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Abstract 

In the last years, important efforts are being performed to synthesize multipore 

zeolites, which contain channels of different dimensions within the same crystalline 

structure. This is a very attractive subject, since the presence of pores of different sizes 

would favor the preferential diffusion of reactants and products through those 

different channel systems, allowing unique catalytic activities for specific chemical 

processes. In the present review, we describe the most attractive achievements on the 

rational synthesis of multipore zeolites, containing from small to extra-large pores, and 

the improvements reported on relevant chemical processes when these multipore 

zeolites have been used as catalysts.  

 

 

 

 

 

 

 

 

 

Multipore 
zeolites

“Molecular Traffic 
Control”



3 
 

1.- Introduction 

Zeolites or related materials are crystalline microporous oxide materials with well-

defined pores and cavities of molecular dimensions (3-12 Å) within their structure.1 

The ability of tailoring their chemical composition and pore topology has allowed a 

wide range of industrial applications, particularly as catalysts in oil refining, 

petrochemicals, and chemicals.2 

The most extended chemical composition of zeolites is as silicoaluminates.3 Zeolitic 

silicoaluminates usually show high Brønsted acidity due to the presence of protons 

that are balancing the negative charges generated by the insertion of trivalent Al 

atoms in tetrahedral coordination into the zeolitic framework.4 These acid materials 

are applied as efficient catalysts in industrial processes demanding Brønsted acidity, 

and it is especially relevant their use in oil refining and petrochemistry, e.g. 

isomerization, alkylation or cracking and hydrocracking of hydrocarbons.2a,c,d,5 On the 

other hand, the isomorphic substitution of several isolated metals, such as titanium, 

tin, or zirconium, among others, into the zeolitic framework of high-silica materials, 

allows the preparation of Lewis-acid containing zeolites.6 These materials have been 

applied as very selective catalysts for relevant oxidation reactions, especially in the 

field of fine chemicals 6a,7 and, more recently, their potential application in biomass 

transformation processes is being extensively studied.8 Finally, the preparation of 

zeotypes in silicoaluminophosphate (SAPO) or metalloaluminophosphate (MeAlPO, 

where Me can be Co, V, Ti, among others) forms, has allowed the application of new 

selective catalysts in chemical processes requiring Brønsted acid or redox sites, 

respectively.9 

In addition to the chemical composition, the pore dimensions and topology defining 

the crystalline structure is another important feature of zeolites. This is a key issue 

since most of the chemical reactions involved in a catalytic process should take place 

on the active sites within the internal pores and cavities of the zeolite. Therefore, the 

size, shape and dimensionality of the pores/cavities present in the zeolite structures 

will be determinant for their application as catalysts in particular chemical 

processes.4,10 Indeed, the unique microporous nature of zeolites with well-defined and 

regular pores of these materials, allows controlling the accessibility of reactants to the 
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active sites and reactivity control by shape-selectivity on reactants, intermediate 

transition-states or products.11  

The International Zeolite Association (IZA) recognizes 213 different zeolitic structures, 

which can be classified depending on the size of the openings that define the pores 

(determined by the number of heteroatoms defining the pores) or the number of 

dimensions through which a molecule can diffuse within the crystals (see Figure 1). In 

general, two-dimensional or three-dimensional zeolites with large or extra-large pores 

(> 7 Å) allow processing bulkier reactants and products, while the reduction of the 

zeolite dimensions and/or pore sizes results in hindered diffusion paths or severe steric 

restrictions to the organic molecules involved in the catalytic process.10a,12 However, 

these limitations can turn into a virtue when small molecules have to be processed. For 

instance, very attractive industrial applications using small pore zeolites (< 4 Å) have 

gained importance along the last decade, such as methanol-to-olefins (MTO) or 

selective catalytic reduction (SCR) of NOx.5       

If the zeolites accepted by the IZA are analyzed, it can be observed that several 

structures show interconnected pores of different size (see Table 1). The pore 

topologies of these so called multipore zeolites include the combination of small and 

medium, small and large, medium and large, extra-large and medium, or extra-large 

and large pores (see Table 1). The presence of pores of different sizes could favor the 

preferential diffusion of reactants and products through different channel systems, 

establishing improved activities and selectivities for specific catalytic processes owing 

to a potential “Molecular Traffic Control (MTC)”, as introduced by Derouane et al. in 

1980.13 In their work, the authors claimed a new shape selectivity effect that can occur 

in the intracrystalline volume of multipore zeolites, where reactant molecules can 

preferentially diffuse through a given channel while the products can diffuse out 

through another channel system, preventing in this way counterdiffusion limitations. 

The MTC was based on the selective adsorption results of different hydrocarbons on 

MFI zeolites.13 Although the concept generated some controversy in the early years,14 

several theoretical reports have demonstrated that reactivity enhancement may occur 

by MTC effects.15 

Besides the MTC effect described for molecular sieves presenting interconnected 

pores of different size, some of these materials can present a different population of 
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framework Al and, consequently, a different population of active sites in the different 

channels. They also show very specific cavities or “pockets” in the intersection of these 

different channels.16 The form and shape of these cavities and/or the population of the 

active sites in precise positions within these cavities can help discriminating among 

different possible reaction transition states, or can have a direct influence on the 

entropy of activation, making the catalyst more active and selective for a particular 

reaction.16 Recently, one of the most remarkable examples on active site specificity in 

zeolites has been described for the low-temperature carbonylation of dimethyleter 

(DME) with CO using multipore acidic zeolites with particular cavities/pockets.16c,17   

In the present manuscript, we would like to review the most interesting zeolites and 

related materials presenting multipore structures, including their synthesis 

methodologies and their properties as catalysts. On one hand, we will make special 

emphasis on those synthetic procedures that have been rationalized by selecting the 

appropriate conditions (i.e. organic and/or inorganic structure directing agents or post-

synthetic treatments, among others) to direct the synthesis of zeolites with a particular 

multipore framework, or with a preferential active site location within the 

pores/cavities. On the other hand, we will also highlight some catalytic applications 

where the use of multipore zeolites has allowed improving the catalytic activity and/or 

selectivity for particular chemical processes. The present review will be divided 

according to the type of pores defining the multipore zeolites, classifying them as 

molecular sieves with small and medium, small and large, medium and large, and 

extra-large and smaller pores.     

 

2.- Zeolites with small and medium pores 

As it can be seen in Table 1, several zeolites have been synthesized containing 

interconnected medium and small pores in their structure. From all these multipore 

zeolites with medium and small openings, we have selected the materials presenting 

either more rationalized synthesis procedures, or interesting catalytic applications 

based on their multipore structures.  

 

2.1.- Ferrierite (FER)   
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The structure of FER is formed by two-dimensional interconnected straight pores, 

including a 10-ring channel with openings of 4.2 x 5.4 Å along the [001] direction, and 

an 8-ring channel with openings of 3.5 x 4.8 Å along the [010] direction. This material is 

probably the most attractive zeolite containing interconnected medium and small 

pores in the same structure. Indeed, FER can be prepared under very broad synthesis 

conditions, ranging from high silica (even pure silica) when different organic structure 

directing agents (OSDAs) are used,18 to very low Si/Al ratios when the synthesis is 

carried out in the absence of OSDAs.19 In the first synthesis description of FER, it was 

named Sr-D zeolite as reported by Barrer et al. in 1964, and it was prepared in the 

absence of organic molecules as a strontium-containing silicoaluminate.20 Along the 

last decade, different groups have been able to synthesize FER with a Si/Al ratio of 

almost 15 under OSDA-free synthesis conditions by means of a seeding methodology.21 

This is a very attractive advantage in comparison to other reported OSDA-free zeolites 

that have been synthesized with a much lower Si/Al ratios.  

One of the most interesting features of FER is the presence of the so-called FER 

“cavities” at the intersection of the 10- and 8-ring channels, which are only accessible 

through the 8-ring window (see FER cavity in Figure 2a). Thus, the control of the 

aluminum distribution within the FER structure should determine the acid site 

accessibility and, consequently, the catalytic activity/selectivity.22 Perez-Pariente et al. 

have rationalized the use of cooperative structure directing agents to control the 

aluminum distribution within the FER zeolite (see Figure 2b).18d,23 These authors 

prepared different ferrierite samples containing similar Si/Al ratios but using different 

combinations of organic molecules as OSDAs, such as tetramethylammonium (TMA) 

and pyrrolidine (PYR), TMA and 1-benzyl-1-methylpyrrolidium (BMP), and finally, only 

PYR molecules. Following this strategy, it has been observed that the number of acid 

sites in the FER cages or in the 10-ring channels varies depending on the combination 

of OSDAs used, and a correlation between the acid sites accessibility and catalytic 

activity for 1-butene isomerization has been observed.23 Moreover, the preferential 

population of the active sites in the 8-rings using these OSDA mixtures has allowed to 

increase the activity of FER zeolite for the very specific carbonylation reaction of 

dimethyl ether (DME) with carbon monoxide.24 Nevertheless, since mordenite  zeolite 

(MOR, 12x8-ring pores) performs better than FER for the carbonylation of DME, the 
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benefits of multipore zeolites with confined pockets for this industrially relevant 

reaction will be discussed later. 

The most remarkable application of FER zeolite is as catalyst for the skeletal 

isomerization of 1-butene into isobutene.25 Isobutene is of interest because it is used 

to produce methyl-tert-butyl ether (MTBE), an important gasoline additive used as 

octane enhancer.26 MTBE, although restricted at least partially in 25 states of the US 

due to environmental issues,27 is still broadly employed in Europe and Asia. FER is 

much more effective for 1-butene isomerization than other zeolites, giving isobutene 

yields close to the thermodynamic equilibrium, and it is used as industrial catalyst.25,28 

It has been reported that the intersected pore system of FER is very specific for the 

skeletal isomerization of butenes, being responsible of its higher catalytic activity.29 

Nevertheless, the highest isobutene selectivities are observed after the formation of 

carbonaceous deposits during the initial reaction stages.29  

In addition to the isomerization of 1-butene, other interesting descriptions using FER 

as catalyst are related to the production of light olefins (ethylene, propylene and 

butene) by cracking of naphtha or naphtha-related compounds.30 FER shows higher 

selectivities towards the desired olefins than other zeolites (i.e. ZSM-5), but much 

lower catalytic activities by hindered diffusion pathways, probably by the presence of 

the small pores. However, in a recent publication,30f it is shown that combining FER 

and ZSM-5 results in a maximized olefin yield, with FER avoiding excessive hydrogen 

transfer reactions, and ZSM-5 compensating for the lower activity of FER. 

  

2.2.- Medium-small pore zeolites synthesized using linear dicationic OSDAs 

Different multipore zeolites with intersecting medium and small pores have been 

synthesized using linear dicationic OSDAs (see Figure 3).   

ZSM-57 (MFS topology) is composed by a two-dimensional pore system consisting of 

10-ring (5.1 x 5.4 Å) pores in the [100] direction intersecting with 8-ring (3.3 x 4.8 Å) 

pores in the [010] direction.31 As compared to FER, ZSM-57 presents similar 8-ring, but 

larger 10-ring pores (4.2 x 5.4 Å). ZSM-57 is synthesized using the linear dicationic 

N,N,N,N’,N’,N’-hexaethylpentanediammonium as OSDA (see Figure 3).32 Interestingly, 

molecular modeling studies indicate that these OSDA molecules are placed along the 

10-ring channels with their positive charges in the channel intersection/lobes, directing 



8 
 

consequently to a preferential positioning of the acid sites in these 

intersection/lobes.33 This is very interesting because the unique lobate-pore structure 

of ZSM-57 and the adequate acid site distribution favor the activity and selectivity for 

alkene oligomerizations thanks to the crosswise arrangement of alkenes.33 ZSM-57 

gives higher conversions than other zeolites for oligomerization of 1-butene, with 

better yields to desired branched C8 products.33   

TNU-10 (STI topology) is also composed by 10-ring channels (4.7 x 5.0 Å) 

interconnected through 8-ring channels (2.7 x 5.6 Å).34 The first syntheses of this 

material was performed in absence of OSDA, yielding zeolites with very low Si/Al ratios 

(3.3-3.6).35 Recently, the use of the divalent linear 1,4-bis(N-methylpyrrolidinium)-

butane cation as OSDA (see Figure 3) has allowed the synthesis of the TNU-10 material 

with a Si/Al ratio close to 7.34b The catalytic properties of TNU-10 have been evaluated 

for the skeletal isomerization of 1-butene due to its structural similarities as compared 

to FER zeolite, which is the preferred catalyst for this reaction. However, as it can be 

seen in Figure 4, TNU-10 gives lower isobutene selectivity than FER. Hong et al. 

hypothesized that the reason for this lower isobutene selectivity could be the shape of 

the 10-ring pores, which are more elliptical for FER (4.2 Å x 5.4 Å) than for TNU-10 (4.7 

x 5.0 Å). If this is so, 1-butene molecules can find larger intracrystalline space within 

TNU-10 pores, increasing the presence of side reactions, such as dimerization, and 

reducing the selectivity towards the desired isobutene.26b Very recently, Zones et al. 

have reported the synthesis of the SSZ-75 zeolite, which also possesses the STI 

framework, but this material has been prepared under high silica conditions (Si/Al > 

25).36 For its synthesis, Zones et al. have also used 1,4-bis(N-methylpyrrolidinium)-

butane as OSDA, but the synthesis was performed in the presence of fluoride anions.  

ITQ-13 (ITH topology) is another molecular sieve presenting a multipore structure, 

which is formed by interconnected 10x10x9-rings with pore diameters of 4.8 Å x 5.7 Å, 

4.7 Å x 5.1 Å, and 4.0 Å x 4.9 Å, respectively.37 ITQ-13 is synthesized using the linear 

dicationic hexane-1,6-bis-trimethylammonium as OSDA (see Figure 3).38 The catalytic 

activity of this material has been evaluated as an additive for increasing the propylene 

selectivity during cracking of a vacuum gasoil.39 When compared to the conventionally 

used ZSM-5, the presence of interconnected medium and small channels with pore 

dimensions slightly smaller than those of ZSM-5, allows improving the shape-selectivity 
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for cracking linear olefins in the gasoline range, and increases the propylene/propane 

ratio compared to ZSM-5 from 2.5 to 4 at similar conversions.39  

Finally, the use of molecular modeling has allowed predicting the most favorable 

OSDAs to direct the crystallization of the new multipore ITQ-34 zeolite (ITR topology).40 

ITQ-34 is a polymorph of ITQ-13 zeolite containing a different zeolitic sheet stacking, 

and it also presents an interconnected pore system of 10x10x9-rings with pore 

diameters of 6.03 Å x 4.87 Å, 5.25 Å x 4.73 Å, and 4.86 Å x 4.12 Å, respectively. As 

shown in Figure 3, the preferred OSDA for the synthesis of the ITQ-34 zeolite is the 

dicationic propane-1,3-bis(trimethylphosphonium). Up to now, a catalytic application 

for this material has not been reported, but attending to its multipore framework 

topology, it could be a useful additive for catalytic cracking in order to improve the 

propylene yields.    

 

2.3.- Medium-small pore zeolites from layered precursors  

There are several examples in the literature where layered silicates have been used as 

precursors for the synthesis of crystalline zeolitic frameworks, such as MWW,41 EU-

20B,42 CDS-1,43 Nu-6,44 and RWR.45 

Following the topotactic transformation, Gies et al. have reported the preparation of 

the multipore RUB-41 zeolite (framework type code RRO) after calcining the layered 

RUB-39 silicate precursor.46 This layered precursor is first synthesized under 

hydrothermal conditions using dimethyldipropylammonium (DMDPA) as OSDA at 

150ºC, and later transformed to the novel crystalline zeolite RUB-41 by calcination in 

air at 600ºC.46 RUB-41 possesses a two-dimensional channel system with intersecting 

8- and 10-ring pores of 5.0 Å x 2.7 Å and 6.5 Å x 4.0 Å, respectively.46-47 This multipore 

molecular sieve was first synthesized as a pure-silica polymorph,46-47 being successfully 

applied for the selective separation of trans-2-butene and cis-2-butene from 1-

butene.46 However, for its application as an acid catalyst, the incorporation of Al atoms 

in the framework of RUB-41 is required. The direct introduction of Al atoms in the 

RUB-39 synthesis gel mixture, resulted in a limited Al incorporation in the RUB-41 

structure after calcination (Si/Al ~ 120).48 To improve the Al incorporation, Yilmaz et al. 

developed a two-step synthesis procedure.48 In the first step, a synthesis gel containing 

the silica precursor, the organic DMDPA molecules acting as OSDAs, and 3-5%wt seeds 
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of RUB-39 material, was autoclaved at 150ºC for 48 hours. In a second step, the 

aluminum precursor was added to the above synthesis gel, and introduced in the oven 

at 150ºC for 48 hours.48 Following this two-step procedure, the Si/Al ratio in the final 

solid could be decreased to 20, being most of these Al atoms in tetrahedral 

coordination.48-49      

The catalytic activity of Al-RUB-41 has been studied for the methanol amination 

reaction.48 Methylamines are important intermediates in the synthesis of 

pharmaceuticals, pesticides or surfactants. The typical products in the methanol 

amination reactions are monomethylamine (MMA), dimethylamine (DMA), and 

trimethylamine (TMA). The most demanded products are MMA and DMA but, 

unfortunately, TMA is the dominant thermodynamic product.50 Tijsebaert et al. have 

shown that Al-RUB-41 notoriously enhances the production of the desired MMA and 

DMA products as compared to other shape-selective catalysts.49 The benefits of the 

shape-selective structure of Al-RUB-41 are maximized at low Al contents (Si/Al ~ 160), 

probably due to the reduction of unselective external acid sites. 

Very recently, the synthesis of the new multipore IPC-4 zeolite (framework type code 

PCR) has been described by Russell et al. using the germanosilicate UTL zeolite as 

precursor.51 This germanosilicate can be considered as high silica layered material, 

where these high-silica layers are interconnected by double-4-rings (D4R) units that 

are preferentially occupied by Ge atoms. The specific location of the Ge atoms in the 

interlayer region allows the formation of a high-silica layered intermediate by the 

selective removal of these Ge atoms via hydrolysis under slightly acidic conditions. The 

final calcination of this layered intermediate results in the crystalline IPC-4 zeolite, 

which possesses a two-dimensional channel system with intersecting 8- and 10-ring 

pores of 4.7 Å x 3.5 Å and 6.1 Å x 5.1 Å, respectively.51 

 

3.- Zeolites with small and large pores 

Numerous zeolites presenting interconnected large and small channels have also been 

described in the literature (see Table 1). Unfortunately, the chemical compositions 

required for the preparation of most of these multipore materials are limited to AlPO-

related or to zeolites with low-silica frameworks, yielding materials with low 

hydrothermal stability in most cases. The paradigmatic zeolite containing 
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interconnected large and small pores is mordenite (MOR), which can be prepared 

under large synthesis conditions and, very interestingly, its chemical composition and 

crystal size can be controlled. Consequently, a considerable number of catalytic 

applications have been reported for MOR, which will be covered in section 3.3. 

However, we will first summarize the syntheses and applications of other relevant 

molecular sieves with interconnected 12x8-ring channels. 

 

3.1.- AlPO-related materials presenting interconnected 12x8-ring pores 

Different multipore AlPO-related zeotypes with interconnected 12x8-ring pores have 

been described. SAPO-40 is a silicoaluminophosphate with AFR topology (see Figure 5), 

which consists of a two dimensional channel system with a 12-ring pore (~ 6.7 Å) along 

the c-axis interconnected with an 8-ring pore (~ 3.8 Å) along the b-axis.52 SAPO-40 can 

be prepared using tetrapropylammonium hydroxide as OSDA, and the acidity of this 

material can be modulated by controlling the amount and distribution of silicon atoms 

in the framework.53 The acidity of SAPO-40 has been evaluated for m-xylene 

isomerization/disproportionation54 and for the ethylbenzene disproportionation.55 This 

material shows lower initial selectivity for isomerization than for disproportionation 

(I/D ratio) in the m-xylene isomerization reaction, indicating that the available void 

volume in SAPO-40 favors the formation of the bulkier transition state required for m-

xylene disproportionation.54 On the other hand, the distribution of the diethylbenzene 

isomers for the ethylbenzene disproportionation obtained when using SAPO-40 as 

catalyst is close to the thermodynamic equilibrium, revealing the absence of shape-

selectivity.55 The high void volume of the structure of SAPO-40 due to the presence of 

regular side pockets or lobes could explain these catalytic results. 

Recently, researchers at Chevron and Exxon have reported a new AlPO-based material 

with the SFO framework topology (named SSZ-51 56 and EMM-8,57 respectively), which 

is closely related to the structure of SAPO-40. SFO has been synthesized in its 

aluminophosphate and silicoalumiophosphate forms in the presence of 4-

dimethylaminopyridine as OSDA.56-57 The SFO structure consists of a two-dimensional 

intersecting channel system, where one of the channels is defined by an 8-ring window 

along the b-axis, and the other channel is defined by a 12-ring window along the c-axis. 

The pore topology is essentially the same as the one observed in SAPO-40, but a 2-fold 
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rotation around the a axis introduces the crystallographic differences between these 

two highly-related frameworks (see Figure 5).  

Other metalloaluminophosphates (MeAlPOs) containing interconnected large and 

medium pores have also been described, such as magnesioaluminophosphate MAPO-

50 (AFY, 12x8x8-rings),58 magnesioaluminophosphate  STA-5 (BPH, 12x8x8-rings)59, and 

Co-, Mn-, Co- aluminophosphates UCSB-6, UCSB-8, and UCSB-10 (SBS, 12x12x8-rings; 

SBE, 12x8-rings; and SBT, 12x12x8, respectively).60 Catalytic applications for these 

MeAlPOs have not been reported, probably due to the limited hydrothermal stability 

of these metal-containing materials.58  

 

3.2.- Low silica zeolites containing interconnected 12x8-ring pores 

Different zeolites with intersected 12- and 8- pores, such as UZM-4 (BPH, 12x8x8-rings, 

Si/Al~2),61 ZSM-10 (MOZ, 12x12x8-rings, Si/Al~4),62 and offretite (OFF, 12x10-rings, 

Si/Al~3-8),63 have been reported in the literature presenting low Si/Al ratios.  

The first silicoaluminate synthesized with BPH structure was zeolite Q, which was 

prepared in the presence of different inorganic cations leading to Si/Al ratios of 1.64 

The Si/Al ratio could be increased to almost 2 by using a mixture of Li+, TMA+, and TEA+ 

as templates in the case of UZM-4 zeolite,61 and to almost 6 by combining the above 

template mixture and the presence of pre-formed UZM-4 crystals as seeds.65 BPH 

topology shows a three-dimensional pore system with a straight 12-ring channel 

(6.3x6.3 Å, see Figure 6) along c axis, interconnected by two 8-ring pores (2.7x3.5 Å) 

along the plane ab.  

ZSM-10 zeolite, showing the MOZ topology, was synthesized with potassium and 1,4-

dimethyl-DABCO cations as OSDA, presenting a Si/Al ratio in the final solid of almost 

4.62,66 MOZ topology shows two different one-dimensional 12-ring channels along the c 

axis (see Figure 6), with one of these channels being identical to the 12-ring sinusoidal 

channel of the LTL zeolite (6.8x7.0 Å), and the other to the 12-ring channel of OFF 

(6.8x6.8 Å). Both large pore channels are intersected by 8-ring pores (3.8x4.8 Å). 

Finally, the early syntheses of pure OFF zeolite were reported using sodium and 

potassium cations as inorganic SDA, resulting in very low silica materials (Si/Al ~3-5).67 

However, Sano et al. have recently increased the Si/Al ratio to almost 8 in the final OFF 
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zeolite, using dealuminated FAU zeolites as silicoaluminate precursors in the presence 

of benzyltrimethylammonium, lithium and sodium cations.63  

OFF topology shows a two-dimensional pore system of 12-ring channels (6.7x6.8 Å, see 

Figure 6) along the c axis, interconnected by 8-ring channels (3.6x4.9 Å) along the a-

axis. Catalytic results have been described for the offretite, such as m-xylene 

isomerization,68 and more recently, selective catalytic reduction of NOx with ammonia 

on the Cu(II)-ion exchanged zeolite.69 While other potential applications of OFF have 

also been described for oil dewaxing 70 or naphthalene cracking.71 However, its use is 

strongly limited by the low resistance to coking and high catalyst deactivation rates.72  

In general, the catalytic applications of low-silica materials are restricted by their low 

acidity and low hydrothermal stability. In this sense, synthesis procedures directed to 

increase the Si/Al ratio of the above materials can result in zeolite samples that can go 

to further post-synthesis treatments. This will open the possibilities of those zeolites 

for different catalytic processes.     

 

3.3- Mordenite  

The framework of MOR shows parallel 12-ring pores (6.5 x 7.0 Å) and 8-ring pores (2.6 

x 5.7 Å) along c-axis, interconnected by 8-ring pores (3.4 x 4.8 Å) along b-axis (see 

Figure 7).73 This material can be synthesized under a broad range of synthesis 

conditions, allowing the control of the framework Si/Al ratio (4 to 25) by direct 

synthesis,74 the crystal sizes (from 20 nm to 160 µm),75 crystal morphologies (needles, 

flat crystallites, acicular crystals, prismatic crystals, among others),75a,76 and even the 

aluminum distributions within the MOR crystals.77 Due to this large synthetic 

spectrum, MOR has become one of the most important industrial catalysts with 

application in different chemical processes, such as alkylation, dewaxing, reforming, 

cracking or hydroisomerization reactions.75c,78 For instance, a highly thio-resistant 

metal-based MOR catalyst is being applied commercially for light naphtha 

isomerization 2c,79 to increase the octane number. However, despite the multipore 

nature of MOR (interconnected large and small pores), this zeolite is considered as a 

one-dimensional large pore framework when used as catalyst for most of the above 

described industrial applications due to the small size of the 8-ring pores,75c and very 
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few examples can be found where the 8-ring pores are considered to play a 

predominant role.  

One case that clearly shows the relevance of the presence of the 8-ring pores is the 

high rate of coke oxidation observed for MOR, comparable to that of the three-

dimensional HY. This was attributed to the diffusion of oxygen not only through the 12-

ring pores, which are blocked by the carbonaceous compounds, but also through the 

8-ring channels.80  

There is another case in where the presence of the 8-ring pores in the mordenite has 

been shown to be key for the catalyst. This is the selective carbonylation of methanol 

and dimethyleter (DME) with CO to acetic acid.16c,17a,81 Acetic acid is industrially 

produced using organometallic complexes as catalysts and iodide compounds as 

promoters.82 Then, the replacement of the homogeneous by a solid catalyst able to 

catalyze the carbonylation reaction in absence of iodides would be industrially 

relevant. Researchers at BP first described that Cu-MOR catalysts were active and 

selective for the carbonylation of methanol in the absence of any halide promoter.81a,b 

Then, Iglesia et al. found that the carbon-carbon formation via CO insertion into 

chemisorbed methyl groups occurs selectively within 8-ring pores of some acid 

zeolites, and MOR is particularly active compared to other 8-ring pore zeolites (i.e. 

FER).17a Indeed, DME carbonylation rates are proportional to the number of acid sites 

within the 8-ring pores.17a  

If one looks the structure of MOR, it is possible to see the presence of side pockets in 

the intersection of 12- and 8-ring pores (see Figure 7B). Moreover, there are four 

nonequivalent tetrahedral sites in the unit cell of MOR (T1 in the 12-ring channel, T2 

and T4 in the intersection between the 12-ring channel and 8-ring pocket, and T3 

inside the 8-ring pocket).16c Theoretical work shows that methanol carbonylation only 

occurs selectively in the T3 site, which is placed inside the 8-ring pockets (see Figure 

7C).16c,17c This high selectivity can be explained by the unusual orientation of the 

chemisorbed methoxy group in this confined site, allowing a good fitting between the 

linear transition state and the stabilizing framework oxygens. In all other positions, 

undesired reactions (such as formation of DME or hydrocarbons) compete with the 

carbonylation reaction, driving into the catalyst deactivation.  
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Beyond the benefits of the multipore topologies, the carbonylation of methanol 

catalyzed by MOR is a particularly interesting case of site specificity upon confinement 

that was not described previously in the literature. This example reveals the 

remarkable impact that the rationalization on zeolite synthesis can have on shape-

selective catalysis, not only in terms of achieving new pore topologies, but also for 

introducing the framework Al, and therefore the active sites, in particular framework 

positions. 

 

4.- Zeolites with medium and large pores 

The first zeolite described presenting interconnected large and medium pores in the 

same structure was the natural occurring boggsite mineral.83 This discovery revealed 

the possibility of preparing structures with intersected large and medium channels, 

which should allow preferential diffusion pathways for reactants and products of 

different sizes, as compared to zeolites with exclusively large or medium pores. 

Recently, boggsite has been synthesized in the laboratory within a larger framework 

Si/Al composition and it is named ITQ-47. We will show below that multipore zeolites 

with medium and large pores, show exceptional catalytic activities not previously 

reported when used as shape-selective catalyst.84     

 

4.1- CON family (SSZ-26, SSZ-33, CIT-1, and ITQ-24) 

SSZ-26 and SSZ-33 zeolites were the first synthetic zeolites reported in the literature 

containing interconnected 12- and 10-ring pores.85 Unfortunately, as it will be shown 

later, these materials perform as large cages connected by 10- and 12-ring windows 

rather than catalysts with well-defined intersecting 10- and 12-ring channels. These 

zeolites are members of a family of crystalline materials, known as the CON family, 

where initially two different polymorphs with different stacking layers were proposed 

(ABAB…sequence and ABCABC…sequence for polymorphs A and B, respectively, see 

Figure 8).86 In the case of SSZ-26 and SSZ-33, both materials are formed by the 

intergrowth of the two proposed polymorphs, containing A/B polymorph enrichments 

of 15/85 and 30/70, respectively.86 SSZ-26 and SSZ-33 are prepared as aluminosilicate 

and borosilicate forms, respectively, using similar polycyclic ammonium OSDAs (see 

Figures 9a and 9b).86 It has been reported that, at least in the case of SSZ-26, there is a 
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clear relationship between the organic structure-directing agent and the pore 

geometry (see Figure 9c).86 Besides SSZ-26 and SSZ-33, Davis et al. were able to 

synthesize the pure crystalline polymorph B form of the CON-family (see Figure 8), 

which was named CIT-1 zeolite.87 This material was synthesized in its borosilicate form 

using N,N,N-trimethyl-cis-myrtanylammonium as OSDA.87  

In addition to the polymorphs A and B of the CON family, a third polymorph (named 

polymorph C, see Figure 8) was also proposed.86 This hypothetical polymorph was 

constructed from the stacking of polymorph A layers following an AAA…stacking 

sequence.86 Although Lobo et al. did not observe any experimental evidence for the 

presence of the polymorph C, they suggested that its preparation may be possible by 

properly rationalizing the synthesis conditions. Indeed, we considered that the main 

structural difference between the hypothetical polymorph C of the CON family and the 

others, is that the former contains double-4-rings (D4R) as secondary building units 

(SBU). Then, since we demonstrated previously that Ge could direct to the synthesis of 

new zeolitic frameworks containing D4R,88 it was logical to attempt the synthesis of 

the polymorph C of CON in the presence of Ge. Following the Ge approach, the pure 

polymorph C of the CON family in its silicogermanate form (named ITQ-24, with a 

Si/Ge ratio of ~ 5), and using hexamethonium as OSDA was achieved.89 Thus, by further 

rationalization we were able to perform the synthesis of ITQ-24 under Ge-free 

conditions.90 We considered that the introduction of B instead of Ge would produce 

small changes on the Si-O-X angles (where X could be Ge or B), and fluoride anions 

could stabilize the D4Rs present in ITQ-24 zeolite. Furthermore, the use of bulky and 

rigid bicyclic OSDAs (see for instance the OSDA shown in Figure 10b) would reduce the 

positive charges when filling the void volume of ITQ-24 increasing, therefore, the 

framework Si/Al ratio. Following the above hypothesis, the Ge-free borosilicate form of 

ITQ-24 was successfully achieved using medium sized dicationic hexamethonium 

cation as OSDA, and the pure silica ITQ-24 form was synthesized using the bulky and 

rigid OSDA shown in Figure 10b.90   

The catalytic behavior of CIT-1/SSZ-33/SSZ-26 has been evaluated for the 

isomerization/disproportionation of m-xylene.91 CIT-1/SSZ-33/SSZ-26 materials reveal 

catalytic properties that resemble more to those of 12-ring pores rather than to 10-

ring pores.91a In general, medium pore zeolites (i.e. EU-1 or ZSM-5 zeolites) show p-
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xylene/o-xylene (p/o) ratios above 2.5 while large pore zeolites give values close to 1 

(i.e. Beta zeolite).68b,92 As seen in Figure 11, CIT-1/SSZ-33/SSZ-26 materials show p/o 

ratios around 1.3-1.5, values which are more characteristic of large pore zeolites. On 

the other hand, SSZ-33 and CIT-1 show intermediate isomerization/disproportionation 

(i/d) ratios (~ 7-10), similar to the values reported for large pore zeolites. The typical 

(i/d) ratios obtained with medium pore zeolites are much higher (above 25) since 

disproportionation reactions, which require large void spaces, are sterically hindered 

within the medium pores. From these results, Davis et al. concluded that CIT-1/SSZ-

33/SSZ-26 materials behave as an ensemble of large cages connected by 10- and 12-

ring windows rather than as a material with well-defined intersecting 10- and 12-ring 

channels.91  

In agreement with the above, the study of the diffusion of alkylaromatics (para- and 

ortho-xylenes) through this family of zeolites,93 show that that the diffusion of o-xylene 

occurs exclusively through the 12-ring channels, while p-xylene can diffuse through the 

12- and 10-ring pores. Interestingly, molecular modelling studies reveal that, although 

o-xylene cannot diffuse through the 10-ring pores, it spends considerable time, 

according to the simulation, diffusing through the intersection of the 12- and 10-ring 

channels. This means that large molecules, as for instance trimethylbenzenes, will not 

diffuse trough the 10-ring pores but can penetrate  through the openings of these 10-

ring channels. Taking into account all of the above, it appears that the multipore 

zeolites belonging to the CON family should be considered as zeolitic structures 

formed by large void volumes connected by 12- and 10-ring windows, and not as 

multipore structure with well-defined pores of different dimensions.   

   

4.2- Boggsite 

Boggsite (BOG) was the first natural zeolitic material discovered containing 

interconnected large and medium pores.83 Unfortunately, this mineral has only been 

found in minor quantities in Oregon and the Antarctica.83,94 Since the discovery of this 

zeolite in its natural form, the possibility to synthesize this material in the laboratory 

became a highly challenging subject in zeolite synthesis.93a Very recently, the synthetic 

BOG structure, named as ITQ-47, has been obtained as borosilicate form by using, for 

the first time, phosphazene molecules as OSDAs.95 Interestingly, phosphazene derived 
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molecules are very attractive OSDAs since a broad family of molecules can be easily 

prepared by simple substituent modifications.95 The selection of the most adequate 

OSDA for the BOG synthesis was previously evaluated by molecular modelling. This “in-

silico” analysis predicted the optimum stabilization of BOG when the OSDA shown in 

Figure 10c was used. Then, a complete experimental design studying the combination 

of this OSDA together with other relevant variables allowed the synthesis of ITQ-47 

zeolite with the BOG framework topology.95 ITQ-47 structure contains a bidirectional 

pore system presenting 12-ring straight channels with circular openings of 7 Å, 

interconnected to 10-ring channels with pore openings of 5.5 x 5.3 Å.  

The catalytic activity of the Al-exchanged ITQ-47 was evaluated for liquid phase 

alkylation of benzene with propylene to produce cumene. Due to its structure, with 

interconnected 12- and 10-ring channels, ITQ-47 was expected to be not only 

adequate, but also more selective to the desired mono-alkylation product than the 12-

ring Beta zeolite, which is commercially employed for the production of cumene.95 The 

catalytic results confirm this assumption, and ITQ-47 gives higher cumene selectivities 

and lower yields of undesired secondary products, such as n-propylbenzene, when 

compared to the large pore Beta zeolite.  

 

4.3- MCM-68 

MCM-68, a molecular sieve with MSE topology, shows a multipore system with 

interconnected and well-defined 12x10x10-ring pores.96 The synthesis of this MCM-68 

was first reported by researchers at ExxonMobil in its silicoaluminate (Si/Al ratios ~ 9-

12) form and using the OSDA shown in Figure 10A.96 It is important to notice that this 

OSDA is very similar in shape, size and form to the OSDA used for the synthesis of the 

pure silica ITQ-24 (see Figure10B),90 being both molecules very selective OSDAs for 

crystallizing multipore zeolite containing interconnected large and medium pores. 

The silicoaluminate form of MCM-68 has been tested for different acid catalyzed 

reactions, and MCM-68 zeolite performs as an efficient catalyst for the shape selective 

alkylation of biphenyl 97 and naphthalene.98 Indeed, very high selectivities towards 

4,4’-diisopropylbiphenyl (~80%), 4,4’-di-sec-butylbiphenyl (~90%), and 4,4’-di-tert-

butylbiphenyl (~95%), have been reported for the biphenyl isopropylation, sec-

butylation, and tert-butylation, respectively.97-98 Shape-selectivity increased with 
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increasing the size of the alkylating agent and, in fact, shape-selectivity for alkylating 

naphthalene was only noticeable for the bulkier 1-butene and isobutene.98 In both 

cases, partial dealumination of the zeolite to Si/Al values around 70 was seen to 

improve catalytic activity. These high selectivities have been explained by the 

restricted transition state mechanism inside the straight 12-ring channels, precluding 

the transition states to form bulky isomers. Lower selectivites have been observed for 

CIT-1 (12x12x10-ring pores), and Beta (12x12x12-ring pores) because of their higher 

space at their channel intersections.99  This is a clear example of the different 

selectivities observed when comparing multipore structures with well-defined discrete 

pores, such as MCM-68, and others, such as CIT-1, which can be considered as a zeolite 

with 12-ring pores connected by 10-ring windows that present a catalytic behavior 

closer to that of the large pore Beta.  

Partially dealuminated MCM-68 zeolite has also been shown to be an efficient catalyst 

for the selective formation of propylene by hexane cracking.100 Dealuminated MCM-68 

(Si/Al ~ 50) shows higher propylene selectivity (~ 50%) compared to other zeolite 

catalysts (MFI, MOR or Beta) within the studied reaction temperature range (450 to 

600ºC),100 indicating that MCM-68 could be a good candidate to be used as FCC 

additive for increasing the propylene production. The authors speculate that the 

hexane cracking must occur on the acid sites predominantly present in the well-

defined 10-ring pores of the dealuminated MCM-68 zeolites. Thus, a selective 

dealumination of MCM-68 involving the framework Al atoms facing the 12-ring pores is 

suggested. Moreover, the specific multipore structure of MCM-68 with continuous 12- 

and 10- ring pores, and the selective dealumination of the large pores were also 

related to its improved coking tolerance as compared to the other studied zeolites.  

Finally, the titanosilicate form of the MCM-68 zeolite has also been synthesized by a 

simple post-synthetic isomorphous substitution of Ti for Al.101 Ti-MCM-68 has been 

tested for the industrially relevant phenol hydroxylation reaction using H2O2 as 

oxidant, resulting in higher para-selectivity and higher H2O2 efficiency, compared to 

industrially useful TS-1.101 The high activity was related to the higher diffusivity 

through 12-ring versus 10-ring channels, whereas the high para-selectivity was 

ascribed to the absence of large inner cavities.  
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4.4.- Zeolites of the SSZ family containing large and medium pores (SSZ-56, SSZ-57, 

and SSZ-82) 

In the last years, researchers at Chevron have reported three new zeolites presenting 

large and medium pores in the same structure, i. e. SSZ-56, SSZ-57, and SSZ-82. SSZ-56 

(SFS) is a borosilicate with a two-dimensional channel system of intersecting 10-ring 

pores with openings of 5.5 x 4.8 Å, and 12-ring pores with elliptical openings of 8.4 x 

5.9 Å (see Figure 12A).102 The most interesting feature of the SSZ-56 synthesis is the 

extremely high isomer specificity required for the OSDAs used in its preparation. SSZ-

56 synthesis strictly requires the presence of the trans-fused isomer of N,N-diethyl-2-

methyldecahydroquinolinium as OSDA, because the presence of the cis-fused isomer 

results in the formation of layered or dense phases.102    

SSZ-82 (SEW) shows a two-dimensional interconnected 10-/12-ring channel system, 

where the 10-ring pores form a zig-zag channel with openings of 4.9 x 5.5 Å along the a 

axis. These 10-ring pores intersect with the straight 12-ring pores with elliptical 

openings of 5.2 x 8 Å along the b axis (see Figure 12B).103 This multipore zeolite can be 

synthesized as borosilicate form using 1,6-bis(N-cyclohexylpyrrolidinium)hexane 

dication as OSDA.104 

Recently, Zones et al. have reported the synthesis of the SSZ-57 (SFV topology).105 This 

material presents large domains of intersecting 10-ring pores, which are interrupted 

every 110 Å by isolated and well-defined large pores (the 12-ring:10-ring ratio is 1:15, 

see Figure 12C). This is one of the most complex zeolitic structures solved, with 99 Si 

atoms in the asymmetric unit, and advanced crystallographic techniques (structure 

solution in four-dimensional space and interpretation of three-dimensional diffuse 

scattering by Monte Carlo simulation) were required for its structure solution.105 SSZ-

57 can be directly synthesized in its aluminosilicate and borosilicate forms. The direct 

synthesis of the aluminosilicate SSZ-57 results in an acid material that is catalytically 

active for some model reaction, such as the conversion of methanol to hydrocarbons, 

xylene isomerization, or catalytic cracking.106 In contrast, the borosilicate form of SSZ-

57 shows an acid strength too weak to be active in hydrocarbon conversion reactions. 

Nevertheless, an isomorphic substitution of B with Al atoms can be performed under 

acid conditions.107 Interestingly, this post-synthetic isomorphic heteroatom 

substitution only occurs in the large pores. Thus, following this procedure, it has been 
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possible to prepare the SSZ-57LP material, in where the strong acid sites are only 

found within the large pores of the SSZ-57 zeolite.108 This preferentially distribution of 

acid sites results in significant differences regarding catalytic selectivity, as compared 

to regular Al-SSZ-57, with a catalytic behavior closer to pure large-pore zeolites.109      

 

4.5.- ITQ-22 

ITQ-22 (IWW) is a zeolite that presents interconnected 8-, 10- and 12-ring channels 

with pore apertures of 4.52 x 3.32, 5.86 x 4.98, and 6.66 x 6.66 Å, respectively, within 

the same structure.110 The channel system of this zeolite is three-dimensional with the 

12- and 8-ring pores running along the c axis, which are intersected by a sinusoidal 10-

ring pore running normal to the c axis (see Figure 13). This unique zeolite has been 

synthesized by combining the organic molecule 1,5-bis-(methylpyrrolidium)-pentane 

as OSDA, and the structure directing effect of Ge towards D4Rs.110  

The catalytic activity of ITQ-22 has been first evaluated for the m-xylene isomerization 

and disproportionation.110 It shows an intermediate catalytic behavior for the m-xylene 

isomerization as compared to zeolites presenting exclusively 10- or 12-ring pores (p/o 

ratios of 1.2, 2.3, and 1.8 for Beta, ZSM-5, and ITQ-22, respectively).110 A similar 

intermediate catalytic behavior is also observed when analyzing the 

isomerization/disproportionation (i/d) ratios (2.7, 34.3, and 9.1 for Beta, ZSM-5, and 

ITQ-22, respectively). Moreover, a significant difference can be observed between the 

i/d ratio for ITQ-22 and SSZ-33, which is another multipore zeolite presenting 

interconnected medium and large pores (the i/d ratios are 1.8 and 9.1 for SSZ-33 and 

ITQ-22, respectively). SSZ-33 performs similarly to large pore zeolites, and the reason 

for this is that the structure of SSZ-33 can be considered as a large pore zeolite with 

10-ring windows connecting adjacent 12-ring pores. In contrast, ITQ-22 shows a real 

intermediate behavior because of the steric hindrance imposed by the 10-ring pores to 

the formation of bulky transition state complexes, revealing that in the case of ITQ-22 

there are continuous 10-ring channels communicating between two neighboring 12-

ring channels.110  In addition, ITQ-22 is a very active and selective catalyst, not only for 

the synthesis of ethylbenzene and cumene, by alkylating benzene with ethanol and 2-

propanol, respectively, in vapor phase (see Figure 14), but also for the liquid phase 

production of cumene by alkylation of benzene with propene under reaction 
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conditions relevant to the industrial process.15f The higher selectivity to cumene as 

compared to ZSM-5 and Beta zeolites can be explained by two reasons: on one hand, 

the multipore nature of the ITQ-22 zeolite, which enhances the diffusion of primary 

products before being involved in undesired consecutive reactions and, on the other 

hand, to the preferential location of the acid sites in the intersections of the 10- and 

12-ring pores, as revealed by theoretical calculations.15f It is important to note that the 

ITQ-22, despite containing Ge, remains stable after calcination at 580ºC.15f  

Very interestingly, two different groups have recently described the preparation of 

highly degermanated ITQ-22 zeolites by post-synthetic acid treatments, followed by 

the incorporation of Si and/or Al species at created vacant sites.111 These procedures 

allow the synthesis of well-structured high-silica ITQ-22 zeolites with good acid 

properties, and improved hydrothermal stabilities.   

 

4.6- ITQ-39/ITQ-38 

Very recently, the selection of a type of OSDAs for the specific synthesis of multipore 

zeolites containing interconnected large and medium pores has been rationalized.112 

To do this, the authors designed an OSDA that combines rigidity (introduced by a 

piperidine-derivative molecule), and certain flexibility (introduced by flexible 

propyl/ethyl chains, see Figure 15A).112 The selection of this structure was based on 

the fact that the rigid piperidine-derivative OSDAs were able to direct the 

crystallization of large pore zeolites (such as ZSM-12, see Figure 15A) while flexible 

OSDAs containing propyl chains were effective OSDAs for medium pore zeolites (such 

as ZSM-5, see Figure 15A). Thus, by using the OSDA with combined rigid and flexible 

molecular components (see Figure 15A), the synthesis was directed toward the 

crystallization of the new ITQ-39 zeolite containing interconnected large and medium 

pores in the same structure (see Figure 15B).84,113 ITQ-39 is formed by the intergrowth 

of three related polymorphs, all of them containing straight pairwise 12-ring pores 

along b direction, interconnected by zig-zag 10-ring channels along a and c directions 

(see Figure 15B). This zeolitic structure is the most complex ever solved due to the 

presence of three different polymorphs containing stacking faults and twinning with 

nano-sized domains.84  
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ITQ-39 can be prepared under a broad range of Si/Al ratios (from 10 to pure silica), 

making this material very attractive regarding its potential application for industrially 

relevant chemical processes. Indeed, ITQ-39 has been applied as a good catalyst for 

the conversion of low value naphtha fractions into diesel.84 This process involves the 

alkylation of aromatics with olefins present in the same or in two different low valued 

naphtha streams, to produce monoalkylated products in the diesel range. As seen in 

Figure 16, ITQ-39 performs better than commercially available Beta and MWW 

materials, giving higher conversions, better yields and longer catalyst lifetimes.84 

Although Beta shows a higher initial activity, it deactivates fast and yields lower diesel 

when increasing time on stream (see Figure 16). The excellent catalytic behavior of 

ITQ-39 for naphtha alkylation can be explained by its unique multipore topology. The 

straight 12-ring channels facilitate the formation and diffusion of alkylated products, 

while the 10-ring pores avoid the olefin oligomerization, and thus, the coke formation.  

The titanosilicate form of the ITQ-39 was also prepared, leading to the first direct 

synthesis description of a multipore metallosilicate containing interconnected large 

and medium pores.114 Preliminary results have shown that Ti-ITQ-39 is very active for 

the selective oxidation of olefins with H2O2.     

In addition to ITQ-39 zeolite, the synthesis of a new multipore zeolite containing 

interconnected large and medium pores, ITQ-38 has been reported.115 This zeolite can 

be prepared by the combination of a dicationic piperidine-derivative OSDA with 

germanium atoms. ITQ-38 structure is formed by a three-dimensional framework 

comprising straight 10- and 12-ring channels along b direction, and zig-zag 10-ring 

channels along a and c.115  

 

4.7.- Zeolites with interconnected large and medium pores synthesized from layered 

precursors  

FER, a multipore zeolite presenting a structure with interconnected small and medium 

pores, has already been described in section 2.1. However, FER-related materials are 

also known to be precursors for the synthesis of other multipore zeolites. Indeed, it 

has been described that the crystalline layered precursor of FER, named PREFER,116 can 

be converted into a new open multipore structure, APZ-4, by pillaring the interlayer 

region with Si atoms (see Figure 17a).117 In this case, the formed multipore APZ-4 
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zeolite shows interconnected 12x10-ring pores, where the structure is formed by SiO2(-

OH)2 bridges between terminal oxygen atoms of neighboring silicate layers (see Figure 

17a). To obtain this multipore structure, the original PREFER material is treated 

following an acid treatment, allowing the migration of some Si fragments into the 

interlayer space. APZ-4 shows high hydrophilicity due to the presence of a large 

number of hydroxyl groups in the interlayer region. As far as we know, this material 

has only been synthesized in the pure silica form, and the synthesis of other APZ-4 

polymorphs, such as the aluminosilicate and the titanosilicate forms, would be very 

interesting to evaluate their catalytic properties in different chemical processes.  

The preparation of other multipore zeolite presenting large and medium pores in its 

structure has been recently described trough the inverse sigma transformation.118 This 

concept is based on the transformation of a known zeolite into a new structure by 

framework contraction through selective removal of a layer of framework atoms. In 

this sense, Verheyen et al. proposed the transformation of the silicogermanate UTL,119 

which was the first multipore extra-large pore zeolite described containing 14x12-ring 

pores (as it will be described later) into a new multipore zeolite presenting 

interconnected large and medium pores. The authors claimed that the preferential 

location of germanium atoms in the double-4-rings (D4R) units present in the UTL 

structure (see Figure 17b-left), combined with their high reactivity in strong acid 

conditions, favor the selective removal of Ge in D4R from the UTL framework resulting 

in a new zeolite (see Figure 17b). Indeed, this methodology has allowed the synthesis 

of the new high-silica zeolite COK-14 (OKO), which does not only presents a new 

multipore 12x10-pore topology, but also shows a good hydrothermal stability.118  One 

of those zeolites, IPC-2, also presents the OKO pore topology. Both COK-14 and IPC-2 

zeolites have been prepared as almost pure silica polymorphs, and thus, the 

preparation of the aluminosilicate form of these materials is a matter of interest to 

evaluate their catalytic properties. 

 

5.- Zeolites with extra-large pores interconnected with smaller pores 

In the last years, various extra-large multipore zeolites have been reported in the 

literature.112,120 If the chemical composition of these extra-large pore zeolites is 

considered, it can be observed that most of them contain large amount of Ge atoms in 
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their framework.112,120 Several years ago, Corma et al. proposed the introduction of Ge 

atoms in the synthesis of zeolites as inorganic structure directing agents to favor the 

crystallization of molecular sieves with D4R with the objective of preparing zeolite 

structures with low framework densities (FD, number of tetrahedral atoms per 1000 

Å3) and, hopefully, with extra-large pores.121 This hypothesis was based on the 

theoretical prediction made by Brunner and Meier for pure silica zeolites, where a 

relationship was suggested between zeolites with low FD and the presence of 3- and 4-

rings in their structures.122 Since the crystallization of pure silica zeolites containing 

these small rings was difficult, the authors considered that the introduction of Ge will 

preserve the framework electroneutrality while changing in the wright way the T-O-T 

angles, facilitating the formation and stabilization of these small rings (as for instance 

double-3-rings, D3R, and double-4-rings, D4Rs).3,120 This initial hypothesis was 

validated both theoretically and experimentally 121 and, since then, a large amount of 

silicogermanates with low FD, and particularly, with extra-large pore architectures 

have been reported following this concept.119a,123 Some of these extra-large pore 

zeolites show multipore structures, offering unique “molecular traffic control” 

opportunities for chemical processes involving bulky and small molecules.  

 

5.1.- ITQ-15/IM-12 

The first publication on a zeolite with interconnected extra-large and large pores was 

reported by Corma et al. in the patent literature, and was named ITQ-15.124 The 

structure was published simultaneously by the groups of Mulhouse, as IM-12, 119b and 

Valencia, as ITQ-15,119a  and has received the IZA code UTL. The pore system of UTL 

consists of an extra-large 14-ring channel along the c axis with openings of 10 x 6.7 Å, 

intersected perpendicularly by a 12-ring channel, along the b axis, with pore openings 

of 8.4 x 5.8 Å (see framework topology in Figure 18).119 In both cases, aluminum atoms 

can be introduced in the UTL frameworks, creating Brønsted acid sites for catalytic 

applications. Pyridine adsorption-desorption experiments indicate the presence of 

strong acid sites in ITQ-15,119a and the catalytic benefit of combining extra-large and 

large pores in the same structure can be observed in the dealkylation experiments of 

two molecules with different sizes, triisopropylbenzene (TIPB) and diisopropylbenzene 

(DIPB), when compared with a unidirectional extra-large pore zeolite, as UTD-1.119a The 
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kinetic reaction rates for dealkylation of the bulkier TIPB molecule are similar for ITQ-

15 and UTD-1, since TIPB can only diffuse through the 14-ring channel present in both 

zeolites. In contrast, the dealkylation rate for DIPB is much higher for ITQ-15 because 

this smaller molecule can diffuse through 14- and 12-ring pores present in ITQ-15, 

while only through the unidimenional 14-ring pore in UTD-1 zeolite. 

Extra-large pore UTL zeolite has also been tested for the bifunctional 

hydroisomerization of n-decane,125 which is a reaction whose product distribution is 

very sensitive to the diameter of the accessible pores, and for aromatic 

transformation/revalorization.126 Thus, Kirschhock et al. have reported that the UTL 

zeolite shows higher selectivity towards the bulky 3- and 4-ethyloctane isomers than 

other medium and large pore zeolites, during the hydroconversion of n-decane.125 On 

the other hand, Cejka et al. reported that UTL is highly selective to cymene with almost 

no formation of the undesired n-propyltoluene product for toluene alkylation with 

isopropyl alcohol.126 The formation of xylenes by toluene disproportionation and 

trimethylbenzene disproportionation/isomerization are also favored on UTL as 

compared to BEA and MFI,126 in agreement with the presence of extra-large pores in 

UTL.  

 

5.2.- ITQ-33 

The success in the synthesis of the bi-dimensional extra-large pore ITQ-15 motivated 

us to open new synthetic approaches to rationalize the preparation of more open 

multipore zeolites for their application as efficient catalysts. Previous experience using 

small and flexible OSDAs, as for instance hexamethonium, allowed us to synthesize 

zeolitic materials with different pore topologies thanks to the large number of 

conformations that these flexible OSDAs can take under particular synthesis 

conditions.112 Thus, very flexible and unselective OSDAs were combined with inorganic 

directing agents, such as Ge atoms and F anions, which are known to stabilize the 

formation of small SBUs, such as D4R or 3-rings. The objective was again the synthesis 

of multidimensional extra-large pore zeolites with interconnected pores.3 Thus, an 

experimental design was proposed combining the use of inorganic and organic 

structure directing agents, while using high-throughput synthesis methods.123a,127 

Following this accelerated synthesis methodology, the synthesis was directed towards 
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the crystallization of a new extra-large pore pure phase zeolite, named ITQ-33, from 

initial mixtures where ITQ-33 was present only as a minor phase.123a,127  

The framework structure of ITQ-33 zeolite is very unique, presenting straight extra-

large 18-ring channels with pore openings of 12.2 Å (see Figure 18 and Figure 19c), 

interconnected by a bidirectional system of 10-ring channels with pore openings of 6.1 

x 4.3 Å (see Figure 19d).123a This very open three-dimensional pore topology presents 

12.3 T-atoms per 1000 Å3, which was the lowest FD ever reported for a crystalline 

zeolite at that moment. ITQ-33 could be prepared with framework aluminum, resulting 

in a material with Brønsted acidity. The presence of Brønsted acid sites combined with 

the particular framework topology of ITQ-33 opens attractive possibilities for catalysis. 

For instance, ITQ-33 shows very high activity for the industrially relevant alkylation of 

benzene with propylene to produce cumene (see Figure 20), giving an extremely low 

yield of undesirable n-propylbenzene (less than 0.01% yield).123a,127 As seen in Figure 

20, ITQ-33 performs better and is more stable towards deactivation than commercial 

Beta zeolite. The lower catalyst deactivation of ITQ-33 observed for benzene alkylation 

can be explained by the presence of the extra-large 18-ring that pores favors the 

formation and diffusion of the alkylated products, while the presence of medium pores 

reduces the undesired propylene oligomerization.123a,127  

Interestingly, ITQ-33 zeolite shows an interesting behavior for catalytic cracking of a 

vacuum gasoil (see Table 2).123a,127 ITQ-33 allows producing more diesel and less 

gasoline, while increasing propylene and butene yields than commercial catalysts 

based on USY zeolites (see USY and Beta catalytic activities in Table 2). Thus, with ITQ-

33 it was possible to simultaneously maximize the yields to propylene and diesel, being 

this catalytic behavior of significance because of the diesel production deficiency in 

European refineries, and the increasing demand of light olefins for chemical and 

petrochemical processes.128 The structure of ITQ-33 containing interconnected extra-

large 18-ring pores and medium 10-ring pores is an adequate structure to maximize 

both selectivities simultaneously, since the very large pores allows the production of C3 

and C4 olefins by diffusion and cracking of gasoline molecules.  

 

5.3- Other extra-large germanosilicates with D3R in their structure (ITQ-40 and ITQ-

44) 
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The increase of the Ge content in the synthesis media (Si/Ge ~0.7-1.2) has recently 

allowed the synthesis of two multipore extra-large pore silicogermanates with the 

lowest framework densities ever reported for zeolitic materials, ITQ-40 (FD = 10.1 

T/1000 Å3) 123e and ITQ-44 (FD = 10.9 T/1000 Å3).123c In both cases, the large Ge 

content directs to the formation not only of D4R, but also of double-3-rings (D3R) for 

the first time in crystalline zeolitic materials (see D3R in the structure of ITQ-44 in 

Figure 19e). ITQ-40 shows a three-dimensional framework with intersecting 16 x 16 x 

15-ring pores with crystallographic pore openings of 9.9 Å for the circular 15-ring pore 

running along the c axis, and 9.4 x 10.4 Å pore openings for the two 16-ring pores 

running along the a and b axes.123e In contrast, ITQ-44 shows a three-dimensional 

framework with intersecting 18 x 12 x 12-ring pores with pore openings of 12.5 Å for 

the circular 18-ring pore along c axis (see Figure 19 c), and 8.2 x 6.0 Å for the system of 

12-ring pores along the plane a-b (see Figure 19e). As it can be seen in Figure 19, the 

structure of ITQ-44 is closely related to ITQ-33. Both are formed from the same zeolitic 

layer (see Figure 19b), which is connected by simple 3-rings in the case of ITQ-33 and 

D3Rs in the case of ITQ-44 (see Figures 19d and 19e, respectively). The hydrothermal 

stability of these zeolites should be improved by reducing the Ge content in order to 

study their potential as catalysts in applications involving bulky molecules. 

 

6.- Conclusions and perspectives 

Along the present manuscript, the synthesis and the catalytic applications of the most 

interesting microporous molecular sieves containing interconnected pores with 

different dimensions have been described. The benefit of these multipore zeolites for 

particular catalytic applications has been shown, not only in terms of selective 

diffusion of reactants or products by “molecular traffic control” through the different 

sized channels, but also by the selective active site population in certain 

crystallographic positions of these different pores/cavities.     

Despite the large number of multipore zeolites reported up to date and presented 

here, efforts are still required for improving synthesis procedures, including chemical 

compositions, hydrothermal stabilities, and synthesis costs.  

One of the big challenges in the next years will be the synthesis of hydrothermally 

stable multipore zeolites containing extra-large pores. As described above, several 
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extra-large multipore zeolites have been recently synthesized due to the introduction 

of Ge atoms as inorganic SDA.120 Unfortunately, these extra-large pore germanium-rich 

molecular sieves show low hydrothermal stabilities. Recently, some examples of post-

synthetic isomorphic substitutions of Ge atoms in framework positions by Al or Si 

atoms have allowed improving the hydrothermal stability of these catalysts,111a,129 but 

up to now, these post-synthetic procedures have only been reported for large pore 

zeolites (i.e. ITQ-17 or ITQ-22). It is expected that the selective isomorphic substitution 

of Ge by other heteroatoms under the adequate conditions will allow the preparation 

of quasi Ge-free extra-large pore zeolites in the near future.   

Since the synthesis of extra-large pore zeolites containing some specific small building 

units, such as D4R or D3R, is very difficult under Ge-free high-silica conditions,120 we 

predict that one of the most feasible ways to obtain hydrothermally stable high-silica 

extra-large pore zeolites would be as interrupted frameworks with ordered 

distribution of structural defects in the crystalline structure. The presence of 

framework defects in specific crystallographic positions could favor the formation of 

very open pores. In this sense, the design of bulky and specific OSDAs may be required 

to fill the large void volumes of extra-large multipore zeolites, and most importantly, 

to selectively locate framework defects by proper charge balance between the OSDAs 

and the siloxy species of the structural defects. The use of molecular modeling 

techniques could help designing and selecting the best OSDA candidates to template 

extra-large multipore zeolites.  

Interestingly, linear and flexible OSDAs have also been able to direct the crystallization 

of different multipore zeolites. Particularly interesting is the case of the commercially 

available hexametonium cation, which directs the crystallization of multipore zeolites 

ranging from medium-small pores to extra-large pores (see Figure 21). The use of 

linear flexible OSDAs with bulkier substituents in the cationic heads may also favor the 

filling of the large void volumes required to template large or extra-large multipore 

zeolites under high-silica synthesis conditions.  

The rational synthesis of ITQ-39 using bifunctional OSDAs with the appropriate rigidity 

and flexibility opens a very attractive methodology to direct the formation of new 

zeolites with interconnected large and medium pores.112-113 Since these types of 

multipore zeolites offer a unique opportunity to combine the catalytic properties of 
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two important zeolites in industrial applications, such as Beta and ZSM-5, it could be 

predicted that the design of new OSDAs with adequate rigidity/flexibility will allow the 

synthesis of new zeolitic structures with interconnected large and medium pores.     

Importantly, the costs associated to the synthesis of multipore zeolites must be 

competitive to consider their potential application in industrial processes. In this sense, 

the preparation of known multipore zeolites following an OSDA-free synthesis 

methodology,130 or using inexpensive OSDAs (i.e. amines)10b can be helpful.  

In addition, the use of mixtures of OSDAs would not only allow improving the economy 

of the synthesis, if the original expensive OSDA is partially substituted by inexpensive 

organic molecules, but could also present a direct effect on the active site distribution 

within the pores/cavities. A preferential population of the active sites in different 

pores o crystallographic positions will have a clear impact on the catalytic activities and 

selectivities for particular chemical processes.18d,23 
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Figure 1: Dimensions through a molecule can diffuse within the zeolitic crystals 
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Figure 2: Scheme of the FER cavity (A) and FER assembly using cooperative OSDA 

agents (B). Reproduced from 18d. 
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Figure 3: OSDA used for the synthesis of different zeolites presenting interconnected 

medium and small pores. 
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Figure 4: 1-Butene conversion (a) and isobutene selectivity (b) for the skeletal 

isomerization of 1-butene using FER (triangles) and TNU-10 (squares). Reproduced 

from 34b. 
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Figure 5: Structural similarities between SSZ-51(SFO) and SAPO-40 (AFR) zeotypes. 

Reproduced from 56. 
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Figure 6: Structures of BPH, MOZ and OFF. 
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Figure 7: Views of MOR structure along the 12-ring pores (A) and 8-ring pores (B), 

and different crystallographic positions for T atoms in MOR (C and D). Reproduced 

from 17c. 
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Figure 8: Framework structures of polymorph A (A), polymorph B (B), and polymorph 

C (C) of the CON family viewed along the 10-ring pores. Reproduced from 86. 
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Figure 9: OSDAs used for the synthesis of SSZ-26 (a), and SSZ-33 (b), and OSDA 

distribution within the SSZ-26 (c). Reproduced from 86. 
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Figure 10: OSDAs used for the synthesis of MCM-68 (A), ITQ-24 (B), and ITQ-47 (C). 
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Figure 11: p-xylene/o-xylene (A) and isomerization/disproportionation (B) ratios for 

different zeolites attending to window sizes. Reproduced from 91a. 
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Figure 12: Zeolitic frameworks of SSZ-56 (A), SSZ-82 (B), and SSZ-57 (C), and the 

corresponding OSDAs used for their syntheses. 

 

 

 

 

 

 

 

 

 

 

 

 

A) B)

C)

N

H

N
(CH2)6

N

N



43 
 

Figure 13: Structure model of ITQ-22 showing the 8- and 12-ring pores intersected by 

the sinusoidal 10-ring pore (black ribbon). Reproduced from 110. 
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Figure 14: Benzene conversion (A) and ethylbenzene selectivity (B) for benzene 

alkylation with ethanol for ZSM-5 (squares), ITQ-22 (circles), SSZ-33 (triangles), and 

Beta (crosses). Reproduced from 15f. 
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Figure 15: (A) Multifunctional OSDA for the direct synthesis of zeolites with 

interconnected large and medium pores. B) multipore structure of ITQ-39 zeolite. 

Reproduced from 84,112. 
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Figure 16: Comparison of the catalytic results of ITQ-39, Beta and MWW 

for alkylation of naphtha with olefins. Reproduced from 84,112. 
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Figure 17: Zeolites with interconnected large and medium pores synthesized from 

layered precursors: APZ-4 from PREFER (A), and COK-14 from UTL (B). Reproduced 

from ref 117 and 118  respectively. 
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Figure 18: Structures of multipore extra-large pore zeolites. 
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Figure 19: (a) Common building unit of ITQ-33 and ITQ-44, (b) common zeolitic layer 

for ITQ-33 and ITQ-44, (c) view of the 18-ring pores of ITQ-33 and ITQ-44, (d) view of 

the 10-ring pores of ITQ-33, (e) view of the 12-ring pores of ITQ-44. Reproduced from 

123c. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 
 

Figure 20: Propylene conversion using ITQ-33 (filled circles) and Beta (open circles). 

Reproduced from 123a. 
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Figure 21: Different multipore zeolites synthetized using hexamethonium as OSDA. 
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Table 1: Zeolites presenting multipore systems 

 

IZA code Zeolite Names Pore architecture 

AFR SAPO-4052 12x8 

AFS MAPSO-46131 12x8 

AFY CoAlPO-5058 12x8x8 

BPH UZM-4,61 STA-559 12x8x8 

BOG ITQ-4795 12x10 

CGF Co-Ga-phosphate-5132 10x8 

CGS 
Co-Ga-phosphate-5,133 

TNU-1134 
10x8x8 

CON CIT-1,87 SSZ-26,85 SSZ-3385 12x12x10 

EON ECR-1135 12x8x8 

ETR ECR-34136 18x8x8 

FER Ferrierite137 10x8 

IRR ITQ-44123c 18x12x12 

ITG ITQ-38115 12x10x10 

ITH  ITQ-1337 10x10x9 

ITR ITQ-3440 10x10x9 

ITT ITQ-33123a 18x10x10 

IWR ITQ-2489 12x10x10 

IWW ITQ-22110 12x10x8 

MFS ZSM-57138 10x8 

MOR Mordenite73  12x8 

MOZ ZSM-1062 12x12x8 

MSE MCM-6896 12x10x10 

OFF Offretite139 12x8 

OKO COK-14,118 IPC-251 12x10 

PCR IPC-451 10x8 

RRO RUB-4146 10x8 

SBE UCSB-860 12x8 
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SBS UCSB-660 12x12x8 

SBT UCSB-1060 12x12x8 

SEW SSZ-82103 12x10 

SFO SSZ-5156 12x8 

SFS SSZ-56102 12x10 

SFV SSZ-57105 12x10x10 

STI TNU-1034b 10x8 

SZR SUZ-4 140 10x8x8 

UOS IM-16141 10x8x8 

UTL IM-12,119b ITQ-15119a 14x12 

UWY IM-20142 12x10 

--- EMM-857 12x8 

--- ITQ-3984 12x10x10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



54 
 

Table 2: Catalytic cracking of arabian light vacuum gasoil at 500ºC 

 

Catalyst X (%) 

Diesel 

yield 

(%) 

Gasoline 

yield  

(%) 

Propylene 

yield 

 (%) 

Propylene

/propane 

Isobutene/

isobutane 

USY 92.5 15.7 40.4 4.7 1.0 0.1 

ITQ-33 89.2 22.6 34.5 4.2 1.9 0.4 

Beta 84.0 14.1 32.3 7.5 1.9 0.5 

USY + 20% ZSM-5 87.0 17.0 33.2 7.2 1.5 0.3 

ITQ-33 + 20% ZSM-5 86.1 23.3 25.1 9.0 3.7 1.1 
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