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Abstract 

Zeolite molecular sieves are essential to many processes in adsorption, catalysis and ion exchange.  From the separation of air, to petroleum cracking, to water softening and decontamination, these materials influence our everyday lives.  Some researchers have come to believe that all the great discoveries in the field of molecular sieves may be in the past.  Nothing could be farther from the truth.  From new mechanisms for pore size control, to new nanocomposite materials, to approaching the dream of robust, industrial-scale sieving membranes, to whole new definitions for molecular sieves, new forms and uses of these materials are rapidly evolving. 
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Introduction

Zeolite molecular sieves are uniformly porous, crystalline, inorganic metal oxides with very high internal surface areas.  Since the discovery of zeolites in 1756 (Cronstedt, 1756), approximately 195 unique structures have been identified, with more than 40 structures characterized as natural zeolite frameworks (Baerlocher and McCusker, 2011).  The pores of classical zeolites range from approximately 3 to 12 Å, and their pore sizes can be manipulated to achieve very precise separations (Breck, 1974).  The catalytic and ion exchange characteristics of these materials can also be modified, through changes in both framework composition and extra-framework cations (Breck, 1974).
Historically, the study of zeolites has been largely motivated by interest from the chemical and petroleum industries.  Common applications of zeolites have included use as petroleum cracking catalysts, as adsorbents for the removal of heavy metals from drinking water, as animal feed additives, and as adsorbents for the separation of air into oxygen and nitrogen.  While advances in zeolite molecular sieves are still frequently commercially motivated, zeolite research has been reenergized by the emergence of nanotechnology.  The molecule-sized pores of the 4 million theoretically feasible zeolite structures (Earl and Deem, 2006; Foster and Treacy, 2011) represent significant potential for future nanotechnology applications, including medicine, optoelectronics and green chemistry (Coronas, 2010; Tsapatsis, 2002), and defining the molecular properties of zeolites has taken on increased significance.  In this article, we highlight recent research progress in three rapidly advancing areas of zeolite molecular sieve research: adsorption and separation, advanced molecular sieve nanomaterials and catalysis.

1. Adsorption and Separation Technology:

Adjustable pore size for selective separation of molecules

Molecular sieves derive their name from their ability to resolve molecules by size.  Until recently, the size of the uniform pores of a given molecular sieve was fixed.  Pore size was determined by the (incrementally adjustable) size of the rings within the molecular sieve structure and only slightly modifiable by cation exchange.  New methods to more precisely adjust molecular sieve pore sizes have been discovered and are beginning to be used industrially.  

In 2001, a unique property of the titanium silicate molecular sieve ETS-4 was discovered (Kuznicki, 1990; Kuznicki et al., 2001).  Unlike most traditional zeolites, which have rigid and defined pore structures, the pores of certain cation-exchanged forms of ETS-4 systematically contract upon structural dehydration at elevated temperatures (Kuznicki et al., 2001).  This temperature-induced contraction is evident in neutron diffraction and in-situ X-ray diffraction data, where the lattice constants of ETS-4 are observed to reproducibly and systematically decrease as a function of increasing calcination temperature (Figure 1).  This phenomenon, known as the Molecular Gate® effect, allows the user to precisely “tune” the pore size of the material in order to differentiate between molecules based on their size (size exclusion).  Sr-ETS-4 (CTS) adsorbents are currently used in a commercial pressure swing adsorption (PSA) process for the removal of nitrogen and purification of natural gas at wellhead pressures (Kuznicki et al., 2000).  This process, which separates two molecules with effective diameters of 3.64 (nitrogen) and 3.76 Å (methane) (Sircar and Myers, 2003) is being employed to upgrade nitrogen-contaminated natural gas (Figure 2) and has the potential to address the high levels of nitrogen in landfill gas.  The Molecular Gate® concept also has the potential to be expanded to many other commercially important size-based separations, including Ar/O2 (3.54 vs. 3.47 Å) and N2/O2 (3.64 vs. 3.47 Å) (Anson et al., 2009b).

Anion-controlled pore size for selective separation of molecules
Although Molecular Gate® adsorbents have been successfully commercialized for the separation of nitrogen from methane, an inherent limitation of these materials is that the contraction process damages the ETS-4 framework, leading to crystal lattice defects and reducing the total pore volume and adsorbent capacity (Marathe et al., 2004; Marathe et al., 2005).  Further investigation of the structure of ETS-4 (a synthetic analog of the mineral zorite) and other zorite-like structures has revealed crystallographic sites within the framework where covalently bonded framework atoms protrude into the main adsorption channels in the [0 1 0] direction (Braunbarth et al., 2000; Cruciani et al., 1998; Nair et al., 2001a; Nair et al., 2001b).  These sites are preferentially populated with monovalent anionic species such as halogens and hydroxides, and can be substituted through changes to the synthesis mixture composition (Figure 3), allowing the channel dimensions to be controlled by both the amount and type of anions projecting into the channels (Lin et al., 2009b).

Based on the Rietveld-refined crystal structures of a titanium silicate zorite analog (Figure 3), an atom at the O7 crystallographic site will project into the channel system and can act as a barrier, limiting the effective pore size of the molecular sieve.  For example, if the O7 site is occupied by a large anion, such as Cl- or I-, the effective pore size of the resulting material is restricted through a steric effect.  Molecular blockage increases diffusion limitations and contributes to the overall steric effect.  Anion-controlled pore size is a novel mechanism that offers better control of pore sizes and resolution of molecules than Molecular Gate® adsorbents.  These materials, called RPZ or reduced pore zorites, represent a new class of size-selective adsorbents.  With their precise pore size and structural stability, these materials may represent a next-generation natural gas upgrading adsorbent, as well as enhanced Molecular Gates® analogs.

Elimination of grain boundary defects for practical molecular sieve membranes

The use of molecular sieve membranes for energy-efficient separation processes has been an attractive concept for at least two generations.  However, the utility of synthetic zeolite membranes has been extremely limited by their lack of mechanical robustness.  In principle, molecular sieve membranes could discriminate between the components of gaseous or liquid mixtures based on their molecular size.  Ideal molecular sieve membranes would combine near-perfect shape/size selectivity (due to their molecular sieve characteristics) with temperature stability, solvent resistance and robustness.  The notion of a practical molecular sieve membrane is contingent, however, upon synthesizing a defect-free membrane: a membrane without pinholes, cracks or grain boundary flaws to provide non-selective pathways for diffusion (Coronas, 2010).  To date, the use of synthetic membranes for commercial separations has been limited to only a few processes such as alcohol dehydration (Kondo et al., 1997) and some high-resolution molecular separations (Carreon et al., 2008), because defect-free membranes have proven difficult to manufacture at a commercial scale.

Synthetic membranes can be grown with the aid of structure-directing agents (SDAs), which are surfactant molecules that zeolite frameworks can assemble around.  In order to expose the zeolitic pores, the SDAs must be removed following synthesis (usually via thermal treatment) to induce porosity.  Generally, the membranes are heated slowly in an attempt to minimize cracks and other defects, but the thermal treatment inevitably creates structural defects that degrade separation performance (Bonilla et al., 2001; Dong et al., 2000; Xomeritakis et al., 2001).  Microstructural optimization during film growth (Hedlund et al., 2002; Lai et al., 2003; Miachon et al., 2007; Nishiyama et al., 2001) and post-synthesis repair techniques (Nomura et al., 1997; Yan et al., 1997) have been developed to minimize the effects of grain boundaries and cracks on membrane performance, but these techniques are generally cumbersome and not sufficiently reliable for practical applications.

A recent report shows that rapid thermal processing (RTP) can improve the separation performance of thick columnar films of silicalite-1 (an MFI-type molecular sieve) by eliminating grain boundary defects (Choi et al., 2009a).  Figure 4 compares the effects of RTP and conventional treatment on the separation performance of an MFI membrane. The separation factor for a mixture of p- and o-xylene on an RTP-treated membrane improved 32-fold compared to a conventionally calcined membrane.  The same membranes showed improved separation performance at elevated temperatures for separations of butane and hexane isomers.  The investigators concluded that the calcination ramp rate is an important means of controlling the grain boundary characteristics of zeolite films and hypothesized that, under rapid thermal processing conditions (Δ700°C/min), strengthened molecular bonding at the grain boundaries eliminates defects.  This and other approaches to eliminating membrane defects could expand the practical applications of zeolite membrane systems.

Geomorphic molecular sieve membranes

Another approach to developing mechanically robust molecular sieve membranes is to allow nature and time to do the work for us.  Certain deposits of natural zeolites, including clinoptilolite, have been compressed over millions of years until their density approaches that of a single zeolite crystal (typical bulk density ~2.7 g/cm3) (An et al., 2011).  These materials have essentially no macroporosity, and can be envisioned as solid blocks of zeolite with regular, uniform, 3 Å pores.

The geomorphic natural zeolite material can be sliced to form membranes, such as the one shown in Figure 5.  In initial studies, membranes made from compressed clinoptilolite were used to separate hydrogen (kinetic diameter: 2.9 Å) from CO2 (kinetic diameter: 3.3 Å), CH4 (kinetic diameter: 3.8 Å), C2H4 (kinetic diameter: 4.2 Å) and C2H6 (kinetic diameter: 4.4 Å) (kinetic diameters from Sircar and Myers, 2003).  Raw sections of the compacted zeolite gave ideal selectivities for these separations up to two times greater than those predicted for Knudsen diffusion (An et al., 2011).  Simple hydrothermal modification of the surface of these sections improved both their selectivity and their stability.  Modified membranes were stable after multiple heating/cooling cycles and showed selectivities for H2 over CO2 of 52 at 25ºC and 13 at 500ºC, combined with H2 permeances as high as 5.2 x 10-7•mol•m-2•s-1 Pa for a 1.2 mm-thick membrane.  Selectivities for H2/ CH4, H2/C2H4, and H2/ C2H6 were 22, 98 and 78 at 25ºC (An et al., 2011).  

These results indicate that compacted natural zeolites have the potential to selectively separate hydrogen from other industrial gases that are important to the oil and gas production industry, even at elevated temperatures.  For example, rugged natural zeolite membranes could be used to remove hydrogen from H2/CO2 mixtures, reducing the cost of CO2 purification and storage, and producing pure H2, a key feedstock for the petroleum refining and petrochemical industries.  It is also possible to envision other applications for geomorphic molecular sieve membranes, including the purification of water, which has an effective diameter of 2.6 Å.  In addition, geomorphic molecular sieve membranes could serve as a model for the development of more rugged synthetic zeolite membranes.  

2. Molecular sieve nanomaterials and nanocomposites
While molecular sieves have traditionally formed the basis of several industries including adsorptive air separation and fluidized catalytic cracking, new, higher-value applications are now evolving.

Chiral, thermally stable and enantioselective silicate zeolites

Inorganic, chiral, porous materials are of interest to the chemical and pharmaceutical industries because of their potential for enantioselective separation and catalysis.  Stable, porous materials with chiral properties have proven to be rare and difficult to synthesize (Harrison et al., 1996; Rouse and Peacor, 1986; Cheetham et al., 2001).  Zeolites are generally considered to be a family of materials with highly symmetrical structures, but recent work has shown that there are at least 20 chiral silicate zeolites (both natural and synthetic), and that some of these materials are capable of enantioselective recognition (Davis, 2003; Dryzun et al., 2009).

Generally, chiral materials are formed either through direct synthesis or by incorporating chiral molecules into an achiral material (Davis, 2003).  In a recent study, a multinational team synthesized silicogermanates using a simple achiral organic amine, diisopropylamine, as a structure-directing agent (Tang et al., 2008).  The authors found that multiple polymorphs could be built from a single novel building layer and that the geometry of each polymorph was based on different stacking orientations between building layers.  Each crystal of one of the silicogermanate polymorphs (SU-32) was enantiopure (exhibited only one hand) and had an intrinsically chiral zeolite structure.  More impressively, SU-32 was thermally stable to calcination and activation.  Subsequent work by the same team has resulted in the synthesis of thermally stable ITQ-37, a chiral germanosilicate with 4.3Å×19.3Å pore openings (Sun et.al., 2009). 

Development of the synthesis methods used to create SU-32 and ITQ-37 included significant consideration of the structural relationships between the building units in zeolite families containing both chiral and achiral frameworks.  Understanding the relationship between fundamental building layers, differential stacking and the formation of different morphologies has the potential to expand the available methods for future syntheses of chiral zeolite structures. 

Synthesis and applications of metal nanoparticles formed on molecular sieve surfaces

The generation of metal nanoparticles has been the subject of intense research efforts because of the unique properties of nanoscale metals and their potential utility in advanced catalysis, adsorption and optoelectronic materials (Feldheim et al., 2002).  Currently, metal nanoparticles can be synthesized by methods including vapour and electrodeless deposition (Nepijko et al., 2000; Zhao et al., 2008), atomic sputtering (Chandra et al., 1999) and various forms of chemical reduction (Khanna and Subbarao, 2003; Chou and Ren, 2000).  While these methods of nanometal production can yield metal nanoparticles with desirable chemical/physical properties and morphologies, they are generally expensive and cumbersome, limiting potential commercial applications.

Zeolite molecular sieve surfaces are known to template metal particles as large clusters and pools, usually in the range of 50-100 nm (or even larger), formed by the migration of reduced metals from the zeolitic channels to the external crystal surfaces (Bhatia, 1989).  Recently, several molecular sieve surfaces have been synthesized or modified and used as templates to form large concentrations (20-50 wt%) of uniform metal nanoparticles in the range of 2-20 nm (Anson et al., 2009a; Greenhalgh et al., 2007; Lin et al., 2009a; Kuznicki et al., 2007b; Kuznicki et al., 2008).  A simple, two-step method to form templated metal nanoparticles bonded to crystal sieve surfaces has been used to form silver, nickel, and palladium nanoparticles.  The method generally consists of ion-exchange followed by calcination/reduction at relatively low temperatures (150°C) in non-reducing environments (Lin et al., 2011).


The chemical, physical and size distribution properties of the metal nanoparticles are dependent on the type of zeolite substrate that the metal nanoparticles are synthesized on.  For example, silver nanoparticles formed on chabazite surfaces are highly uniform, with a narrow size distribution (2-4 nm), and consist of a mixture of metal and metal oxides (Figure 6a) (Kuznicki et al., 2007b).  Chabazite is one of the most polarizing zeolites known, and it is hypothesized that the scale and uniformity of the nanoparticles is due to the stabilizing effects of the highly polarized chabazite surfaces (Maroulis et al., 1988a; Maroulis et al., 1988b).  

Several applications, including mercury capture and antimicrobial action, have been proposed for chabazite-templated nanosilver.  Chabazite-supported nanosilver can capture Hg0 (elemental mercury) at the elevated temperatures in a coal-fired power plant flue gas stream (Dong et al., 2009a; Dong et al., 2009b; Liu et al., 2008; Liu et al., 2010). In a test using Saccharomyces cerevisiae, chabazite-supported nanosilver suppressed the growth of yeast more effectively than 1000 ppm silver nitrate (Kuznicki et al., 2007b).  Due to the simplicity of the preparation process, chabazite-supported nanosilver may represent a cost-effective method to generate medical nanosilver that could have broad antimicrobial applications.

Alternatively, silver nanoparticles can be templated on titanium silicate molecular sieve surfaces (Anson et al., 2008; Anson et al., 2009a; Kuznicki et al., 2007a).  Engelhard Titanosilicate-10 (ETS-10) is a large-pored, mixed coordination molecular sieve with an average pore size of ~0.8 nm (Kuznicki, 1991).  The silver nanoparticles supported on ETS-10 range from 3-20 nm (Figure 6b), slightly larger than the silver nanoparticles formed on chabazite surfaces.  ETS-10-supported nanosilver is completely metallic, however, and demonstrates unusually strong adsorption of rare gases including xenon (Xe) (Kuznicki et al., 2007a) and argon (Ar) (Anson et al., 2008).  When formed, ETS-10-supported nanosilver yields the most selective xenon adsorbent ever reported: Xe/N2 selectivity is ~3000 at ambient conditions (Kuznicki et al., 2007a).  Xenon-133 (133Xe) is the first principal contaminant generated in the meltdown of a nuclear reactor and such adsorbents may be designed to capture this very radioactive species under conditions such as those reported at the Fukushima Daiichi power plant.

One of the potential advantages of nanometal formation techniques based on zeolite templates is the ability to transfer synthesis technology from tightly controlled laboratories to large scale industrial processes where zeolites are already extensively employed.  Ideally, this could drive the cost of zeolite-fabricated metal nanoparticles down to a point where new aspects of nanotechnology could be practical.  

New electronic materials from molecular sieves

Titanosilicates and other mixed coordination materials are amongst the best known examples of quantum wires and show great promise for the development of novel semiconductors, lasing materials and optoelectronics (Jeong et al., 2009).  ETS-10, which is comprised of octahedral titanium chains woven together with tetrahedral silica rings, can be visualised as a set of periodic, isolated, ~0.67 nm, –O-Ti(-O-)4-O-Ti(-O-)4-O- wires embedded in an insulative silica matrix, running along two perpendicular axes in the molecular sieve crystal (Figure 7). 

Efforts to expand the potential electronic applications of titanosilicates have included synthesis of materials with isomorphous substitutions of the titanium atoms with atoms including vanadium, zirconium, niobium and gallium (Ferdov et al., 2008; Ismail et al., 2009; Datta et al., 2010).  In these materials, the titanium-based -O-Ti-O-Ti-O- wires are replaced; in the vanadium case, this would result in -O-V-O-V-O- chains.  One example of these materials is the vanadosilicate AM-6, which has been shown to be photocatalytically active when irradiated with visible light (Nash et al., 2007).  Until recently, the synthesis of pure AM-6, uncontaminated by titanosilicate seed crystals and/or structure-directing agents, has been an elusive goal (Ismail et al., 2009; Datta, 2010), limiting the characterization and application of this potential sunlight-activated photocatalyst (Nash, et al., 2007).  Similar challenges, and only limited success, have been encountered in efforts to synthesize zirconium- and vanadium-substituted ETS-4, which would add the advantage of flexible pore sizes to this family of materials (Ferdov et al., 2008).

Another barrier to the use of titanosilicates as nanoelectronics has been the need for flawless crystals containing perfect, uninterrupted quantum wires.  Mixed coordination materials are so promising for nanoelectronics, however, that they have even been grown in space to reduce the influence of density-driven thermal convection on nucleation and crystal growth, and thereby reduce defect formation (Song et al., 2005 and references therein).  

3. Zeolite Catalysis

Synthesis of nanosheets of zeolite MFI with single unit cell thickness

Catalysis is one of the most important applications of zeolites, particularly in the petrochemical industry.  Zeolite structures combine strong acid sites with uniform micropore structures, allowing zeolites to function as shape-selective catalysts for many reactions.  Unfortunately, small micropore apertures (diameter <1 nm) can impede diffusion and adversely affect catalyst performance (Corma, 2003; Egeblad et al., 2008; Tao et al., 2006).  To overcome this challenge, there have been attempts to reduce the thickness of zeolite crystals, thereby reducing diffusion path lengths and increasing molecular diffusion (Egeblad et al., 2008; Tao et al., 2006).  Current approaches to reducing zeolite thickness include: exfoliation of layered zeolitic structures (Corma et al., 1998; Corma et al., 1999; Corma et al., 2000), demetallation processes (Gao et al., 2004; Groen et al., 2005; Groen et al., 2007; Pavel and Schmidt, 2006; van Donk et al., 2003) and synthesis of nanozeolites or nanoslabs, a field pioneered by the group in Leuven and others (Ravishankar, 1999; reviewed in Tosheva and Valtchev, 2005).
In principle, molecular diffusion through zeolite catalysts will be maximized if the thickness of the crystal is reduced to the dimensions of a single unit cell.  The synthesis of ultrathin zeolites is challenging, however, because in zeolite crystallization, like other crystallization processes, the spontaneous formation of larger crystals is thermodynamically favoured over smaller crystals, a phenomenon known as Ostwald ripening.  One recent novel approach to synthesizing ultrathin nanosheets of ZSM-5 (an MFI-type structure) uses a custom-designed diquaternary ammonium-type surfactant composed of a long-chain alkyl group (C22) and two quaternary ammonium groups spaced by a C6 alkyl linkage (Choi et al., 2009b; Ryoo et al., 2009).  The diammonium head group acts as a structure-directing agent (SDA), while the hydrophobic interactions between the long-chain tails induce the formation of a mesoscale micellar structure that restricts additional zeolite growth. Using this approach, ZSM-5 nanosheets with an individual thickness of ~2 nm (single unit cell) were synthesized with a large number of surface acid sites, making them highly active for the catalytic conversion of large organic molecules (Choi et al., 2009b).  Furthermore, the reduction of crystal thickness facilitated molecular diffusion and reduced unwanted reactions, dramatically suppressing catalyst deactivation through coke deposition (Choi et al., 2009b).  This approach to ultrathin zeolite synthesis has the potential to be applied to many zeolite synthesis systems, expanding the applications for ultrathin zeolites. 
Natural zeolite cracking catalysts

The oil sands of Alberta represent one of the largest petroleum resources in the world, with an estimated deposit of 1.7 trillion barrels of bitumen and a proven reserve of 170 billion barrels recoverable using current technology (Burrowes et al., 2009).  The bitumen contained in the oil sands is unusually viscous and must be diluted with solvents prior to pipelining.  Furthermore, the levels of metals and contaminant heteroatoms are much higher than those found in conventional crude oil, increasing the cost of bitumen upgrading. Natural minerals such as modified clays can help break down heavy oils at temperatures approaching the onset of thermal cracking.  Chabazite, an abundant natural zeolite, has been shown to react with unprocessed oil sands to reduce the viscosity of bitumen and remove contaminant heteroatoms and heavy metals including sulphur, nitrogen, vanadium and nickel (Kuznicki et al., 2007c); natural clinoptilolite has also been shown to increase the pentane extractability of oil sands samples (Junaid et al., 2009).  Owing to the unusual chemical and morphological properties of natural chabazite and clinoptilolite, these materials represent economical, disposable cracking agents that can be used in-field to upgrade bitumen.  These materials are abundant and less expensive than commercial faujasite-type fluidized catalytic cracking (FCC) catalysts, while manifesting substantial acidity and cracking activity.  Recent work compares the morphology, acid strength and acid site density of these natural zeolites to those of the commercially available petroleum cracking agent, Zeolite Y.  High acid site strength and/or density, combined with platy morphology and high external surface area, give these zeolites an advantage over the more costly Zeolite Y in the cracking of the large hydrocarbons molecules found in bitumen (Junaid et al., 2011).  Taking advantage of the discovery that certain inexpensive mineral zeolites can selectively crack and purify heavy oils, even in wet environments, this innovation currently is being pursued to restore production in spent oil wells by cracking residual oil in situ.

Extraction of bitumen from the Alberta oil sands is commonly achieved through a hot water process that is water intensive (multiple barrels of water per barrel of extracted oil), and results in process water that is difficult to treat, reuse or release.  Natural zeolites can break down the heavy hydrocarbons in oil sands bitumen, resulting in lighter petroleum fractions that can be extracted using solvents such as pentane (Figure 8) and hexane.  Normally, light aliphatic solvents could not be used to dissolve or extract the asphaltenes and heavier fractions in bitumen from the oil sands, however, catalytic cracking by the natural zeolite sufficiently reduces the difference in cohesive energies between solvent and solute to allow for bitumen extraction.  This combination of natural zeolite cracking and extraction with light hydrocarbon solvents suggests the possibility of a waterless extraction process (Junaid et al., 2009).  
One of the virtues of the use of natural zeolite sieves in these applications is their extremely low cost, often as low as $20 to 50/tonne.  This allows overdosage of natural zeolite cracking agents to accommodate for the variances in purity, composition and activity that occur in natural zeolite deposits.  
Conclusions
Because their extraordinary utility in a number of basic chemical industries (including petroleum cracking, water softening, air separation and natural gas drying, among others) was developed during the last four decades of the twentieth century, many researchers concluded that the field of molecular sieves had reached its high-water mark.  In fact, the unique properties of new classes of molecular sieves are currently being developed for ultra-premium applications in electronics, chiral synthesis and new areas of separation and purification.  These advances may rightly be thought of as a second, more elegant wave of uses for this unique family of materials.  Zeolite molecular sieves impact our daily lives, and it appears that this influence will continue to grow.
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Figure Legends

Figure 1.  Temperature-induced contraction of an ETS-4 titanosilicate molecular sieve.  The pore size of the molecular sieve can be precisely tuned by altering the calcination temperature.  The oxygen-to-oxygen distances (D1, D2 and D3) in the 8-membered ring pore opening were determined for the as-synthesized structure of Sr-ETS-4 at room temperature and for the same material after calcination at temperatures ranging from 150 to 300°C.  Reprinted by permission from Macmillan Publishers Ltd: Nature (Kuznicki, S. M., V. A. Bell, S. Nair, H. W. Hillhouse, R. M. Jacubinas, C. M. Braunbarth, B. H. Toby and M. Tsapatsis, “A Titanosilicate Molecular Sieve with Adjustable Pores for Size-Selective Adsorption of Molecules,” Nature 412, 720-724 (2001), copyright 2001.

Figure 2.  A typical Molecular GatesTM nitrogen-rejection unit used to remove N2 and CO2 from natural gas.  Image provided by Guild Associates Inc. (www.moleculargate.com).
Figure 3.  Unit cell representations of four zorite analogues viewed along the b-axis.  Black atoms depict titanium, red atoms represent oxygen and grey atoms represent silicon.  The zorite framework with OH occupying the O7 sites is shown in (a).  Fractional substitution of F (green) for O (red) at an O7 site (b) does not significantly change the effective pore size, as F (1.35 Å) and O (1.40 Å) are nearly identical in size.  Substitution with Cl (blue, 1.80 Å) and I (violet, 2.15 Å), as depicted in (c) and (d), results in pore size reduction through a steric effect.  The iodine-containing zorite analogue has the smallest effective pore size of the series.  Reprinted with permission from Lin, C. C. H., J. A. Sawada, L. Wu, T. Haastrup and S. M. Kuznicki, “Anion-Controlled Pore Size of Titanium Silicate Molecular Sieves,” J. Am. Chem. Soc. 131, 609-614 (2009).  Copyright 2009 American Chemical Society.
Figure 4. Separation of xylene isomers (A and B), butane isomers (C and D) and hexane isomers (E and F) on conventionally calcined MFI membranes (left; A, C and E) and on MFI membranes that have been RTP-treated then conventionally calcined (right; B, D and F).  p-X is para-xylene, o-X is ortho-xylene, n-C4 is n-butane, i-C4 is isobutane, n-C6 is n-hexane, 2,2-DMB is 2,2-dimethylbutane and SF is separation factor.  From Choi, J., H.-K. Jeong, M. A. Snyder, J. A. Stoeger, R. I. Masel and M. Tsapatsis, “Grain Boundary Defect Elimination in a Zeolite Membrane by Rapid Thermal Processing,” Science 325, 590-593 (2009).  Reprinted with permission from AAAS.

Figure 5.  An as-mined raw sample and a membrane prepared from a high-density deposit of clinoptilolite found in British Columbia, Canada.  

Figure 6.  Silver nanoparticles formed on a chabazite surface (a) and an ETS-10 surface (b). Reprinted (a) from Microporous and Mesoporous Materials, 103/1-3, S.M. Kuznicki, D. J. A. Kelly, J. Bian, C. C. H. Lin, Y. Liu, J. Chen, D. Mitlin and Z. Xu, Metal Nanodots Formed and Supported on Chabazite and Chabazite-Like Surfaces, Pages 309-315, Copyright (2007), with permission from Elsevier.  Reprinted (b) with permission from Kuznicki, S. M., A. Anson, A. Koenig, T. M. Kuznicki, T. Haastrup, E. M. Eyring and D. Hunter, “Xenon Adsorption on Modified ETS-10,” J. Phys. Chem. C 111, 1560-1562 (2007).  Copyright 2007 American Chemical Society.

Figure 7.  The ETS-10 framework contains monoatomic filaments of titanium (titanate quantum wires, red) embedded in an insulative silica matrix (SiO2 channels, grey)(A).  The quantum wires can be balanced with hydrated (B) or naked cations (C).  Reprinted with permission from Jeong, N.C., Y. J. Lee, J. -H. Park, H. Lim, C. H. Shin, H. Cheong, and K. B. Yoon, “New Insights into ETS-10 and Titanate Quantum Wire: A Comprehensive Characterization,” J. Am. Chem. Soc. 131, 13080-13092 (2009). Copyright 2009 American Chemical Society.
Figure 8.   Extraction of liquid hydrocarbons from oil sands by pentane increases following natural zeolite cracking.  The bottles show pentane extracts and the pipettes contain spent sands from raw (left), thermally cracked (middle) and clinoptilolite-cracked (right) bitumen samples following extraction with pentane.  Sand from the raw sample retains much of its original colour and texture, indicating that, as expected, pentane has not effectively extracted the bitumen or asphaltenes.   In contrast, the pentane-extracted sand from the zeolite-cracked sample (far right) is lighter in colour and collapsed, suggesting significant extraction of bitumen, while the thermally cracked sample retains an intermediate appearance.  The deep brown colour of the pentane extract from the zeolite-cracked sample (bottle at right) further indicates that cracking has resulted in products that are readily extracted with pentane.  Reprinted from Applied Catalysis A, General, 354/ 1-2, A. S. M. Junaid, H. Yin, A. Koenig, P. Swenson, J. Chowdhury, G. Burland, W. C. McCaffrey and S. M. Kuznicki, Natural Zeolite Catalyzed Cracking-Assisted Light Hydrocarbon Extraction of Bitumen from Athabasca Oilsands, Pages 44-49, Copyright (2009), with permission from Elsevier.
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