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New surfactant molecules based on ionic liquids, such as [C16MIm]Cl and [C16MPy]Cl were employed in 

the rearrangement of Y zeolite to introduce mesopores of different morphologies. We evidence that the 

templating efficiency of these ionic liquids is identical as for the classically used ammonium based 

surfactant (CTAC) in the synthesis of siliceous MCM-41. Yet, their templating behavior differs importantly 

when used in the surfactant templating approach to produce mesoporous Y zeolite. This finding indicates 

that the micellization ability of these surfactants within the zeolite confined spaces differs to the one in 

solution and hence has a major impact on the textural properties of the final zeolite phase. Hierarchical 

porous zeolite Y with novel textural properties could be disclosed. 

 
 

 

 

 

1. Introduction 

 
Zeolites account for massive use in industry thanks to their 

excellent catalytic properties permitting in many cases shape 

selectivity in important large-scale applications. Yet, this particu- 

larly interesting materials class presents major drawbacks based on 

the sole presence of micropores causing sever mass transfer limi- 

tations. To remedy this inconvenient purely mesoporous materials 

(such as Al-MCM-41 with Si/Al ratios comparable to those in zeo- 

lites) were developed, presenting high accessibility to active sites 

and low diffusion limitations [1]. However, their catalytic activity 

remains low when compared to the one of zeolites [2,3]. It is hence 

a current quest to combine the advantages of these two material 

classes, i.e. generating mesoporosity within zeolite frameworks. It 

has indeed been proven that the introduction of mesopores within 

microporous zeolite structures allows for superior mass transfer 

properties [4e8] and higher accessibility to active sites [9,10]. 

Additionally, tailoring pore size of the introduced mesoporosity 

presents in many cases an important effect in catalysis [10e13]. 

Several strategies for the achievement of hierarchical porous 

zeolites are disclosed in the literature and summarized in numerous 
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review articles [15e21]. The majority of available techniques rely on 

either destructive or constructive methods. Destructive approaches, 

also known  as top-down strategies, are mainly related to deal- 

umination [22e26] or desilication [27]. The major inconvenience of 

these techniques is the formation of an arbitrary mesoporous 

network that forms mainly as internal and inaccessible cavities. On 

the contrary, constructive approaches (so called bottomeup stra- 

tegies) are based on the formation of the hierarchical porous zeolites 

employing soft [28e31] or hard [32e35] templates and permit in 

many cases the introduction of tailored mesoporosity. An alternative 

strategy is the surfactant templating approach, which allows to 

impart tailored mesoporosity within given zeolite structures. 

Different theories exist to explain the fundamental mechanism of 

the surfactant templating process, that are either based on zeolite 

recrystallization [36e39] or rearrangement [40,41]. The recrystal- 

lization mechanism is  believed to rely on  a preliminary  partial 

destruction and dissolution of the zeolite framework under basic 

conditions followed by the re-assembly in the presence of surfac- 

tants. On the other hand, the zeolite rearrangement mechanism is 

conceived to take place through a spontaneous assembly of sur- 

factants within the zeolite cavities that rearrange the zeolite phase 

without the occurrence of the dissolution event. 

To date the only supramolecular templating agents described in 

the surfactant templating approach to achieve mesoporous zeolites 

are ammonium based salts (i.e. CnH2nþ1(CH3)3NBr, n ¼ 8e18). This 

process has proven to be an efficient strategy for the introduction of 
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ordered mesopores in various zeolites, such as Y [42], MOR [43], 

BEA [44] and ZSM-5 [45]. 

Ionic liquids have recently emerged as a new molecule class 

with important properties especially as green solvents, electrolytes 

and catalysts [46]. Furthermore, the use of ionic liquids has lately 

attracted a great deal of attention for the design of porous materials 

[47e50]. In fact, the imidazolium headgroup has been described to 

present superior templating properties in the hydrothermal syn- 

thesis of MCM-41, compared to commonly used ammonium based 

surfactants, figuring identical chain lengths (i.e. CTAB or CTAC) [51]. 

Furthermore, ionic liquids have very recently allowed for the 

obtention of mesoporous zeolites by a simple bottomeup approach 

[52]. 

Herein we describe the templating behavior of ammonium, 

imidazolium and pyridinium based surfactants with identical chain 

lengths in the synthesis of siliceous MCM-41 and in the achieve- 

ment of mesoporous Y zeolite through surfactant templating 

process. 

 
2. Experimental section 

 
2.1. Synthesis of MCM-41 

 
In a typical synthesis the surfactant (8.2 mmol) was dissolved in 

distilled water (18 mL) and absolute ethanol (204 mL). To this so- 

lution was added TEOS (11.21 g, SigmaeAldrich, 98%). Additionally, 

NH4OH (66.2 mL of 25% solution) was slowly added under vigorous 

stirring at RT. The molar composition of the mixture was 1 SiO2: 

141H2O: 2.8 NH3: 0.082 Surfactant. After complete addition of 

NH4OH the mixture was stirred for three additional hours. Finally 

the mixture was filtered and the residue was washed with distilled 

water until neutral pH. The solid was dried at 80 oC for 24 h and 

additionally calcined at 550 oC for 8 h under air using a heating rate 

of 2 oC/min. 

 
2.2. Surfactant templating of Y zeolite 

 
In a typical synthesis the surfactant (0.911 mmol) was dissolved 

in an aqueous NaOH solution (0.09 M, 20 mL) at RT. After complete 

dissolution, 0.67 g of commercial HY zeolite (Zeolyst, CBV720, Si/ 

Al ¼ 15) was added and stirred for 20 min. The molar composition 

of the mixture was: 1 HY: 0.08 Na2O: 100H2O: 0.082 Surfactant. The 

obtained suspension was transferred to a Teflon-lined stainless 

steel autoclave and hydrothermally treated for 20 h at 150 oC under 

autogenous pressure. The autoclave was cooled to RT and the 

mixture was filtered and the  residual  solid  was  washed  with 

200 mL of distilled water. The solid was dried at 80 oC for 24 h and 

then calcined at 550 oC for 8 h under air using a heating rate of 2 oC/ 

min. 

 
2.3. Synthesis of the templating agents 

 
Cetyltrimethylammonium chloride (CTAC) was purchased from 

SigmaeAldrich (98%). Cetyl-1-methylimidazolium chloride 

([C16MIm]Cl) was synthetized by combining 0.85 mol of 1- 

methylimidazole (SigmaeAldrich, 99%) with 0.85 mol of hex- 

adecyl chloride (SigmaeAldrich, 95%) in a round bottom flask with 

magnetic stirrer. The mixture was vigorously stirred at 115 oC for 

48 h. The flask was cooled to room temperature and the residue was 

washed with ethyl acetate and dried under vacuum. Cetyl-4- 

picolinium  chloride  ([C16MPy]Cl)  was  synthetized  by  mixing 

0.1 mol of 4-methylpyridine (SigmaeAldrich, 98%) with 0.1 mol of 

hexadecyl chloride in 100 mL toluene in a round bottom flask with 

magnetic stirring. The mixture was vigorously stirred under reflux 

for 72 h. The flask was cooled to RT and the solvent was removed in 

vacuum. The residue was washed with ethyl acetate and dried 

under vacuum. 

 

2.4. Characterization 

 
Nitrogen adsorptionedesorption isotherms were measured at 

77 K using a TRISTAR II Micrometrics volumetric adsorption 

analyzer. Before the measurements, samples were outgassed for 

16 h at 573 K. The BrunauereEmmetteTeller (BET) equation [53] 

was used to calculate the apparent surface area from the adsorp- 

tion data obtained at p/p0 between 0.05 and 0.3 considering the 

Rouquerol law to determine the highest relative pressure to use in 

the BET method [54]. The pore size distribution was calculated by 

the BarretteJoynereHalenda (BJH) method using the adsorption 

branch [53]. Microporous volumes were calculated using the cor- 

rected t-plot method developed by Galarneau et al. [56] X-ray 

diffraction (XRD) patterns were recorded with a Goniometer type 

D-500 Simens equipped with CuKa radiation (40 kV, 40 mA). Low 

Resolution Transition Electron Microscopy (LR-TEM) was per- 

formed on a Libra Zeiss electron microscope at 120 kV. Samples 

were embedded in a polymer resin and cut into thin slices by ul- 

tramicrotomy. High Resolution Transition Electron Microscopy (HR- 

TEM) was performed on a JEOL JEM-2100 at 200 kV. Scanning 

Electron Microscopy (SEM) images were recorded on an EVO 

Zeiss@50 Series electron microscope equipped with an EDX de- 

tector. The amount and distribution of the acid sites of the materials 

was monitored by temperature-programmed desorption of NH3 

(TPD-NH3) using a Micromeritics apparatus Model TPD/TPR 2900. 

The type  of acidity  (Lewis and/or  Brønsted)  of the sample was 

tested by pyridine adsorption followed by Fourier Transform Infra 

Read Spectroscopy. Infrared (IR) experiments were performed in a 

Nicolet 710 Fourier transform IR (FTIR) spectrometer using vacuum 

cells. After the ~10 mg cm-2 wafers were degassed overnight under 

vacuum (10-3 Pa) at 673 K, the base spectra were recorded at room 

temperature. For acidity measurements, pyridine (6 x 102 Pa) was 

admitted. After equilibration, the samples were outgassed for 1 h at 

increasing temperatures (423/523/623 K). After each desorption 

step, the spectrum was recorded at room temperature and the 

background subtracted. 

 
3. Results and discussion 

 
3.1. Synthesis of siliceous MCM-41 using ionic liquid based 

surfactants 

 

Ionic liquids of identical chain length of the alkyl substituent, 

based on imidazolium and pyridinium salts ([C16MIm]Cl and 

[C16MPy]Cl) were employed as surfactants in the synthesis of sili- 

ceous MCM-41 and their templating efficiency was compared to the 

one of CTAC, an ammonium salt which is the typically used sur- 

factant in this synthesis (Fig. 1). The obtained calcined materials 

 
 

 
 

Fig. 1.  Chemical structure of CTAC (A), [C16MIm]Cl (B) and [C16MPy]Cl (C). 



 

 

present type IV nitrogen adsorption and desorption isotherms with 

a steep increase of nitrogen in the relative pressure range of p/ 

p0 ¼ 0.2e0.4 characteristic for mesoporous materials with very 

narrow pore size distributions. For all of the materials very similar 

isotherm shapes were obtained and materials figure specific sur- 

face areas of close to 1000 m2  g-1  and mesoporous volumes of 

0.85 mL g-1 (Fig. 2A). Furthermore, the low angle XRD patterns 

present for the three samples characteristic peaks at 2.6, 4.5 and 

5.2o 2q corresponding to the diffraction planes of the hexagonal 

MCM-41 structure (Fig. 2B). These results indicate that the use of 

these three surfactants leads to the formation of MCM-41 with 

almost identical textural characteristics and suggesting thus that 

the three molecules [C16MIm]Cl, [C16MPy]Cl and CTAC exhibit 

identical templating efficiency under the applied conditions. This 

finding implies that the three surfactants feature similar in- 

teractions in solution permitting them to form micelles during 

synthesis. Though there exist different theories on the MCM-41 

forming mechanism [57] the most accepted one describes the 

process to rely on a cooperative self-assembly by charged surfac- 

tants [58]. Herein the silicate polyanions assemble at the positively 

charged cationic headgroups of the surfactants due to Coulomb 

forces. It is this interaction that alters the charge density at the 

interface, allowing the surfactant to form and to assemble micelles. 

 
 

3.2. Mesoporous Y zeolite by ionic liquid based surfactant 

templating 

 
In this section we describe the use of the three tensioactive 

molecules  CTAC,  [C16MIm]Cl  and  [C16MPy]Cl  in  the  surfactant 

 

 
 

Fig. 2.  A: N2 adsorption and desorption isotherms at 77 K of MCM-41 synthetized with 

templating assisted transformation of Y zeolite. Calcined materials 

were named HY-TA, HY-MIm, HY-MPy. Additionally, a synthesis 

without the use of any surfactant was carried out yielding the 

material HY-NaOH. The nitrogen adsorption and desorption iso- 

therms show important differences in their shapes for the materials 

obtained using the different surfactants during the templating 

process (Fig. 3A). The parent zeolite HY presents a classical type I 

isotherm with a horizontal hysteresis loop closing at p/p0 ¼ 0.42 

due to the tensile strength effect [59] characteristic for inaccessible 

mesoporosity. A type IV isotherm is achieved for the HY-TA material 

figuring a sharp nitrogen uptake at p/p0 ¼ 0.3e0.4 indicating a 

narrow mesopore size distribution with a maximum at 3.2 nm 

estimated by the BJH method (Fig. 3C). The equivalent specific 

surface area amounts to 883 and 837 m2  g-1 for HY and HY-TA, 

respectively. These results compare well to those previously re- 

ported in the literature [42]. The HY-MIm and HY-MPy materials 

presents similar surface area (805 m2 g-1) but with different 

capillary condensation regimes. Indeed the isotherm obtained for 

HY-MIm figures a wide hysteresis loop at p/p0 ¼ 0.3e0.6 indicating 

the formation of mesopores of sizes within 3 and 5 nm. Finally, the 

HY-MPy material shows even a larger distribution of mesopores 

(3e12 nm). It should be noted that in the absence of surfactant 

during the templating process (HY-NaOH) a nonporous material is 

obtained. Microporous volumes were deduced by calculating the 

thickness of the adsorbed nitrogen layer on the surface (t-plot 

method) and using a correction factor indicated by Galarneau et al. 

[56] (Fig. 3B). The initial HY zeolite shows a microporous volume of 

0.32 mL g-1 (the larger mesopores present due to dealumination 

process performed by the supplier do not influence the t-plot curve 

as these pores are larger than 30 nm and hence form a linear plot in 

the t-plot). The microporous volume is comparable for all of the 

obtained samples using the different surfactants and amounting to 

0.22 mL g-1. The mesoporous volume is the highest for HY-TA 

(0.39 mL g-1) and decreases for HY-MPy to 0.31 mL g-1. It hence 

seems that the nature of the surfactant influences mostly the 

mesopore size distribution and mesoporous volume, whilst 

microporous volume seems to be independent of the employed 

surfactant in the surfactant templated samples. 

The texture of the materials was further investigated by electron 

microscopy (Fig. 4). The HR-TEM images of the samples obtained 

through surfactant templating present long-range ordered zeolite 

crystallinity, observed as long parallel crystallographic planes 

throughout the material. Within these crystalline planes electron 

clear domains can be observed ascribable to the mesopores. It is to 

notice that the HY-MIm material evidences mesopores of more 

uniformed size (3e5 nm) and distribution, whilst the HY-MPy 

material shows strongly disordered mesopores with larger size 

distributions (3e12 nm) as already indicated by nitrogen sorption 

isotherms. The LR-TEM images recorded on thin slices of the crys- 

tals show  homogeneous distribution  of  the mesoporosity on the 

entire section. 

The morphology of the materials was investigated by SEM. Fig. 5 

evidences that the shape and size of the crystals are comparable for 

the parent HY zeolite and for the samples obtained through sur- 

factant templating. Crystal sizes are comprised in between of 0.3 

and 0.8 mm for all materials, indicating that morphology is main- 

tained throughout the surfactant templating. 

The XRD patterns of the parent zeolite HY and of the rearranged 

samples are represented in Fig. 6. All of the obtained diffractograms 

exhibit at wide angles characteristic peaks for the highly crystalline 

FAU structure with large crystal sizes as indicated by the sharp 

diffraction peaks. As far as the low angle X-ray pattern is concerned, 

HY-TA evidences a large peak at 2o 2q indicating a long-range order 

CTAC ( ), [C16MIm]Cl (C) and [C16MPy]Cl (-). B: Low angle XRD pattern of MCM-41 of the mesopores. A similar peak is observed for the HY-MIm 

synthetized with and [C16MPy]Cl. sample but with less intensity indicating a material with lower 
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Fig. 3.  A: N2 adsorption and desorption isotherms at 77 K of HY (-), HY-TA (B), HY-MPy (   ), HY-MIm (:) and HY-NaOH (A). B: t-plots of HY (-), HY-TA (C), HY-MIm (:), HY- 

MPy (   ). C: BJH pore size distribution of the adsorption branch of HY-TA (B), HY-MPy (   ) and HY-MIm (:). 

 
 

 
 

Fig. 4. High resolution TEM images of HY-MIm (A) and HY-MPy (B). Low resolution 

TEM images of thin slices of HY-MIm (C) and HY-MPy (D). 

 

 

order of the mesoporosity. Finally, the HY-MPy does not show the 

presence of any peak in the low angle region as for the parent HY 

material. These results confirm the observations gained from ni- 

trogen   sorption   isotherms   and   from   electron   microscopy 

evidencing high organization of mesopores for the HY-TA and HY- 

MIm samples. 

As the templating efficiency of all of the surfactants has shown 

been to be equal in the synthesis of MCM-41, the explanation for 

their different behavior in surfactant templating of zeolites should 

lie in the nature of the mechanism of the process. The group of 

Ivanova has very recently found evidence that such a process 

involving CTAB as structure directing agent relies on the following 

mechanism: i) the treatment with alkali leads to fast destruction of 

SieOeSi  bonds  accompanied with  rapid  desilication  and  partial 

exchange of zeolite protons with Naþ  cations followed by the 

detachment of crystallites and the creation of mesopores inside the 

crystals (3e20 nm) and in between the crystallites (>30 nm); ii) 

exchange of the Naþ with CTAþ cations results in further exfoliation 

and segregation of the zeolite crystallites. The CTAþ cations form 

micelles that are responsible for the nucleation of the mesoporous 

phase inside the zeolite mesopores and on the external surface of 

the crystallites; iii) by hydrothermal treatment the siliceous species 

removed from the zeolite structure during desilication condense 

around the micelles and lead to the formation of a mesoporous 

phase with uniform mesopores of micelle size (3e4 nm) [38,39]. 

This  process  has  been  referred  as  zeolite  recrystallization.  A 

possible explanation for the different behavior of the imidazolium, 

pyridinium and ammonium salts might be related to the kinetics of 

cation exchange of the surfactant with Naþ. This would suggest that 

for the pyridinium cation the exchange may be incomplete leading 

to non-uniform micelle formation which could explain the wider 

size distribution of the obtained mesopores upon calcination. Yet, 

from EDX analysis no traces of Naþ where found in any of the 

samples, indicating that the Naþ/surfactant cation exchange should 

be complete for all of the obtained materials. Furthermore, the 

material subjected to the rearrangement conditions in the absence 

 

 

 

 
 

Fig. 5.  SEM images of HY (A), HY-MIm (B) and HY-MPy (C). 



 

 

 
 

Fig. 6.  A: Small angle XRD patterns of HY-TA (black), HY-MIm (grey) and HY-MPy (dotted). B: wide angle XRD patterns of HY (black) and HY-MIm (grey). 

 
of any surfactant (HY-NaOH material) shows high presence of Na 

with an Al/Na ratio close to 1 (see ESI for EDX results). 

As the Naþ/surfactant cation exchange takes place for all of the 

described surfactants this cannot account as consideration for the 

variations in the textural properties of the surfactant templated 

samples. A possible explanation may lie in their micelle formation 

ability of the different surfactants within the confined spaces of the 

zeolite crystals after cation exchange. This would suggest that the 

MPyþ cation is less prone to form ordered micelles after cation 

exchange and thus leading to a less defined porosity after calcina- 

tion. These results thus strongly suggest that the described sur- 

factant templating approach relies more on a truly zeolite 

rearrangement process as stipulated by the group of Garcia- 

Martinez [40,41], and less on a dissolution-recrystallization pro- 

cess. Notwithstanding, further insights are necessary to determine 

the exact  nature  for  the different templating behavior of these 

structural directing agents when used in surfactant templating of 

zeolites. 

The acidity of the samples was investigated by temperature 

programmed desorption of ammonia. The parent HY zeolite shows 

two peaks in the TPD profile (Fig. 7A). A minor centered at 170 oC 

corresponding to weaker acid sites and a broader, more intense 

peak at 320 oC ascribable to the desorption of ammonia from 

stronger acid sites. The TPD-NH3 profiles of the surfactant tem- 

plated samples are very similar and rather a single very large peak 

is recorded centered at around 250e300 oC. By comparing the TPD- 

NH3 profiles of the parent zeolite HY with the mesoporous zeolites 

a slight decrease of the stronger acid sites can be deduced. The 

overall acidity was calculated by integrating the area under the 

curves. For the zeolite HY an acidity of 0.67 mmol g-1 was obtained, 

while for the mesoporous zeolites the acidity is slightly lower and 

comprised between 0.51 and 0.41 mmol g-1 (Table 1). This in- 

dicates that the surfactant templating process weakens the acid 

sites, explainable by the reduction in crystallinity for these mate- 

rials. A Si/Al ratio of 15 was found for all of the materials, which 

strongly indicates that no overall desilication occurs during the 

treatment. 

The nature of the acid sites was further investigated by the 

adsorption of pyridine followed by Fourier Transform Infra Read 

Spectroscopy (FTIR) (Fig. 7B). The parent zeolite exhibits a majority 

of Brønsted acid sites (1544 cm-1) with a smaller amount of Lewis 

acidity (1455 cm-1) [60]. The zeolites after surfactant templating 

show the presence of Brønsted acid and Lewis acid sites, which 

could indicate the formation of some extra framework silica 

alumina species within the material. This property seems attracting 

from a catalytic point of view where different acid sites could widen 

the applicability of the materials. 

 
4. Conclusions 

 
In summary, imidazolium and pyridinium ionic liquids where 

used in the synthesis of siliceous MCM-41 and in the surfactant 

templating of Y zeolite. Textural properties of these materials were 

compared to those obtained with the classical used ammonium 

based surfactant (CTAC). We found that these surfactants present 

identical templating efficiency in the formation of MCM-41. Yet, in 

the formation of mesoporous Y zeolite their templating efficiency 

differs importantly. Y zeolite with narrow, less narrow and wide 

mesopore size distributions were achieved for the surfactants 

CTAC, [C16MIm]Cl and [C16MPy]Cl, respectively. These results 

strongly suggest that the micellization ability of these surfactants is 

similar in solution as in the synthesis of MCM-41 but alters 

importantly in the confined zeolite spaces during the surfactant 

assisted transformation and indicates that the mechanism of this 

transformation relies on a zeolite rearrangement process. These 

results are furthermore crucial from a catalytic point of view as 

 
 

 
 

Fig. 7. A: TPD-NH3 of HY (black), HY-TA (grey) and HY-MPy (dotted). B: FTIR of pyridine adsorbed on HY (black) and HY-MIm (grey). 



 

 

Table 1 

Textural and acidic properties of parent zeolite HY and rearranged materials HY-TA, HY-MIm and HY-MPy. 
 

Sample SBET  (m
2
$g

-1
) Vmeso  (mL$g

-1
) Vmicro  (mL$g

-1
) Acidity (mmol$g

-1
) 

HY 837 e 0.32 0.67 
HY-TA 883 0.39 0.21 0.51 
HY-MIm 802 0.33 0.22 0.47 
HY-MPy 807 0.31 0.22 0.41 

 
mesopores of different length scales can importantly alter product 

distribution and mass transfer issues for a given reaction. We are 

currently investigating the catalytic activity of these hierarchically 

porous zeolites. 
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