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Introduction and Objectives
Membranes used in gas separations offer tremendously lower energy and capital costs when compared to technologies currently in use. A major challenge for using membranes in large scale gas separations is developing materials that offer high purity and high flux of the desired gas. Our goal is to utilize metallic nanoparticles (NPs) to improve the transport properties of polymeric membranes. The main thrusts of the research are production and characterization of metallic NPs, simulation of kinetic and catalytic processes, and optimization of nanocomposite membrane transport properties. This project also provides a vessel for educational outreach through collaboration with Texas School for the Deaf (TSD) and Austin Children’s Museum (ACM).
Nanoparticle Production and Characterization

Laser Ablation of Microparticles (LAM) is the process we use to produce nanoparticles (NPs). In the LAM process, uniformly sized microparticles are aerosolized in a gas stream. This gas stream is then passed through the path of a laser, which breaks the micron-sized particles into many nano-sized particles for later collection. The LAM process poses many technical issues for increasing NP production, such as increasing the feed rate to the laser, identifying an economical source of microparticles for the feed, and collection of the NPs.
Our previous design used a fluidized bed aerosol feeder. Although sufficient for small scale NP production, our feeder proved incapable of providing a consistently dense microparticle aerosol. This problem led to the design of a closed-loop system that allows continuous feeding of a dense aerosol at the low flow rates required by the LAM. The mechanism consists of a micro-screw driven power feeder that injects a known volumetric rate of microparticle powder into the aerosol generator. The generator contains a 30,000 rpm propeller to create a dense aerosol. The aerosol is then swept to an optical attenuation cell, where a beam of light is directed through the aerosol, and optical absorption is measured and related to aerosol density.
In an effort to utilize the adjustable properties of metal alloys, we developed a process for making a core-shell nanoparticle of two different semiconductors, using ZnS and CdSe for the core and shell, respectively. Producing ZnS NPs first, then feeding the CdSe microparticles into the ablation chamber along with the ZnS NPs yielded 20 nm NPs with ZnS core and CdSe shell. This technique was also applied to silver and metal oxides. Future work will be done to produce and characterize these metal-metal oxide heterostructures.
In order to boost nanocomposite production capability and efficiency, a new supersonic impaction chamber was fabricated. Using this new chamber along with a fluid recirculation system, we have been able to perform sustained LAMA runs over eight hours in duration. Despite these long runs, we have been unable to produce samples containing more than 100 ppm Ag by weight. NP production efficiency (defined as the fraction of Ag NPs collected vs. the amount of Ag processed) is less than one percent. We believe this dismal result is a consequence of gelatinous PEGDA/Ag sludge forming in the collection system during the run. Most of the Ag produced appears to be lost in this sludge. We are following two routes to address this problem: changes in the design of the collection system, and alternate polymer materials.
Besides sample production, we have also made further efforts to characterize the samples we have produced. To measure the Ag loading of our samples, we have improved the sensitivity of our X-ray fluorescence instrument to 50 ppm Ag by weight. To determine the degree of flocculation of our samples, we have used UV-Vis extinction spectroscopy to observe the surface plasmon resonance of the Ag NPs in suspension. The spectra we have obtained show a plasmon peak that is substantially red-shifted and broadened compared to the result predicted by Mie theory for individual dispersed particles. Instead, the spectra are consistent with reports of closely spaced ensembles of hundreds of individual particles [2], which leads us to believe the samples are heavily flocculated.
Modeling and Optimization of Transport Properties
A major focus of this project is to develop membranes for olefin/paraffin gas separations. Previous research has shown olefins such as ethylene and propylene bond reversibly with silver cations to form coordination compounds, but paraffins such as ethane and propane do not. Including silver ions as complexing agents in a membrane boosts the solubility for olefins compared to paraffins, which increases olefin/paraffin selectivity without sacrificing permeability. However, silver ions are highly reactive, and have proven to be impractical for commercial use in membranes due to side reactions with impurities in the feed gas.
In the present work, we explore the effectiveness of incorporating silver NPs in membranes as complexing agents. The high surface-to-volume ratio of the NPs makes a large area of silver available for complexing with minimal weight loading. The transport properties of the composite membranes are better than those of neat polymer membranes. The improvement in transport properties is shown by an increase in olefin/paraffin selectivity while maintaining permeability for the composite membrane. Increasing nanoparticle concentration and evaluating other polymer matrices are two avenues we will explore to achieve further increases in transport properties.
We have designed a lattice kinetic Monte Carlo model of membrane-based olefin/paraffin separation. The model is based, in part, on the solution-diffusion model of facilitated transport through microporous membranes. Diffusion tracers, representing either an olefin or paraffin molecule, interact with randomly placed traps inside the membrane with different binding energies. Olefin tracers bind to traps, whereas paraffin tracers do not interact with traps. Selectivity for olefins over paraffins is explained in terms of lattice diffusion of tracers and the equilibrium statistics of adsorbed gases. We find a direct correlation between binding energy and the onset of selectivity as a function of pressure. We find a similar dependence for the magnitude of selectivity as a function of both binding energy and trap density both in low coverage limits and above the percolation threshold. Our results will be used to optimize the binding energy to particles and their loading in membranes to maximize olefin selectively.

The binding energies and vibrational modes of ethylene to pure metal, alloy and core/shell nanoparticles were calculated using density functional theory (DFT). Pure metals including Ag, Au, Cu, Pd, and Pt were considered in both 38-atom and 79-atom truncated octahedron geometries. At the edge and corner sites of a 79-atom nanoparticle, the order of calculated binding energies is Ag < Au < Cu < Pd < Pt. Similar binding energies at the corner sites of 38-atom and 79-atom nanoparticles of the same metal suggest that there is little correlation between binding energy and particle size in the limit of small particles. Silver is unique because it has the weakest binding while providing the greatest selectivity in membranes. Alloy and core/shell structures will be investigated to suggest particles that may bind ethylene weaker than pure silver. We also suggest that the carbon-carbon stretching mode of ethylene can serve as an experimental proxy for binding energy. With increasing binding energy to the nanoparticles, there is also a proportional increase in the vibrational shift of the carbon-carbon stretching mode due to the decreasing bond order.

Outreach Activities
In addition to the work being done in the lab, a significant portion of this project provides educational activities in the community. Our group established a relationship with the Texas School for the Deaf (TSD) by hosting a field trip to UT as well as recruiting a deaf high school student (Mr. Cody Kornkoven) as an intern in our summer research program. This collaboration between the Texas School for the Deaf and UT’s science, technology, engineeing, and mathematics (STEM) disciplines is the first of its kind for the TSD. Funding from UT’s Vice President for Research provided funding for the invaluable assistance of a sign language interpreter for the student. For the second year in a row, the student spent several days in each of the labs involved with the project over a period of one month. The intern was introduced to the relevant science and engineering by members of the group, at the same time reinforcing the theory through experimentation. This year, the student was trained to communicate his findings through presentation of his research results. Other educational opportunities for the group are available through the Austin Children’s Museum (ACM). Several group members have participated in the Science Sundays program at the museum, where children and families learn hands-on lessons through educationally structured activities. There also have been two field trips from the ACM summer science camps to the labs at UT. These field trips included experiments designed to foster excitement about science in the participants. In all, the endeavors with both the Texas School for the Deaf and the Austin Children’s Museum provide a way for the next generation to explore science.
[1] For further information about this project email Benny Freeman at freeman@che.utexas.edu.
[2] Lazarides, et al., J. Phys. Chem B, 112, 2987 (2000).

