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Abstract
Cerium incorporated MCM-22 (Ce-MCM-22) was successfully synthesized by hydrothermal method. Incorporation of Ce 
is achieved by the optimization of method for synthesis by varying (i) Concentration of sructure directing agent or template, 
(ii) Silica to ceria ratio and (iii) Crystallization time. Change in phases during crystallization, variation of physico-chemical 
properties with respect to gel composition and framework substitution of cerium are evidenced by XRD, UV–Vis DRS, 
SEM,  N2 adsorption, FT-IR, Ammonia TPD and solid-state MAS-NMR characterisations. It is found that incorporation of 
Ce into the zeolite frame work has successfully occurred by simple method of optimisimg molar gel composition. Interest-
ingly, prepared samples of Ce-MCM-22 have also been found to be more effective catalysts for the removal of trace olefins 
from aromatic streams.
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1 Introduction

Zeolites have been found to be valuable catalysts in pet-
rochemical and fine chemical processes because of their 
unique shape selectivity and catalytic activity [1–4]. Zeo-
lites are the solid acid catalysts mainly used in acid cata-
lysed reactions, but their catalytic functionality can be varied 
through the incorporation of hetero atoms into the frame 
work. The incorporation of different metals into the zeo-
lite framework can deliver heteroatomic zeolite materials 
with modified physico- chemical properties thus can lead 
to remarkable catalytic activity. Transition and inner transi-
tion metals such as Ti, Fe, Zr, Nb, Ce, La etc., have been 
introduced into the framework of different zeolitic structure 
thus making these materials has highly active catalysts for 
their application in new chemical processes [5–10]. These 
framework heteroatoms may generate special acid sites that 
shows synergistic effect on the acid catalyzed reactions such 
as alkylation, thus can lead to an increased efficiency of the 
catalyst. Also, the strength of the acid sites can be fine-tuned 

by modifying the type and the number of tetrahedral atoms 
in the zeolite frame work. MWW zeolites are important class 
of materials because of the possibility of diverse structural, 
textural and compositional modifications [11]. MCM-22 was 
the first [12, 13] invented MWW zeolite that contains two 
independent pore systems: one consists of two-dimensional 
sinusoidal 10-ring channels, and the other large 12-ring 
supercages connected by 10-ring windows. Furthermore, its 
external surface consists of 12-ring cups. Because the acid 
sites in those pockets are accessible to large organic mol-
ecules, MCM-22 has shown to be applicable to a wide vari-
ety of chemical reactions [14–16]. Modification of MWW 
zeolites with lanthanide ions may give an opportunity to 
obtain zeolite catalysts with better performance. However, a 
feasible method for the preparation of framework-substituted 
lanthanide zeolites remains a big challenge because of size 
difference between lanthanides and the  Si4+ ion [17] that has 
to be substituted in the framework. For the preparation of 
heteroatom incorporated zeolites, different methods such as 
conventional hydrothermal crystallization, dry-gel synthe-
sis, fluoride modification, acid hydrolysis and microwave-
assisted methods have been reported [18–24]. Although 
highly active zeolite catalysts can be obtained using various 
synthesis strategies, most of these routes are complicated 
and time-consuming resulting into difficulty in reproduc-
ibility and feasibility for large-scale synthesis. Moreover, 
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these methods of synthesis takes place in more than one step 
which are very sensitive to method of preparation and type 
of precursor sources for silica and alumina. In continuation 
of our earlier work [25] for synthesising MCM-22, in the 
present study we have successfully synthesised frame work 
incorporated Ce-MCM-22 by optimising the experimental 
conditions and gel composition. Unlike the reported syn-
thesis procedures which take 6–7 days for crystallisation, 
here we reported a short crystallisation time of 48 h for the 
synthesis of Ce-MCM-22. In addition to this the amount 
of organic template used is half of to that of reported in 
the literature [23, 24], which is the most expensive rawma-
terial used in zeolite preparation. Therefore we claim it is 
an economically viable synthesis procedure as compared to 
reported procedures [23, 24]. Catalytic activity of the pre-
pared catalysts was tested for olefin removal from aromatic 
streams, which is technically called as aromatics purifica-
tion in petrochemical industry [26, 27]. Olefinic contami-
nants will have adverse effect on the donstream seperation 
processes, therefore it has to be removed before they route 
to other processes. Based on our experience in the area of 
zeolite catalysis in petrochemical processes, we revealed that 
heteroatom zeolites can become a good catalyst for such 
processes.

2  Experimental

As reported in the literature [28], synthesis mixtures with 
 SiO2/Al2O3 = 30,  H2O/SiO2 = 15, Na/SiO2 = 1.5 and HMI/
SiO2 = 0.2 were prepared using Colloidal silica (40 wt% 
 SiO2, LUDOX AS-40, Sigma-Aldrich), Sodium aluminate 
powder (50–55%  Al2O3, 40–45%  Na2O, Sigma-Aldrich), 
Sodium hydroxide (SD fine chemicals Ltd), Hexamethyl-
eneimine (99%, Aldrich) as a template or structure directing 
agent (SDA) and deionised water. In a typical synthesis pro-
cedure, NaOH was added to the deionised water followed by 
the slow addition of  NaAlO2 under vigorous stirring. To this 
solution, hexamethylene imine (HMI) was added followed 
by the drop wise addition of colloidal silica under vigor-
ous stirring. Then the mixture was stirred continuously until 
it forms a homogeneous gel. The resulting gel was trans-
ferred into a teflon lined autoclave and then subjected to 
hydrothermal treatment at 443 K under stirring at 250 rpm 
for 24–72 h (sample 1 to 3 in Table 2). For Ce-MCM-22, 
Cerium (III) nitrate hexahydrate (Sigma Aldrich) is used 
as cerium precursor. Composition of synthesis mixture was 
 SiO2/Al2O3 = 38–43,  H2O/SiO2 = 15, Na/SiO2 = 1.5, HMI/
SiO2 = 0.2–0.3 and  SiO2/CeO2 = 100–150 (sample 4 to 9 in 
Table 2). For synthesis of Ce-MCM-22, requisite amount of 
Ce precursor solution was added to the mixture of sodium 
aluminate and sodium hydroxide solution followed by the 
addition of hexamethyleneimine and colloidal silica. The 

resulting gel was transferred into a teflon lined autoclave 
and then subjected to hydrothermal treatment at 443 K under 
stirring at 250 rpm for 48–72 h (sample 4 to 9 in Table 2). 
The resultant products were filtered, thoroughly washed with 
deionized water, and dried at 393 K. All the samples were 
calcined at 823 K for 6 h in air to remove the SDA. The 
hydrogen forms of the samples were obtained by exchanging 
the calcined material with  NH+

4 using 1 M  NH4NO3 aque-
ous solution followed by calcination in air at 823 K for 6 h. 

2.1  Shaping of powders into extrudates

For catalytic performance evaluation, both Ce-MCM-22 
and MCM-22 zeolite powders were shaped in the form of 
1.5 mm cylindrical extrudates using alumina as a binder 
(zeolite to binder ratio was maintained as 70:30) and cal-
cined in air at 823 K for 6 h.

2.2  Characterisation

Characterization techniques used to elucidate the textural 
and structural properties of the prepared zeolite materials 
were XRD, ICP,  N2 adsorption, 29Si and 27Al MAS NMR, 
UV–Vis DRS, FTIR, Ammonia TPD, and SEM. XRD pat-
terns were collected on the Bruker D8 Advance powder 
diffractometer using Ni-filtered Cu Kα radiation source at 
40 kV and 20 mA, from 2 to 50° with a scan rate of 2°/min. 
BET surface area and pore size were measured at 77.2 K 
using a Micrometrics 3Flex Surface Characterization Ana-
lyser. The samples were degassed at 673 K to a vacuum 
of  10–3 Torr, before analysis. MAS NMR of the calcined 
samples were measured by Bruker-Advance III-HD. ICP 
of the synthesised samples were measured by using ICAP-
7600 Thermo Fisher instrument. IR spectra of samples were 
obtained by using Thermo Fisher IS50, ATR mode. UV–Vis 
DRS spectra were measured with spectrometer Agilent 
Technology, Cary-5000 UV–Vis NIR.  BaSO4 was used as 
an internal standard for recording of UV–Vis DRS spectra. 
Ammonia TPD was measured for total acidity of the zeolite 
on Autochem 2920. Scanning electron microscopy (SEM) 
was performed using Nova Nanosem-650 in high-vacuum 
mode at low voltage.

2.3  Catalytic activity test

Experimental raw feedstock with a bromine index (BI) of 
650 mg/100 gm was an aromatic intermediate product was 
obtained from a commercial catalytic reforming unit of Reli-
ance Petrochemical complex, Reliance Industries Ltd. The 
main components of this aromatic feedstock were  C8 to  C10 
aromatics, the composition of which is presented in Table 1. 
Olefins concentraion in feed is represented as bromine index.
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5 g of extrudates were added to 35 g of aromatic feed 
stock in a stainless-steel bomb of 70 ml capacity. The reac-
tor was purged with nitrogen to remove air and was closed. 
The bomb reactor was heated at 448 K temperature for the 
duration of 3 h. After this, the reactor was cooled to ambi-
ent conditions. The hydrocarbon liquid was separated from 
the solid catalyst and was examined for the concentration 
of olefins.

2.4  Product analysis

Bromine Index method (ASTM D-1491) was used to 
determine the olefin content in aromatic hydrocarbon. 

Specifically, the Bromine Index (BI) is defined as the 
number of milligrams of bromine consumed by 100 g of 
hydrocarbon sample. The number of milligrams of bromine 
absorbed by 100 g of a hydrocarbon or a hydrocarbon mix-
ture indicates the percentage of double bonds present. A 
measure of the reduction in Bromine Index of the product 
from the process represents the degree of olefin conversion. 
Olefins conversion was calculated as follows:

Y = Percentage of olefins conversion or reduction in bromine 
Index.

BI0 = The bromine index of the reactant feed.
BI = The bromine index of the product stream.

3  Results and discussion

3.1  Effect of crystallization time on the synthesis 
of MCM‑22

Hydrothermal treatment for different time durations such 
as 24, 48 and 72 h was carried out to find the effect of 

Y =

(

BI
0
− BI

)

BI
0

× 100

Table 1  Composition of the 
aromatic feedstock obtained 
from reliance petrochemical 
complex, reliance industries

Component Content/wt%

Non-aromatics 1.5
Benzene 0
Toluene 2.5
Ethyl benzene 7.4
Para xylene 8.75
Meta xylene 20.7
Ortho Xylene 12.31
C9 + Aromatics 46.84

Table 2  Molar gel composition, crystallisation conditions and physico-chemical properties of the zeolites synthesised

Table of conents in brief: F Ferrierite, Sample 1 MCM-22  (SiO2/Al2O3 = 30, Crys. Time 24 h), Sample 2 MCM-22  (SiO2/Al2O3 = 30, Crys. Time 
48  h), Sample 3 MCM-22  (SiO2/Al2O3 = 30, Crys. Time 72  h), Sample 4 Ce-MCM-22  (SiO2/CeO2 = 150,  SiO2/Al2O3 = 38, HMI/SiO2 = 0.2, 
Crys. Time 48 h), Sample 5 Ce-MCM-22  (SiO2/CeO2 = 150,  SiO2/Al2O3 = 38, HMI/SiO2 = 0.2, Crys.Time 72 h), Sample 6 Ce-MCM-22  (SiO2/
CeO2 = 150,  SiO2/Al2O3 = 38, HMI/SiO2 = 0.23, Crys. Time 48 h), Sample 7 Ce-MCM-22  (SiO2/CeO2 = 150,  SiO2/Al2O3 = 38, HMI/SiO2 = 0.26, 
Crys. Time 48 h), Sample 8 Ce-MCM-22  (SiO2/CeO2 = 100,  SiO2/Al2O3 = 43, HMI/SiO2 = 0.26, Crys. Time 48 h), Sample 9 Ce-MCM-22  (SiO2/
CeO2 = 100,  SiO2/Al2O3 = 43, HMI/SiO2 = 0.3, Crys. Time 48 h)

Sample 1 2 3 4 5 6 7 8 9

Molar gel composition
SiO2/

(Al2O3 + CeO2)
– – – 30 30 30 30 30 30

SiO2/Al2O3 30 30 30 38 38 38 38 43 43
SiO2/CeO2 – – – 150 150 150 150 100 100
H2O/SiO2 15 15 15 15 15 15 15 15 15
Na/SiO2 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
HMI/SiO2 0.2 0.2 0.2 0.2 0.2 0.23 0.26 0.26 0.3
Cryst.conditions
Temperature/K 443 443 443 443 443 443 443 443 443
Stirring speed/

Rpm
250 250 250 250 250 250 250 250 250

Time/hr 24 48 72 48 72 48 48 48 48
Characteristic properties
XRD result MCM-22 MCM-22 MCM-22/F Amorphous Ce-MCM-22/F Ce-MCM-22/F Ce-MCM-22 Ce-MCM-22/F Ce-MCM-22
SiO2/Al2O3(ICP) 29 32 29 – 41 40 42 39 47
SiO2/CeO2 (ICP) – – – – – – 160 – 115
Crystallinity/% 83 100 95 – 85 80 95 85 90
BET/m2g−1 422 480 412 – 450 455 470 460 445
Pore volume/

cm3g−1
0.36 0.40 0.32 – 0.45 0.46 0.47 0.48 0.51
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crystallization time on the physico-chemical properties. The 
molar gel compositions for the first set of three samples 1, 
2 and 3 are similar which are presented in Table 2. XRD 
patterns of the as-synthesised samples are shown in Fig. 1. 
By comparing the peak positions and intensities of the XRD 
patterns with those reported in earlier studies [29], XRD 
phases in sample 1 and sample 2 with crystallisation time 
of 24 h and 48 h are observed with pure phases of MCM-22. 
Whereas, XRD patterns of the sample 3 with crystallisa-
tion time of 72 h shows an additional peak at 2θ = 9.45 and 
22.4°. These additional peaks are identified as phase of FER 
(ferrierite, peak shown as F in XRD pattern). This indicates 
that longer crystallisation time under present synthesis con-
ditions gives a mixture of MCM-22 and FER phase and not 
favourable for the formation of pure MCM-22.

3.2  Effect of crystallisation time 
on the incorporation of Ce in MCM‑22

In view of optimised conditions developed for synthesis of 
MCM-22, attempts were made to study the effect of crys-
tallisation time on the synthesis of Ce-MCM-22 (Table 2) 
with the molar gel composition of  SiO2/Al2O3 = 38,  CeO2/
SiO2 = 150,  H2O/SiO2 = 15, Na/SiO2 = 1.5 and HMI/
SiO2 = 0.2. As shown in Fig. 2, XRD patterns of sample 
4 with 48 h of crystallisation time resulted in amorphous 
phase, subsequently, sample 5 is prepared with same gel 
composition by increasing the crystallisation time to 72 h. 
XRD patterns showed the characteristic peaks of Ce-
MCM-22 along FER impurity. This shows that longer crys-
tallisation times are not suitable for the incorporation of Ce 
in to the frame work of MCM-22. Similar observations were 

made in the synthesis of MCM-22 also. Here we couldn’t 
achieve the phase purity of Ce-MCM-22 while changing the 
crystallisation time, therefore we made an attempt to see the 
template effect on the phase purity of zeolite in the next case.

3.3  Effect of template concentration 
on the incorporation of Ce in MCM‑22

As stated in the earlier reports [30], template concentration 
plays a key role in the rate of nucleation as well as crystal-
lisation of zeolites, we made an attempt to synthesise pure 
form of Ce-MCM-22 by varying the template concentra-
tion. Accordingly, sample 6 (shown in Table 2) was syn-
thesised with slightly higher template concentration, HMI/
SiO2 = 0.23 under an optimised crystallisation time 48 h, 
same as in case of MCM-22. This resulted in the formation 
of Ce-MCM-22 phase (Fig. 2) along with a small impu-
rity of FER. As we observed improvement in the phase 
purity by increasing template concentraion, sample 7 was 
prepared with further increase in template concentration 
(HMI/SiO2 = 0.26), where in the final molar gel composi-
tion is  SiO2/Al2O3 = 38,  SiO2/CeO2 = 150,  H2O/SiO2 = 15, 
Na/SiO2 = 1.5 and HMI/SiO2 = 0.26. XRD pattern (Fig. 2) of 
sample 7 is observed with pure phase of Ce-MCM-22 with-
out any FER phase, which suggests that increased template 
concentration in the gel can promote the incorporation of 
Ce into the framework. Similarly, when the same conditions 
are applied to synthesise Ce-MCM-22 (sample 8 in Table 2) 
with high ceria content wherein gel composition is  SiO2/
Al2O3 = 43,  SiO2/CeO2 = 100,  H2O/SiO2 = 15, Na/SiO2 = 1.5 
and HMI/SiO2 = 0.26, XRD patterns (Fig. 3) of sample 8 was 
observed with Ce-MCM-22 and FER phases. Subsequently 

Fig. 1  XRD patterns of as-synthesised samples: (a) sample-1, (b) 
sample-2 and (c) sample-3

Fig. 2  XRD patterns of as-synthesised samples: (a) sample-4, (b) 
sample-5, (c) sample-6 and (d) sample-7
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to avoid the formation of impurities, sample 9 was prepared 
with the increased template concentration (HMI/SiO2 = 0.3), 
wherein the molar gel composition is  SiO2/Al2O3 = 43, 
 CeO2/SiO2 = 100,  H2O/SiO2 = 15, Na/SiO2 = 1.5 and HMI/
SiO2 = 0.3. As depicted from the XRD patterns in Fig. 3, 
this resulted in pure phase of Ce-MCM-22 with negligable 
amount of FER phase. These observations clearly shows that 
optimised crystallisation conditions and template concen-
tration restricts the formation of impure phases thus form-
ing pure Ce-MCM-22. It is important to note that though 
the template concentrations are increased to achieve phase 
purity, it is very less compared to literature reports. There-
fore, we can infer that the amount of template used is in the 
present investigation is (HMI/SiO2 = 0.3) is half of to that 
reported [24] in the literature (HMI/SiO2 = 0.6).

3.4  Powder X ray diffraction studies

In the present investigation, Sample 2, sample 7 and sam-
ple 9 are observed with high phase purity, XRD profiles 
of assynthesised and calcined samples are shown in Fig. 4, 
one distinct difference between the assynthesised and cal-
cined samples is detected in the range of 2θ = 12–25°, 
wherein the X-ray patterns of calcined sample are char-
acterized by sharp and separated peaks. Another region 
that distinguishes as-synthesised from calcined mate-
rial occurs in the range between 2θ = 26° and 29° [31, 
32]. Here as-synthesised sample presents only two peaks 
observed at 2θ = 26.07° and 26.60°, while the calcined 
sample shows four sharp peaks at 2θ = 26.23°, 27.14°, 
28.08° and 28.84°. The percentage of crystallinity shown 

in Table 2 was assessed by comparing the sum of intensi-
ties of the peaks appearing at 2θ = 7–10 and 24–26° in 
the calcined samples to those same intensities found in 
the fully crystalline reference material. Percentage crys-
tallinity of MCM-22 (sample 2) is higher than that of Ce-
MCM-22 (sample 7 and 9). Subsequently, with increasing 
the Ce loadings crystallinity is further decreased, this may 
be because the insertion of Ce in to the framework slows 
down the crytallisation rate. In samples of Ce-MCM-22 
(sample 7 and 9), the  CeO2 quantity is about 1.7 and 2.8 
wt% to the total amount of the tetrahedral oxides. There 
are no charecteristic peaks of  CeO2 are observed even with 
2.8 wt%  CeO2 used to the total weight of zeolite used in 
the synthesis. This indicates that Ce could have inserted 
into the frame work of zeolite or a part of  CeO2 may highly 
dispersed in the pores of the zeolite which is out of XRD 
detection limits.

3.5  Thermogravimetric analysis

The weight loss on ignition (LOI) is determined by ther-
mogravimetric analysis. LOI of each sample varies based 
on the amount of template used in the synthesis as well as 
efficacy of washing carried out after the synthesis, 15 to 
20% of weight loss is observed on the samples prepared. 
In the TGA of MCM-22 and Ce-MCM-22, the initial 
weight loss up to 453 K was due to desorption of physi-
cally adsorbed water, while the weight loss at 473–923 K 
is due to the decomposition of hexamethyleneimine used 
as template in the synthesis.

Fig. 3  XRD patterns of as-synthesised samples: (a) sample-8 and (b) 
sample-9

Fig. 4  XRD patterns of calcined samples: (a) sample-2, (b) sample-7 
and (c) sample-9
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3.6  UV–Vis diffuse reflectance spectra

We have carried out the UV–Vis DRS analysis of selected 
calcined samples (sample 2, 7 and 9) which are obtained 
with pure phases in synthesis. Based on the wavelength of 
the bands observed, the oxidation state and chemical envi-
ronment of metal atoms can be identified. As shown in 
Fig. 5, DRS spectra of MCM-22 (sample 2) doesn’t show 
any bands, while Ce-MCM-22 samples (sample 7 and 9) 
shows a broad band in the range of 230–300 nm. A well 
defined absorption band at 260 nm and less intense shoulder 
at 290 nm are attributed to  Ce3+ and  Ce4+ respectively, in 
tetrahedral coordination, indicating the incorporation of Ce 
into the framework of zeolite [23, 24, 33]. Although there 
are strong peaks assigned to the frame work Ce, it is pos-
sible that both intra-framework and extra-framework cerium 
species are present because of the broadness of the large 
absorption band [34].

3.7  Ammonia TPD

The acidity of the MCM-22 (sample 2) and Ce-MCM-22 
(sample 7 and 9) was determined from temperature pro-
grammed desorption of ammonia  (NH3-TPD). As shown in 
Fig. 6, all these samples exhibit two well resolved desorption 
peaks: the low-temperature peak (LTP) at 453-473 K and the 
high-temperature peak (HTP) at 573-723 K. Generally, LTP 
and HTP correspond to weak and strong acid sites, respec-
tively. We couldn’t see much difference in the ratio of weak 
to strong acid ammonia desorption peak areas in MCM-22 
and Ce-MCM-22 samples indicating that amount of strong 
and weak acid sites remains almost same in all the samples. 

Total acidity of sample 2, sample 7 and sample 9 is 1.23, 1.1 
and 1. 15 mmol/g.cat., respectively.

3.8  N2 adsorption and desorption isotherms

Nitrogen adsorption isotherms of calcined materials are 
compared in Fig. 7. The isotherm of MCM-22 (sample 2) 
was type I due to the microporous nature of the material, 
while that Ce-MCM-22 samples (sample 7 and 9) showed 
type IV isotherm with a hysteresis loop at p/po = 0.4 for cap-
illary condensation, which indicates the successful formation 
of mesopores after the incorporation of Ce in MCM-22. BET 

Fig. 5  UV–Vis DRS spectra of calcined samples: (a) sample-2, (b) 
sample-7 and (c) sample-9

Fig. 6  Ammonia TPD measurements of calcined samples: (a) sam-
ple-2, (b) sample-7 and (c) sample-9

Fig. 7  N2 adsorption isotherms of calcined samples: (a) sample-2, (b) 
sample-7 and (c) sample-9
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surface area of MCM-22 was 480  m2/g, with pore volume of 
0.4  cm3/g, while the BET surface area of Ce-MCM-22 (sam-
ple 7) was 470  m2/g with mesopore volume of 0.47  cm3/g 
indicating that mesopores are dominant. Sample 9, with high 
Ce content has observed with slightly low surface area (445 
 m2/g) may because of low crystallinaity. However, this sam-
ple is showing high pore volume of 0.51  cm3/g, because of 
high Ce incorporation into the frame work.

3.9  29Si and 27Al MAS NMR spectra

29Si magic angle spinning (MAS) NMR were measured to 
determine the chemical environment of silica or to count the 
number of crystallographic sites in purely siliceous materi-
als, and the 27Al MAS NMR to investigate the framework 
and extra framework species were used. The NMR spectra 
are sensitive to range of local interactions which provide 
detailed spatial and chemical information. 29Si NMR has 
shown to be sensitive to the substitution of range of other 
heteroatoms into the frame work and can be often be used 
to prove that these ions have been substituted. 29Si chemical 
shift is significantly shifted by the substitution of heteroatom 
in the frame work [35]. Figure 8 shows the 29Si-MAS NMR 
spectra of sample 2, sample 7 and sample 9.

The chemical shift in the range of −107 to −117 ppm 
are attributed to Si (0Al) and are denoted as  Q4 sites in the 
spectra. The chemical shift at −103 ppm corresponds to Si 
(1Al) which are also called as  Q4 sites. In addition to this, 
there was a noticeable 29Si resonance at −96 pmm  (Q3 sites), 
this peaks is attributable to Si(OH) groups suggesting that 
MWW layers has larger number of surface hydroxyl groups 
[36]. The peaks of Ce-MCM-22 were shifted to up field 

relative to those of MCM-22, suggesting the incorporation 
of Ce ion into the frame work. The chemical shift toward the 
up field is more significant in sample-9 where the Ce content 
is higher compared to the sample-7 with low Ce content.

As shown in the Fig. 9, 27Al MAS NMR spectra of all the 
samples showed one signal at ca.50 ppm, indicating that Al 
atoms were tetrahedral coordinated in the zeolite framework, 
apart from this there is a peak visible around 0 ppm, indicat-
ing the presence of small quantity of octahedral coordinated 
aluminium in all the samples.

3.9.1  FTIR

As shown in Fig. 10, FT-IR bands observed in the range 
820–850 cm−1 are assigned to O–Si–O symmetrical stretch. 
The bands in the range 1225–1250 cm−1 correspond to the 
external symmetric T–O–T stretching (where T = Si or Al) 
and the bands in the range 1030–1050 cm−1 are assigned 
to internal asymmetric T–O–T stretching, which is also in 
agreement with earlier studies [37, 38]. The bands in the 
range 400–450 cm−1 are assigned to T–O bending and the 
bands at 594 and 550 cm−1 are attributed to the presence 
of double 6 MR in the MCM-22 [39, 40]. The positions of 
bands due to vibrations of external linkages are very sensi-
tive to structure. It is clearly seen from the FT-IR spectra that 
IR band around 1086 cm−1 for T–O bonds in  TO4 tetrahedra 
of pure MCM-22 (sample 2) shifted slightly to lower range 
of 1081 cm−1 for sample 7 and sample 9 (Ce-MCM-22), 
thus suggesting the incorporation of Ce in the frame work 
[23, 41].

Fig. 8:  29Si-MAS NMR spectra of calcined samples: (a) sample-2, (b) 
sample-7 and (c) sample-9

Fig. 9:  27Al-MAS NMR spectra of calcined samples: (a) sample-2, 
(b) sample-7 and (c) sample-9
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3.9.2  Scanning electron microscopy

SEM images of sample 2, 7 and 9 are shown in Fig. 11. 
The primary crystals of MCM-22 (sample 2) show the well-
known platelet morphology of MWW zeolite. As can be 
seen from SEM images, the particle size of the platelets 
are < 1 µm. From observed images it is clearly shows that 
particle size and morphology of Ce-MCM-22 and MCM-22 
are nearly similar.

Ce.

4  Catalytic performance

Catalytic performance of the MCM-22 and Ce-MCM-22 was 
evaluated for the conversion of olefins from a commercial 
 C8 + aromatics stream. It is well known that the alkylation of 
aromatics with olefins over solid acid catalyst proceeds via 
the generally accepted carbenium ion mechanism illustrated 
in Scheme 1. On the basis of this mechanism, the olefin mol-
ecules adsorbed on the surface of the zeolite was attacked 
by the Bronsted acid or Lewis acid sites thus resulting in 
the reduction of double bond to form a carbenium ion. The 
electrophilic attack of the carbenium ion on the aromatic 
π-electrons leads to alkylation reaction thus resulting in alky 
benzenes and polyalkyl benzenes [42, 43].

We explored the olefin conversion activity of zeolites 
obtained with pure phases, which are, sample 2 (MCM-22), 
sample 7 and 9 (Ce-MCM-22). As can be seen in Fig. 12, 
olefin conversion acivity over Ce-MCM-22 samples was 
significantly higher than that of MCM-22, trend of ole-
fin conversion activity is as follows: Ce-MCM-22  (SiO2/

CeO2 = 100) > Ce-MCM-22  (SiO2/CeO2 = 150) > MCM-
22. Olefin coversion over MCM-22 is 29% while that in 
Ce-MCM-22  (SiO2/CeO2 = 150) and Ce-MCM-22  (SiO2/
CeO2 = 150) is 53 and 63% respectively. It could be noted 
that, as the amount of Ce content increases catalytic activity 
increases.  Ce+4 present in the frame work with out bringing 
about local charge imbalance generates Lewis acid sites and 
makes the catalyst more active in olefin conversion. Substi-
tution of lattice silica of zeolites by various metals and there 
enhanced catalytic performance were already reported in the 
literature [44, 45]. In addition to this there is also possibility 
of small amount of  CeO2 species that are present outside the 
frame work on MWW layers, which also acts a lewis acid 
sites. Therefore, it is understood that Ce is playing a vital 
role enhancing the catalytic activity.

Fig. 10  FTIR spectra of calcined materials: (a) sample-2, (b) sam-
ple-7 and (c) sample-9

Fig. 11  SEM images of as-synthesised: a sample-2, b sample-7 and 
c sample-9
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In order to see the leaching effect of Ce from the frame 
work of zeolite, we also carried out the regeneration studies of 
sample 9 (Ce-MCM-22,  SiO2/CeO2 = 100) with high loadings 
of Ce content. Samples after each catalytic run was filtered, 
oven dried at 393 K for 12 h, followed by calcination in air at 
823 K for 8 h. From Fig. 13, it is observed that even after 5 
cycles of regeneration olefin conversion remains same. This 
clearly indicates that there is no leaching of Ce from the frame 
work of zeolite and structure remains intact.

5  Conclusions

Framework-substituted Ce-MCM-22 has been synthesized 
by hydrothermal synthesis while optimizing gel composi-
tion and experimental conditions. Ce-MCM-22 zeolites 
were prepared with varying amounts of Ce in the frame-
work. Template concentration has played a vital role in 
controlling the impure phases. Incorporation of Ce in 
the frame work is evidenced by the 29Si and 27Al MAS 
NMR, FTIR and UV–Vis DRS techniques. Ce incorpo-
rated MCM-22 was observed with high catalytic activity 
towards removal of olefins from the  C8

+ aromatic stream 
to produce olefin free  C8

+ aromatics stream.  Ce+4 present 
in the frame work with out bringing about local charge 
imbalance generates Lewis acid sites and makes the cata-
lyst more active in olefin conversion.
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