher temperature 
increases the spillover process on the surface active 
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sites7. This indicates to the effect of Al species as a co-
promoting agent for active Pt sites. The cumene 
conversion trend is similar to the operation of Lewis 
acid sites. 

 
 

The role of acid sites on cumene conversion  
 
The role of acidic sites was strongly evidenced by 

the activity–acidic sites relationship which shown in Fig. 
7. The ratio of the cumene conversion to the 
concentration of Lewis acid sites gradually changed in 
the temperature range of 473–573 K, while the ratio of 
the concentration to the Brønsted acid sites exhibited 
more altered. In fact, the slope of the lines related to 
the Brønsted acid sites is more in comparison with that 
of the Lewis acid site.  

This result indicated that the cumene conversion is 
more correlated with the concentration of Lewis acid 
sites in which the Lewis acid sites have important roles 
in the stabilization of the formed protons and 
facilitating the dehydrogenation process. Thus, 
according to the obtained results, the most activity of 
Pt/HAlMSN is due to the number of Lewis acid sites. On 
the other hand, the presence of permanent Brønsted 
acid cannot be directly associated with the cumene 
conversion activity over Pt/HAlMSN2. In fact, the 
conversion was low for the cumene conversion in the 
absence of molecular hydrogen. 

 
 

Fig. 7 The relation between cumene conversions with the 
number of acidic sites at 473–573 K 

Table 3 shows the comparison study of cumene 
conversion over several types of solid catalysts such as 
Pt/HAlMSN, HAlMSN2, commercial γ-Al2O3

2, Al-MCM-
4140,  Al-SBA-209, HMFI-SBA-1541, Pt/ SiO2 mixed with 
H-β42, MOR43, Pt/Al-SBA-1511 and Pt/Al2O3-MCM-4133.  
The results showed that the activity of Pt/HAlMSN for 
cumene conversion is higher than the other catalysts at 
the same or closed temperature. The reason probably 
is due to the presence of extra-framework aluminium 
which generates strong Lewis acid sites2 and the 
presence of platinum species which provides more 
interaction between active sites and reactant or 
hydrogen carrier gas through the spillover 
phenomenon. 

 
 

Table 3 The activity of cumene conversion over Pt/HAlMSN 
and the other type of solid acid catalysts in the presence of 
hydrogen gas. 

Catalyst  
Cumene conv. 

(%) 
Temp. 

(K) 
Ref. 

    
Pt/HAlMSN-50 84 523 This study 
Pt/HAlMSN-20 88 523 This study 
Pt/HAlMSN-10 97 523 This study 
Pt/HAlMSN-7 94 523 This study 
HAlMSN-20 55 523 2 
Commercial γ-Al2O3 Trace 523 2 
Al-SBA-15(Si/Al=20) 17.1 523 9 
20-Al-MCM-41 13.5 573 40 
5-Al-MCM-41 3.4 673 9 
HMFI-SBA-15 15 573 41 
Pt/SiO2 + H-Beta 30 503 42 
FSM-Al-7.8 26.7 673 43 
Pt/Al-SBA-15 Trace 573 11 
Pt/Al2O3-MCM-41 31.2 523 33 
    

 
 
Stability Testing 

 
The stability tests of all catalysts are shown in Fig. 8, 

where the cumene conversion (%) is plotted as a 
function of the time (h). The conversions of cumene 
were 94, 97, 88 and 84 % for Pt/HAlMSN with Si/Al 
ratios of 7 to 50 at 523 K, respectively. The activity of 
these catalysts was studied with more than 100 h40. 
The activities were slightly decreased with the reaction 
time for more than 100 h. After stability testing, all 
spent catalysts were subjected to XRD and FTIR in order 
to study their properties. 
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Fig. 8 Stability test of the Pt/HAlMSN catalysts at reaction 
temperature of 523 K 

 
 

 
Fig. 9 FTIR spectra of the used Pt/HAlMSN; Cumene 
conversion was done at 523 K in the presence of hydrogen 
stream 

 
 
XRD results (not shown) indicated that there is no 

significant change after the reaction; however, coke 
deposits were observed on the used catalysts. The 
strong distinctive band corresponds to the vibration of 
C=C observed at 1645 cm−1, which may be related to 
the presence of olefinic species2. In addition, two weak 
bands observed at 2850 and 2925 cm-1 confirmed the 
presence of the C-H stretching vibration, which is 
related to the aliphatic hydrocarbons (Fig. 9). 

These results show that decrease in activity may be 
due to the undesirable carbon deposition on the pores 
of catalysts during the cumene conversion. The coke 
formation gave a little effect on the activity of the 

catalysts. This probably indicated that the high activity 
may be due to the large amount of active surface area 
and pore size which were still remained after 100 h of 
reaction.  

 
 

Conclusion 
 

The effects of Si/Al molar ratio on the properties 
and activity of Pt/HAlMSN in cumene cracking were 
studied by using different Si/Al molar ratio of 7, 10, 20 
and 50. XRD and N2 physisorption results indicated that 
the increase in Si/Al ratio enhanced the percentage 
crystallinity and hexagonal ordered structures of the 
catalysts. This led to reduce of specific surface area 
from 775 m2g-1 for Pt/HAlMSN with Si/Al ratio of 50 to 
361 m2g-1 Pt/HAlMSN with Si/Al ratio of 7. The pore 
volume also decreased from 0.40 to 0.15 cm3g-1 and 
the pore diameter reduced from 3.77 to 3.64 nm for 
the Si/Al ratio of 50 to 7, respectively. 27Al and 29Si solid 
state NMR and IR spectroscopy results indicated that 
diminish in Si/Al ratio changed the structures, which led 
to generate of the strong Brønsted and Lewis acidic 
sites.  

27Al NMR confirmed the presence of tetrahedral, 
pentahedral and octahedral aluminium structures 
which 5-coordinate aluminium structure was observed 
only in Pt/HAlMSN-7. FTIR adsorbed pyridine results 
showed that the increasing in Si/Al ratio decreased the 
number of acid sites which led to decrease the catalytic 
activity towards cumene conversion.   

Cumene conversion over these catalysts revealed an 
increase in cracking from Si/Al of 50 to 10 (from 84 to 
97%) and decrease in Pt/HAlMSN with Si/Al of 7 (94%) 
due to the presence of pentahedral aluminium and/or 
inactive tetrahedral aluminium atoms. The mechanisms 
of dehydrogenation on Lewis acid sites is responsible 
for α-methylstyrene formation and dealkylation 
process produce propene, benzene, and toluene via a 
cracking on protonic acid sites through the Brønsted 
acidity.  

The stability test showed that although the coke 
formation could gradually effect on the activity of these 
catalysts, the large amount of active surface area and 
pore size were still remained after 100 h of reaction.    

The molar coefficient absorbance of Pt/HAlMSN 
samples was calculated using pyridine followed by 
water adsorption examined by FTIR spectroscopic 
which is a technique to measure the Brønsted and 
Lewis acid sites strength in the catalysts. 
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