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Gas separation is industrially  and 
environmentally important
Flue gas CO2 composition ~ 10‐20%
CO2 Capture: large fraction of CCS program
Amine Absorbers ($150/ton)
Current Focus:
Adsorption (physical and chemical)
Gas separation membranes
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Presenter
Presentation Notes
Selective gas separation is an important global industrial and environmental concern. The motivation for the present work comes from the current and growing need to capture and sequester carbon due to the anthropogenic carbon emissions that continue to be a problem. One substantial form of carbon emissions is carbon dioxide, which is  a ubiquitous by-product of chemical and energy production. The ultimate implementation of a carbon capture technology would likely be in the post-combustion (due to an easier retro-fit) capture of CO2, which comprises around 15% of flue gas from industrial processes. Because the resulting exhaust from industrial processes is a mixture of gases, it is important to consider selective CO2 separation. The existing carbon capture technologies center around aqueous amine absorption, which is not a cost-effective strategy for this objective, weighing in at around $150/ton of carbon. My work has centered around adsorption-based carbon capture, specifically in the investigation of CO2 sorption and permeance, in what are known as Metal Organic Frameworks.









http://fossil.energy.gov/programs/sequestration/overview.html





“Gas separation membranes offer a number of benefits over other gas separation technologies, according to Benny D. Freeman, professor of chemical engineering at the University of Texas, Austin. "Conventional technologies such as the cryogenic distillation of air, condensation to remove condensable organic vapors from gas mixtures, and amine absorption to remove acid gases such as carbon dioxide from natural gas require a gas-to-liquid phase change in the gas mixture that is to be separated," he explains. "The phase change adds a significant energy cost to the separation cost. Membrane gas separation, on the other hand, does not require a phase change.”



Metal Organic 
Frameworks (MOFs)

Zeolitic Imidazolate 
Frameworks (ZIFs)

Benefits of MOFs
Large Surface Area
Tunable pore sizes, 
volumes, surface 
chemistries…

B. Wang, A. P. Cote, H. Furukawa, M. O’Keeffe and O. M. Yaghi, Nature, 2008, 453, 207.Park, K. S.; et al., O. M. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 10186
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Presentation Notes
With a high capacity for adsorption, MOFs and ZIFs (a subcategory of MOFs) are essentially molecular scaffolds made up of metal hubs linked together with struts of organic compounds. They are classified as being hybrid organic/inorganic structures. The key feature that is of interest in their application in adsorptive processes is that of their very large surface areas, with the most-recently largest reported area of 6,240 m2g-1 by Yaghi and co-workers. 



MOFs display a few of the characteristics of ideal adsorbents, such as the high adsorption capacity, and can be readily tuned to modify the others. For example, “high selectivity” can be achieved by choosing a ligand that will interact in a predictable way with the target molecule, and the binding energy may be adjusted, for example, by regulating the existence of open metal sites in the material.





http://www.netl.doe.gov/technologies/carbon_seq/core_rd/breakthrough/42121.html





Solvothermal Synthesis: “a chemical reaction in a closed system in 
the presence of a solvent (aqueous or non‐aqueous solution) at a 
temperature higher than that of the boiling point1 of such a 
solvent.”

Typical Solvents: DMF, DEF, DMA, MeOH, H2O
Temperature Range: 60 – 160 °C

G. Demazeau, J. Mater. Sci., 2008, 43, 2104–

 

2114.

1We do not actually go past the BP of DMF (160 °C)
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Presentation Notes
MOFs have traditionally been synthesized using solvothermal techniques, in which one puts the reactants and solvent inside a vessel capable of withstanding a relatively high temperature and the autogenous pressure associated with the process, and the vessel is heated above the solvent boiling point for a specific amount of time. The cartoon presents a schematic of the process of the synthesis. MBB stands for molecular building block (also called primary building block or primary building unit), and SBB stands for secondary building block (also called secondary building unit). The idea is that the MBBs (a metal salt + some ligand) come together to form larger units, SBBs, which essentially become synthons in the subsequent aggregation and formation of the 3D MOF structure. Some typical solvents include those shown here (DMF, DMA…), in a general temperature range of 60 to 160 degrees C.



Solvothermal paper; pic at http://chemistry.usf.edu/smmartt/images/students/fnouar_research2.png
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We investigated the sorption properties of 5 metal organic frameworks. The structural characteristics of the ZIFs are all similar, with the pore size, the space illustrated with the yellow sphere, roughly increasing with increasing size of the ligands. The teal tetrahedra in the illustrations represent a tetrahedrally-coordinated zinc atom. Al(NDC) and MOF-74 are both composed of channels, where in Al(NDC), the channels alternate between having 0 or 4 naphthalene residues in the pores, which may serve to inhibit diffusion through the “blocked” channels and may thus confer some properties of selectivity. MOF-74 is composed of roughly hexagonal channels that are lined with coordinatively unsaturated metal centers (open metal sites) that are oriented in an approximately helical, or corkscrew, fashion. 





ZIF-8:Zn(methylimidazole)2

ZIF-4: Zn(imidazole)2

ZIF-11: Zn(benzimidazole)2

MOF-74: Mg2(dobdc)

Al(NDC): Al(NDC)•OH
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Because the compounds that we worked with are all well-characterized, it was quite easy to determine the success (or, more likely, failure) of the synthetic endeavor. We used X-Ray Diffraction and the CCDC (Cambridge Crystallographic Data Center), which has a collection of crystal structures for comparison, as the primary method of characterization of the materials. The comparison involved the direct analysis of the presence or non-presence of peaks, as well as the intensity. If everything matched up well, we proceeded with that material. Just going through these very quickly, for ZIF4, you can see that the majority of peaks are there and line up with the CCDC crystal structure. For ZIF12, you can easily see that the Zinc version was successful, while the cobalt version was not. Finally, for ZIF-65, it can be seen that it was quite unsuccessful.



65: Nitroimidazole

12: benzimidazole

4: imidazole



Get Isosteric Heat of 

 Adsorption from multiple 

 temperatures

ZIF‐8

CONFIRM POROSITY WITH PUBLISHED RESULTS

77K
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Another method of characterization of MOFs, because of their porous structures, is the measurement of their surface area, which is done so by analysis of their adsorption isotherms, and the materials presented have been analyzed with this method. Adsorption, as mentioned before, is a surface phenomenon in which a molecule “sticks to” the surface of another molecule of a different phase. There are two types of adsorption, chemical adsorption (chemisorption) and physical adsorption (physisorption or Van der Waals physisorption). In chemisorption, the molecules/atoms stick to the surface by forming a chemical (usually covalent) bond, and tend to find sites that maximize their coordination number with the substrate. The enthalpy of chemisorption (isosteric heat of adsorption) is very much greater than that for physisorption. In physisorption, there is a van der Waals interaction between the adsorbate and the substrate. Van der Waals interactions have a long range but are very weak. 



To summarizae: chemisorption involves the formation of a chemical bond between the adsorbate and the surface, while physisorption involves weaker interactions involving the polarization of the adsorbate and surface rather than electron transfer between them.



Two common models of adsorption are the Langmuir model and BET theory.



Lanmguir: This model assumes that there is only monolayer coverage, where adsorption is localized, and there are no adsorbate-adsorbate interactions. The heat of adsorption is independent of surface coverage.



BET: This is a more general model, which assumes formation of multiple monolayers. It assumes that the monolayers are perfectly formed, based on the Langmuir isotherm, and that there is no transmigration between layers. It also assumes that there is equal energy of adsorption for each layer after the first layer.  BET is also used to estimate surface area, usually with nitrogen at its boiling point (77K). 



CS =saturation (solubility limit) concentration of the solute.  (mg/liter) 

Qa represents the maximum adsorption capacity (monolayer coverage) (g solute/g adsorbent).

qe = mass of material adsorbed (at equilibrium) per mass of adsorbent. 

Ce = equilibrium concentration in solution  when  amount adsorbed equals qe.







ceeserver.cee.cornell.edu/jjb2/cee6560/8-Adsorption.ppt











http://scitation.aip.org/getpdf/servlet/GetPDFServlet?filetype=pdf&id=APPLAB000089000017171901000001&idtype=cvips&prog=normal&doi=10.1063/1.2360925
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Presentation Notes
Here’s a picture of the gas rig that we have used. The main features are the manifold that pumps in/out the gas, the valves, and the sample cell. To the right is a screenshot of the computer-controlled Sieverts software developed in-house.



MOF‐74 ZIF‐8

CO2 N2 CO2 N2

17 mmol/gram 7 mmol/gram 12.5 mmol/gram 5 mmol/gram
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= 31 kJ/mol Qst

 

= 11.5 kJ/mol Qst

 

= 19 kJ/mol Qst

 

= 6.5 kJ/mol
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Here, the adsorption data for MOF-74 is shown. Recall that MOF-74 possesses a coordinatively unsaturated metal center. At 20 bar, MOF-74 adsorbs CO2 around 17 mmol/gram, whereas it only adsorbs around 8 mmol/gram of N2 at. Additionally, the isosteric heats of adsorption, calculated from the Clausius-Clapeyron equation, can be seen for each interaction, showing that the MOF-74 + CO2 interaction is much stronger than the interaction of MOF-74 + N2, which corresponds to the respective amount adsorbed. The higher amount adsorbed along with the higher isosteric heat of adsorption for MOF-74 with CO2 speaks to the selectivity of MOF-74 for CO2 in adsorption. 



Ideal Adsorbed Solution Theory (IAST)
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A.L. Myers and J.M. Prausnitz, Thermodynamics of mixed‐gas adsorption, J. AIChE
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1

2
2,1

P
P

=α

nRTAnRTPV =→= π

• 7 coupled equations, 9 unknowns
• Define gas phase concentration and pressure of mixed gas

• Accounts for competition
• Independent of isotherm model

• Agrees with detailed simulations of gas mixtures
• Requires only single component isotherms
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The Ideal Adsorbed Solution Theory, chosen because our measurements were not amenable to the Henry’s law regime (not doing low pressure measurements), is a model in which the usual ideal-gas thermodynamic quantities have been transposed to their adsorption-based counterparts, where the ideal gas law has essentially been reduced to two dimensions. The Pressure term becomes the “spreading pressure,” which is the lateral pressure radiated parallel to the plane of the assumed-flat pore, and the volume term has become simply the area of the adsorbent. The pi*A quantity is the 2-dimensional representation of the 3-d PV term, where pi is called the spreading pressure, which is the pressure exerted by a molecule in the plane parallel to that of the surface of the adsorbent. The objective of the calculations is to calculate the spreading pressure, and then create a plot of spreading pressure versus actual pressure, and create a tie line so that the individual single-component pressures at which the spreading pressures are equal can be determined. The selectivity can then be calculated.



IAST is also nice because 
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Here, the selectivity data based on the IAST calculations are presented. The comparison is made across the range of materials that were tested. It can be seen that MOF-74 is clearly the most selective in the comparison. At 270K, MOF-74 is around 85 times selective for CO2, while at 370K, the selectivity drops to about 17 times The next selective material is ZIF-4, with a selectivity of around 20 times at 270K and 7% at 370K. The other materials do not show any appreciable selectivity. It is probably worth mentioning here that this may be an unfair comparison. The CUMC in MOF-74 is clearly a more reactive moiety than in the other materials. This difference in reactivity could skew the results, and a more appropriate approach may be to study a series of CUMC materials alongside analogous saturated materials.
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Adsorption represents a sort of “ideal” case. It is only one side of the coin in the separation process.  In reality, diffusion and permeability properties play a significant role in the process. Adsorption is the case of equilibrium, whereas diffusion, by definition, is not an equilibrium process (the driving force for diffusion is a concentration gradient). However, diffusion does reach a so-called steady state.



 Diffusion is the process by which matter is transported from one part of a system to another as a result of random molecular motions. Gas permeability is the property of porous materials to let gas pass through them during pressure changes.  As you can see in this diagram, illustrating Pressure Swing Adsorption (PSA) separation of CO2, the feed stream is passed through the adsorbent material. The CO2 is adsorbed, while the other constituents of the stream diffuse through the material. Once the adsorbent bed is full, the pressure is decreased, and the adsorbed material is released. It is also important to consider the fact that although a material may be considered impermeable the real question is permeable to what? For example, this material is not permeable to CO2, while it is permeable to the other gases in the stream.



Membrane Style Column Style

T. Riedl, W. Nitsch and T. Michel, Gas permeability of Langmuir–Blodgett (LB) films: characterization and application, Thin Solid Films

 

379

 

(2000), pp. 240–252.

SI Units:
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Permeance is the ratio of the gas transmission rate to the difference in partial pressure of the gas on the two sides of the film. The SI unit of permeance is 1 mol / (m2·s·Pa). There are a couple of common methods of measuring permeance, including membrane style and column style. Obviously, you need a membrane coated with whatever your desired stationary phase is to perform the membrane style measurements. We attempted this, but failed. For column style measurements, all that is required is to jam your desired stationary phase into the column and pass sthe gas stream through it. You can see that there is both a feed side and permeate side common to each tyle. These measurements can be analogized to  chromatography. The feed side is where the gas stream, the mobile phase, originates. The gas stream then interacts with the membrane or column containing the desired adsorbent material, and, upon interacting with the material, passes through the material or is taken away as an impermeable molecule. The selective permeability of the material to various gases is the foundation for the separation of gases. 









http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6TW0-41XM5PF-19-1H&_cdi=5548&_user=2400262&_pii=S0040609000015662&_orig=search&_coverDate=12/08/2000&_sk=996209998&view=c&wchp=dGLbVtz-zSkzV&md5=e8430e33f81c4f2bafd57ef69b70faec&ie=/sdarticle.pdf
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For our permeance rig, which was a simple modification of the gas rig shown earlier, it was important to first calibrate the system. For the column-style measurement calibration, we used Zeolite 4A and Zeolite 5A. For the membrane measurements, we used…….



To the right is a schematic of our homemade permeance rig. At the top is the computer-controlled gas manifold, which controls the gas flow. The manifold has a 1000 psi pressure gauge Following the sample line, there’s a valve, the material (column or membrane), followed by a large volume (so that we do not blow the 20 psi pressure gauge at the T), and then the T with valve going to a vacuum pump as well as a 20 psi gauge.



Recall that diffusion can reach the steady state. Under these conditions, the amount of permeant assumes a linear form, and by extrapolation, theta, or the time lag, on the time axis, can be determined. Once this information is obtained, along with the length of the permeable material, the diffusion coefficient can be calculated. This is shown in the diagram here. A typical curve for the amount of accumulated gas as a function of time. The intercept of the steady-state region of Qt  (total amount of gas transported across the membrane at time t) with the time axis. L = length of column/membrane thickness. 



(i. e., l2/6D) is defined as the time lag θ. The diffusion coefficient is given by: D = l2/6θ



G. Lu, J. T. Hupp, J. Am. Chem. Soc., 2010, 132 (23), 7832–7833
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~ 1.7mg ZIF‐8/cm2
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We attempted to create ZIF-8 coated membranes based on a recently-published communication from Hupp and Lu from Northwestern university. They were able to simply start with a fresh membrane, add the two precursors plus the solvent, and, at room temperature, form a thin film with the structure of ZIF-8. Our efforts, however, are not believed to have been successful. We tried using both alumina and piranha-etched silicon as the substrate, using the silicon membrane in order to obtain x-ray reflectivity results to characterize the surface of the membrane (under the assumption that equal formation would occur between the alumina and silicon membranes). Additionally, another unsuccessful component of the membranes was the apparently uneven layer formation. It could be possible to lightly stir the solution, but care would have to be taken in order to avoid upsetting the layer formation. 



Choi, J.; Lai, Z.; Ghosh, S.; Beving, D. E.; Yan, Y.; Tsapatsis,

 

M. Ind. Eng. Chem. Res. 2007, 46 (22), 7096–7106.
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Gas Diffusion 

 
Coefficient (m2

 

s‐1)
Permeance (mol s‐1

 

m‐2 Pa‐1)

N2 5.21 x 10‐5 1.17 x 10‐5

H2 3.472 x 10‐5 3.46 x 10‐5

He 3.472 x 10‐5 2.23 x 10‐5

CO2 4.53 x 10‐6 1.02 x 10‐5



Adsorption, Selectivity, Permeance 
ZIF‐4 and MOF‐74 more selective for CO2 than 
others studied
Ground‐level data for CO2 project
Future improvements:
Mixed gas streams ‐ need measurement system 
downstream to distinguish individual gases

Temperature control for the sample

Modify membrane holder
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The adsorbent is thermodynamically inert
The adsorbent has a universal, temperature‐
invariant area
The Gibbs definition of adsorption applies 
(surface excess)







Prediction of Network Geometry
Rigid Ligands
Recurring Coordination Motifs
Structure Directing Agents
Effect of the Anion

Interpenetration
Porosity

NO3
‐

 

vs.  PF6
‐

James SL. Metal‐organic frameworks. Chem Soc Rev, 2003, 32:276–288
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Although the synthesis of MOFs sounds very straightforward, unfortunately it isn’t always as easy as it seems. There are a few central issues around a “rational” approach to the synthesis of MOFs. Recall that one of the most important properties of MOFs with respect to the exploitation of their adsorption behavior is that of their permanent porosity.  One problem that may arise is that of using a floppy ligand, i.e. a ligand that possesses many degrees of rotational freedom. This can interfere with the prediction of network geometries, because there will not necessarily be a great propensity for the ligands to adopt any particular conformation. One approach to dealing with this problem is to use rigid ligands, as shown here in the top right, which have fewer degrees of freedom and are therefore more apt to stay put. Another approach to assisting with the prediction of network geometries is to exploit recurring coordination motifs, like the dimetallic tetracarboxylate illustrated here. By realizing that these are common Secondary Building Units, one can apply logic to the situation and suggest a rational approach. Additionally, the counteranion of the metal salt may or may not be important in the construction of the framework. Some anions are incorporated into the framework, whereas others are simply around to balance charge. Furthermore, the use of a coordinating vs. a non-coordinating counteranion may influence the structure.



Logically, one might suggest the use of a very long ligand to connect the metal nodes to create very large pores. This brings up a second problem in synthesis, that of interpenetration. In this case, it is possible that this approach can actually destroy the porosity of the framework, due to the interpenetration of another network may interpenetrate the first network, as shown here in this 5-fold interpenetration. Approaches to this problem include the use of builky connecting ligands to discourage interpenetration as well as using more dilute synthesis conditions.





2003 MOF Review Stuart James





Molecular Sieving Effect
Size exclusion

Thermodynamic Equilibrium Effect
Packing interactions

Kinetic Effect
Rates of diffusion

Quantum Sieving Effect
Diffusion in micropores

"Selective gas adsorption and separation in metal‐organic frameworks" Li, J.‐R.; Kuppler, R. J.; 

 

Zhou, H.‐C. Chem. Soc. Rev.

 

2009, 38,

 

1477‐1504.

Kinetic Diameters
He 2.6 Å
CO2 3.3 Å
O2 3.46 Å
N2 3.64 Å
CH4 3.8 Å

Presenter
Presentation Notes
As previously mentioned, simple adsorption is not the only concern in our project. We are also interested in the selective adsorption of a target molecule, specificially CO2. There are several factors that affect selectivity in gas adsorption. 



1. Because of size/shape exclusion, certain components of a gas mixture are prevented from entering the pores of an adsorbent while other components are allowed to enter the pores where they are subsequently adsorbed, known as the molecular sieving effect.



2. Because of different adsorbate-surface and/or adsorbate packing interactions, preferential adsorption of certain components over others occurs on the surface of an adsorbent, known as the thermodynamic equilibrium effect.



3. Because of different diffusing rates, certain components enter the pores and become adsorbed faster than other components, known as the kinetic effect. 



4. Because of the quantum effect, some light molecules have different diffusing rates in narrow micropores, which allows such molecules to be separated, known as the quantum sieving effect, which is based on the preferential adsorption of heavier isotopes due to the difference in the quantum energy levels of atoms or molecules confined in a very narrow space that is comparable to the de Broglie wave length.



It is important to note here that multiple interactions may be responsible for selectivity in gas adsorption.
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Based on the IAST calculations, it is possible to calculate selectivities for any composition of mixtures. All that is necessary is to define the initial gas phase concentration and to apply the principles of the calculation. The selectivity for CO2 at the two temperature extremes of our data collection is shown here. It can be seen that at 270K, the selectivity is around 6.75, whereas at 370 the selectivity is around 1.95. This is to be expected, as an increase in temperature reduces the adsorptive interactions as well as increases the “randomness” of the distribution of gas phase molecules, thereby minimizing the selectivity for a particular adsorbate. 
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