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Background One of the most promising developments in the field of separations using membranes is that of molecular sieve or zeolite membrane technology. Zeolites and other molecular sieves are crystalline inorganic framework oxides with micropores capable of recognizing molecules by shape and size. This ability along with their thermochemical stability and catalytic activity has led to their use in a broad variety of applications as catalysts, adsorbents and ion exchangers. The desire of incorporating these materials in thin film devices with molecular resolution can be traced back in the 1940’s. However, it is only about a decade that the first commercial zeolite membranes, targeting small scale distributed applications, i.e., membrane modules of about ten square meters, became available. Since then, commercialization progress has been stagnant, hampered by problems in scale up from lab to commercial scale. 
It has become evident that zeolite membrane technology for large scale processes depends on reliable manufacturing that can generate large membrane areas while achieving essential film characteristics: film continuity with low defect density, appropriate pore orientation and small membrane thickness – well under the micrometer range. This NIRT team undertakes the challenge to make the leap forward towards developing such a process.

Studies by members of this team and others have shed new light on the nucleation and growth mechanisms of templated zeolites from metastable precursor nanoparticles. A set of mechanistic principles has been identified and phenomenological models have been formulated for certain systems.1 These principles motivated the proposed experimental efforts which attempt to control the size and shape of zeolite nanoparticles to an unprecedented level and utilize these nanoparticles as precisely engineered building blocks for molecular sieve thin films made by hierarchical nanomanufacturing.1
Hypothesis and Proposed Work It was hypothesized that synthesis in a confined environment will enable manipulation and control of undesirable aggregation steps and will ultimately yield the desirable perfection in zeolite particle shape and the needed monodispersity in size. Three confined environments, two of which have been introduced by the co-PIs, are being used: reverse opal carbon, block copolymer reverse micelles and nanoporous plastics. The precisely shaped nanoparticles will be used subsequently as building blocks to form closed packed crystallographically aligned monolayers using reactive attachment.  In this approach, the zeolite particles are functionalized so that they can strongly bond with appropriately treated substrates. Following secondary growth, the developed continuous films will be tested for permeation properties, and their microstructure and performance will be compared with the current state-of-the-art. It is anticipated that by using the novel nanoscale building blocks, the thickness of highly selective molecular sieve membranes will be reduced from the currently feasible 1,000 nm level to 100 nm or less. Consequently, significant molecular sieve membrane capital and operating cost benefits are the expected outcome of the proposed work. These improvements will be a leap forward for wider use of energy efficient molecular sieve membrane separation technology.
Collaborations In addition to enabling the thinnest, and consequently most productive, zeolite membranes ever made, the proposed hierarchical film processing technology may impact other technologies, like microelectronics and sensors. One of these potential uses, i.e., low-k dielectrics for microprocessors, is being evaluated in collaboration with another NIRT team lead by Professor Yushan Yan at UC Riverside.  The educational experience of the graduate students and the research productivity of the team are enhanced by two international collaborations from leading groups in the areas of catalysis (Prof. A. Corma) and particle attachment by molecular linkages (Prof. KB Yoon). Moreover, interactions with Chevron and Ecolab provide a connection with industrial practice.
Notable Results 
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Hydrothermal synthesis of uniform zeolite particles in 3DOM reactors.2 The siliceous zeolite, silicalite-1 was grown in the confinement of three-dimensionally ordered macroporous (3DOM) carbon or 3DOM sulfated zirconia, in which 100–300 nm macropores were interconnected through windows, permitting complete penetration of precursor solutions. The macropores therefore acted as massively parallel arrays of hydrothermal reactors. Both materials were stable to growth conditions for silicalite. Uniform products with varying morphologies were obtained, including zeolite microspheres with smooth or corrugated surfaces or geode-like hollow zeolite spheres (Figure 1).2 Upon calcination of the carbon reactors in air, the products could be dispersed in solvents to form discrete spherical particles, which could then be reassembled on planar surfaces into close-packed layers. 
Figure 1. Scanning electron microscopy images of silicalite particles hydrothermally grown in the confinement of 3DOM reactors under different processing conditions. (A) Smooth spheres were obtained for a negatively charged reactor surface after five infiltration steps. (B) Spherical agglomerates of silicalite nanoparticles were formed for a negatively charged reactor surface after two infiltration steps. (C) Discrete silicalite nanoparticles were attached to the walls of a positively charged reactor surface after one infiltration step. (D) Geode structures formed after multiple infiltrations in a positively charged reactor surface. (E) When the positive surface charge was very high (here on 3DOM sulfated ZrO2), the silicalite surface layer blocked pore entrances.

Synthesis of silicalite-1 nanocrystals by confined growth in 3DOm carbon replicas.3 Confined crystal growth of silicalite-1 zeolite has been carried out within the 3DOm carbon replicas of colloidal crystals composed of ca. 10, 20 and 40 nm silica particles.  As shown in Figure 2a, TEM of the 40 nm 3DOm carbon following confined synthesis reveals isolated particulate domains (e.g., arrows) of approximately 200-300 nm in size dispersed throughout the replica for the synthesis compositions and conditions described herein.  WAXS (Figure 2f, trace A) measurements taken of the sample depict signature reflections of silicalite-1, with high crystallinity of the particulate domains confirmed following their isolation from the 3DOm carbon template (Figure 2f, trace B).  Faceted zeolite crystals (Figure 2b, arrow) that appear to protrude through the pore cavity can be found among the particles. SAXS analysis reveals signature mesoporosity before (Figure 2e, trace A) and after (Figure 2e, trace B) isolation of the particulate templates from the 3DOm carbon.  The isolated particulate domains remain intact initially, but can be dispersed into primary particles (Figure 2c) by mild sonication (i.e., 5 minutes).  This represents the identification of a facile means for realizing highly uniform and dispersed nanocrystalline zeolites, an elusive task with other confined synthesis approaches.
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While both smooth and subtly faceted particles are observed after dispersion that have clearly been templated by individual ca. 40 nm cavities of the 3DOm, unique faceted, rod-like outgrowths (arrows, Figure 2c) on some particles are also observed.  A representative high-resolution image of the junction between the base particle and the outgrowth is shown in Figure 2d, suggesting that the particle is single crystalline.  This is consistent with seeded growth occurring at the surface of a well-formed crystal and propagating, along the dominant crystal axis (the c-axis in the case of silicalite-1, denoted by the solid arrow in Figure 2d), through pore window constrictions connecting adjacent cavities of the 3DOm carbon replica.  This identification of crystal propagation through constrictions supports the notion that confined growth may occur by rare and dispersed single nucleation events in the 3DOm replica, followed by crystal growth to fill the pore cavities, and eventual propagation through the constricting pore windows.  Current work focuses on film formation using the precisely shaped zeolite particles, investigation of the catalytic performance of the 3DOm zeolites, and further studies of confined crystal growth. Moreover, we initiated efforts on the synthesis of porous polymers that we currently attempt to use for confined zeolite growth.
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Figure 2. TEM characterization of confined silicalite-1 crystal growth carried out in a 40 nm 3DOm carbon template before (a,b) and after (c,d) carbon removal, with high resolution TEM in (d) of uniquely shaped crystals observed in (c, arrows).  The inset displays the diffraction pattern collected from the crystal interface, and the solid arrow in (d) denotes the c-axis of the crystal.  SAXS (e) and WAXS (f) data before (trace A) and after (trace B) carbon removal are also shown.
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