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Abstract 

Polymer Composite Membranes and Metal–Organic Framework Adsorbents for 
Industrial Gas Separations 

By 

Jonathan Enoch Bachman 

Doctor of Philosophy in Chemical Engineering 

University of California, Berkeley 

Professor Jeffrey R. Long, Chair 

The work presented in this thesis includes the design, synthesis, and characterization 
of polymer composite membranes and metal–organic framework adsorbents for 
application in industrially relevant gas separations. Specifically, these materials were 
designed for the purification of olefins in various processes, and for the removal of CO2 
from natural gas. A wide variety of techniques and characterization methods are covered, 
including gas permeation, gas adsorption, powder X-ray diffraction, transient 
breakthrough, electron microscopy and dynamic light scattering. 

Chapter 1 provides a brief introduction to membranes and metal–organic frameworks 
for gas separations, including their limitations and opportunities. The potential for metal–
organic framework/polymer composites in ethylene/ethane and CO2/methane separations 
is discussed. Additionally, the promise of using metal–organic frameworks in adsorptive 
separations for purifying ethylene and propylene, and the importance of these gas 
separations, is highlighted. 

Chapter 2 describes a method for improving the gas separation performance for 
membranes in a broadly applicable and synergistic way. Specifically, it addresses two 
fundamental problems with conducting gas separations in neat polymer materials, namely 
selectivity/permeability tradeoff as well as membrane plasticization. These two 
phenomena limit the application of membrane materials in numerous applications, and 
one severe case is the separation of ethylene from ethane. As the condensability and 
kinetic diameter of these gases are similar, there is no good chemical handle to conduct a 
separation. Introducing adsorption-based selectivity by compositing nanocrystals of the 
metal–organic frameworks M2(dobdc) (M = Mg, Mn, Co, Ni; dobdc4– = 2,5-dioxido-1,4-
benzenedicarboxylate) with a the polyimide 6FDA-DAM (6FDA = 4,4ʹ-
(hexaflouroisopropylidene)diphthalic anhydride; DAM = 2,4,6-trimethyl-1,3-
phenylenediamine), a unique chemical handle is used to improve the permeability of 
ethylene and the selectivity for ethylene over ethane. Additionally, we found that the 
metal–organic frameworks physically crosslink the polymer, which addresses 
plasticization, the second major issue with polymers for this gas separation.  

Chapter 3 expands upon the work highlighted in the previous chapter, by applying the 
crosslinking effects of the metal–organic frameworks to the purification of CO2 from 
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natural gas, another industrially relevant gas separation. In this case, nanocrystals of the 
metal–organic framework Ni2(dobdc) is incorporated into six different polymers that can 
be used for this gas separation. This resulted in significantly improved plasticization 
response in the majority of materials, as measured by CO2 permeation hysteresis and 
binary gas permeation measurements. Notably, high selectivity is retained under 
pressures of CO2 in excess of 20 bar. These pressures represent some of the most 
aggressive feed environments that might be encountered in the field. 

Chapter 4 mainly focuses on adsorptive-based separations, using metal–organic 
frameworks to purify olefins from paraffins. Using single-component and 
multicomponent equilibrium gas adsorption measurements, we have shown that M2(m-
dobdc) has superior performance for the physisorptive olefin/paraffin separation relative 
to any adsorbent, including its para-functionalized structural isomer, M2(p-dobdc) (p-
dobdc4– = 2,5-dioxido-1,4-benzenedicarboxylate). Notably, M2(m-dobdc) exhibits 
increased affinity for olefins over paraffins relative to their corresponding structural 
isomers, with the Fe, Co, and Ni variants showing more than double the selectivity. 
Among these frameworks, Fe2(m-dobdc) displays the highest ethylene/ethane (> 25) and 
propylene/propane (> 55) selectivity under relevant conditions with olefin capacities 
exceeding 7 mmol/g. Through this work, we show that the excellent olefin/paraffin 
selectivity, high olefin capacity, rapid adsorption kinetics, and low raw materials cost 
make M2(m-dobdc) the material of choice for adsorptive olefin/paraffin separation. 

In Chapter 5, the metal–organic frameworks M2(m-dobdc) are employed to purify 
ethylene from the broad mixture of products encountered in the effluent from an 
oxidative coupling of methane process, including ethane, CO, CO2, CH4, and H2. 
Through variable temperature, single-component equilibrium adsorption experiments, we 
show that each metal can accomplish ethylene purification at varying effectiveness. 
While all variants show the ability to purify ethylene from ethane, CO2, and CH4, only 
Mn2(m-dobdc) and Fe2(m-dobdc) can effectively conduct an ethylene/CO separation, 
while Mn2(m-dobdc) is most selective by an order of magnitude. 
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Chapter 1: Polymer Composite Membranes and Metal–Organic Framework 
Adsorbents for Industrial Gas Separations 

1.1 Introduction 

The industrial sector in the U.S. consumes about 31 quadrillion BTU, and 
about half of that energy goes into separation processes.1, 2 Thermally driven 
separations, including distillation, drying, and evaporation, account for the vast 
majority of energy consumed from separation processes. There is a broad effort to 
replace these thermally driven separations, which requires the latent heat 
associated with phase changes between liquids and gases, with ones that are based 
on physical separation mechanisms. Membrane-based separations and adsorptive-
based separations are the two most promising directions for reducing energy costs 
associated with gas separations in industry (Figure 1.1). Specifically, membrane-
based separations could reduce the energy consumption relative to distillation by 
up to a factor of ten.2 

While membrane and adsorptive-based separations have been used for 
decades, one major advancement in materials science has ignited a propagation of 
innovation in these two fields: metal–organic frameworks. Metal–organic 
frameworks are permanently porous materials formed by connecting metal nodes 
and organic linkers, and have been studied extensively for gas 
separations.3,4,5,6,7,8,9,10,11,12,13,14,15,16 Due to the to the tunability and vast array of 
structures accessible within the metal–organic framework materials class, novel 
adsorbents and membranes can be designed with specific applications in mind.  

Figure 1.1. Breakdown of U.S. energy consumption by sector. Industrial 
energy consumption accounts for about 32% of U.S. energy consumption, 
and separations require 45-55% of energy within the industrial sector. 
Thermally driven separations dominate energy consumption with 
separations, accounting for 80% of the energy consumed. 
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Herein, novel materials and processes are proposed that can be used to purify 
two gases: ethylene and methane. These gases are profoundly important for our 
economy from both an energy and materials perspective. Ethylene is a 
fundamental building block for most polymers, and is consumed on massive 
scales both domestically and globally.17 Ethylene is primarily derived from naptha 
or ethane cracking, and is then purified from a mixture of gases using a thermally 
inefficient cryogenic distillation cascade. Methane, primarily derived from natural 
gas, has an even larger footprint on our economy and environment. While there is 
a major push towards renewables in order to reduce CO2 emissions in the electric 
power sector, the shift from coal to natural gas has in fact had the largest impact 
on reducing CO2 emissions in recent decades.18 Natural gas, while primarily 
composed of methane, is often contaminated with CO2 concentrations above what 
is allowed on the pipeline.19 The CO2 then needs to be purified at centralized gas 
processing facilities, in which decades-old absorption-based amine scrubbing 
technology is used to remove the CO2 from the natural gas. 

Both cryogenic distillation and amine scrubbing technologies require 
significant thermal input, making them an economic sink in the process as well as 
giving them considerable carbon footprints. Instead, metal–organic frameworks 
that can selectively adsorb ethylene or CO2 can be employed in either membranes 
or adsorptive-based processes in order to produce ethylene or methane more 
efficiently. One metal–organic framework that shows promise for adsorbing either 
of these gases is M2(dobdc) (M-MOF-74; CPO-27-M; M = Mg, Mn, Fe, Co, Ni, 
Zn; dobdc4– = 2,5-dioxido-1,4-benzenedicarboxylate), which feature ~12 Å-wide 
hexagonal channels lined with a high concentration of exposed divalent metal 
cations (Figure 1.2).28,29,30,31 

Figure 1.2. The metal–organic framework M2(dobdc), synthesized from a 
M2+ salt and the organic ligand H4(dobdc). Upon activation, the M2+ ion 
within the framework can strongly polarize and adsorb gas molecules. 
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This class of metal–organic frameworks is unique in that they have the highest 
density of exposed metal sites per unit mass. This endows them with an ability to 
adsorb gases with high selectivity and high capacity. Specifically, the high 
selectivity for some gas mixtures in which adsorbate-metal interactions dominate 
the adsorption behavior in the material. 

The unique metal sites in these frameworks can be used for gas separations 
through either adsorptive-based process or membrane-based processes. Through 
the incorporation of M2(dobdc) nanocrystals in polymer membranes, two 
fundamental problems that exist for neat polymer membranes can be overcome. 
Nanocrystals of M2(dobdc) can dispense with the limitation known as the 
‘Robeson upper bound’, and can also decrease the extent of adsorbate-induced 
plasticization. The Robeson upper bound is the tradeoff that exists between a 
polymer’s permeability for a certain gas with its selectivity for that gas over 
another (Fig. 1.3.). With larger differences in kinetic diameter between two gas 
species, higher selectivities can be achieved. For some very important gas 
separations, such as the purification of O2 from air or the separation of ethylene 
from ethane, the gas species to be separated have only small differences in size. 
Thus, developing membranes with high ethylene/ethane selectivities is uniquely 
challenging.  

Figure 1.3. The Robeson upper bound for separations in polymeric 
membranes for various gas pairs that are relevant in industrial settings, 
including C2H4/C2H6, O2/N2, H2/O2, H2/N2, and H2/CH4.  
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1.2 Membranes for Ethylene/Ethane Separations 

The challenge in separating ethylene from ethane is that they have similar 
physical and thermodynamic characteristics. Traditional cryogenic separations 
utilize high pressures and low temperatures to separate ethylene from ethane 
using their different boiling points (Fig. 1.3). However, because ethylene has a 
boiling point of -103.7 ˚C, the reflux condenser needs to stay cold and consumes a 
significant amount of energy. Alternatively to separating based on boiling point, 
ethylene and ethane can be separated based on their kinetic diameter using a 
membrane-based separation, however the very small difference in kinetic 
diameter causes membrane selectivities to be low. Instead of using the difference 
in kinetic diameter to separate molecules based on size, we have shown that 
incorporating adsorbents into membranes can imbue selectively based on the 
binding of ethylene to metal sites preferentially due to ethylene’s electronic 
structure. The π orbitals in ethylene, lacking in ethane, have unique interactions 
with the M2+ ions in M2(dobdc).  

Figure 1.4.  Conventional cryogenic distillation cascade for olefin/paraffin 
paraffin separations (a), and the proposed system for separating olefins 
from paraffins using membrane-based units in place of distillation (b). 

The small difference in kinetic diameter between ethylene and ethane is not 
the only barrier for implementing membrane-based ethylene/ethane separations. 
Another phenomenon, known as plasticization, dramatically affects separation 
performance. Plasticization occurs to a large extent in both glassy and rubbery 
polymers, originating from sorbate-induced swelling of the film. Figure 1.4 
illustrates plasticization from a macroscopic perspective. Initially, ethylene and 
ethane are fed in at an elevated pressure on the feed side of the membrane (Fig. 
1.4a). Ethylene and ethane will both sorb into the film due to strong Van Der 
Waals interactions (Fig. 1.4b). The ethylene and ethane will then begin to 
permeate the film into the product side of the membrane, enriched in ethylene if 
the membrane has an ethylene/ethane selectivity > 1 (Fig. 1.4c). However, over 

4



time, the high concentration of ethylene and ethane in the polymer will begin to 
swell the polymer film (Fig. 1.4d). This increases the fractional free volume 
(FFV) of the polymer, increasing the flux of both ethylene and ethane, and 
decreasing the ethylene/ethane selectivity.  

Figure 1.5. Gas permeation across a membrane. A gas mixture is fed in on 
one side of the membrane (a), followed by preferential gas sorption into 
the film (b). The gas then permeates the film and desorbs on the opposite 
face of the membrane (c). Upon exposure to strongly sorbing gases, the 
polymer can increase its free volume, thus becoming plasticized (d).  

The issue of ethylene/ethane selectivity as well as polymer plasticization is 
addressed in Chapter 2. The metal-site can interact with the polymer functionality 
as well as the adsorbate. The metal–organic framework/adsorbate interactions 
address the ethylene/ethane problem, and metal–organic framework/polymer 
interactions address the plasticization problem. 

5



1.3. Membranes for Natural Gas Purification 

This issue of plasticization is not only a problem for ethylene/ethane 
separations, but also in the purification of natural gas. Between 20 and 30% of 
natural gas reserves are contaminated with CO2 above the maximum pipeline 
specification.19 In order to sell the natural gas to consumers, CO2 must be 
removed, primarily at centralized gas processing facilities. The conventional 
technology for removing CO2 from natural gas is amine-based scrubbing. 
Aqueous ammonium-carbamate chemistry affixes CO2 very selectively down to 
low concentrations, enabling the pipeline specification to be met (Fig. 1.5a).20 
There are two primary problems with conventional amine-scrubbers. First, the 
corrosive nature of the amines make the process harmful on the environment and 
their corrosivity creates a large equipment maintenance costs. Second, there are 
evaporative losses during the temperature swing used to recover the solvent, 
causing energy as well as material losses that make the process inefficient. 

Instead of amine-based scrubbing technology for CO2 removal from natural 
gas, CO2-permeable membranes can be used to upgrade natural gas to pipeline 
quality. Membranes can be highly effective in this application, particularly due to 
the large pressure driving force that is present in the natural gas well. However, 
low selectivities cause membranes to be feasible in only a limited set of scenarios. 

While there have been significant advances in polymers for CO2/CH4 
separations, none have displaced the conventional materials Matrimid® and 
cellulose acetate. This is because many advanced polymeric materials are highly 
susceptible to plasticization. Plasticization effects are driven by CO2-polymer 
interactions, in which case polymers that display high pure-gas CO2/CH4 
selectivities become swollen and their selectivities drop to those of conventional 
polymers under mixed-gas conditions. 

In Chapter 3, a method for using metal–organic frameworks for reducing 
plasticization effects is discussed, focusing on high pressure, mixed-gas 
conditions that are industrially relevant. 

Figure 1.6. Traditional absorption process for natural gas purification 
using amine-based solvents (a), and membrane-based process for natural 
gas purification using CO2-selective materials (b).  
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1.4. Adsorbents for Olefin/Paraffin Separations 

A third alternative for olefin/paraffin separation, besides cryogenic 
separations and membrane-based separations, is adsorptive-based separation. In 
this process, ethylene or propylene is preferentially adsorbed over ethane or 
propane. Since the paraffin primarily resides in the gas phase in the adsorption 
bed, it breaks through the bed first. The olefin can then be regenerated from the 
adsorbed phase and collected as a product gas (Fig. 1.6). 

Figure 1.7. Conventional cryogenic distillation cascade for olefin/paraffin 
paraffin separations (a), and the proposed system for separating olefins 
from paraffins using adsorption-based units in place of distillation (b). 

A promising adsorbent material needs to have four main properties to be 
commercially viable. These qualities include olefin/paraffin selectivity 
sufficiently high to produce polymer-grade olefins (> 99.6%), high olefin 
capacity, reversible and rapid adsorption/desorption kinetics, and be composed of 
low-cost raw materials. While there has been significant effort towards 
developing a candidate material for performing this separation, only some of the 
four key characteristics have been met. High selectivity materials rely on very 
strong olefin-metal interactions that are not reversible. Additionally, materials that 
display high selectivity as well as reversibility have not shown high capacity or 
fast adsorption/desorption kinetics. Chapter 4 discusses the ability for the metal–
organic framework M2(m-dobdc) to inhabit all four of the required properties. 

1.5. Adsorbents for Purifying Oxidative Coupling of Methane Effluent 

As ethylene is primarily produced through ethane or naphtha cracking, there is 
no obvious route to produce from feedstocks other than fossil fuels. Methane can 
be a transitional replacement for other fossil-based feedstocks, and can also be 
produced renewably through biogas derived from waste. To do this, methane 
needs to be coupled and oxidized into ethylene, through the oxidative coupling of 
methane (OCM) process.21,22,23,24,25,26,27,28,29,30,31,32,33,34 However, catalysts that 
perform this reaction do so at low methane conversion and selectivity for ethylene 
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over other products. This results in a product mixture that is primarily methane, 
with low amounts of ethylene, ethane, H2, CO, and CO2. This complex gas 
mixture is expensive to separate based on a conventional cryogenic distillation 
cascade. In Chapter 5, a method for separating ethylene selectively from this 
complex mixture of gases is discussed, using the metal–organic frameworks 
M2(m-dobdc). 

Figure 1.8. Comparison of a thermally-driven separation cascade for 
purification of oxidative coupling of methane effluent gas (a) to an 
adsorption system that can remove ethylene from all other OCM effluent 
gases (b). A classical thermally-driven separation cascade uses an 
absorption-based CO2 removal system followed by a cryogenic distillation 
cascade including a demethanizer column and a C2 splitter. 
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Chapter 2: Enhanced Ethylene/Ethane Separation and Mitigated Plasticization in 
Polymer Membranes Incorporating Metal–Organic Framework Nanocrystals 

 
2.1 Abstract 
 

The implementation of membrane-based separations in the petrochemical industry 
has the potential to reduce energy consumption dramatically relative to conventional 
separation processes. Achieving this goal, however, requires the development of new 
membrane materials with greater selectivity, permeability, and stability than currently 
available. Here, we report composite materials consisting of nanocrystals of the metal-
organic frameworks M2(dobdc) (M = Mg, Mn, Co, Ni; dobdc4– = 2,5-dioxido-1,4-
benzenedicarboxylate) dispersed within a high-performance polyimide, which can 
display enhanced selectivity for ethylene over ethane, greater ethylene permeability, and 
improved membrane stability. Our results suggest that framework-polymer interactions 
reduce chain mobility of the polymer while simultaneously boosting membrane 
separation performance. The increased stability, or plasticization resistance, is expected 
to improve membrane utility under real process conditions for petrochemical separations 
and natural gas purification. Furthermore, this approach can be broadly applied to 
numerous polymers that encounter aggressive environments, potentially making gas 
separations previously inaccessible to membranes now possible. 

  

2.2 Introduction 
 

Separations in the petrochemical industry are extremely energy intensive, and 
improving process efficiency has the potential to create significant cost and 
environmental savings.1 One of the most challenging industrial gas separations is the 
purification of olefins from olefin/paraffin mixtures, which is accomplished today by 
cryogenic distillation and accounts for 120 Tbtu/year in energy consumption.1,2 

Membranes have been proposed as replacements for or supplements to conventional 
distillation, and although numerous membrane materials have shown promise for 
olefin/paraffin separation, there are no materials with adequate separation performance 
under realistic process conditions3,4,5. Indeed, this materials challenge extends to 
numerous other gas separations, including the purification of natural gas and the 
production of other petrochemicals5. In particular, the limitation of membrane technology 
is due to a lack of materials that have a combination of high selectivity, permeability, 
processability, and stability during operation, all of which are necessary for 
implementation of a material. Molecular sieve-based membranes can achieve very high 
selectivities and permeabilities, but are difficult to fabricate on a large scale6,7,8, or are 
prone to defects.9 Similarly, thermally rearranged polymer membranes can exhibit 
excellent separation performance, but are brittle and susceptible to breaking during 
operation.10 Classical polymer membranes are robust and processable, but these generally 
do not display sufficiently high olefin/paraffin selectivity and permeability, and, perhaps 
more importantly, their performance rapidly diminishes with use owing to plasticization. 
Plasticization, which involves a dramatic and often unpredictable loss in selectivity as a 
result of polymer swelling upon exposure to high pressures of polarizable gases, is a 
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major obstacle to the commercial adoption of membranes for refinery separations or 
natural gas purification. Current strategies for reducing plasticization rely on polymer 
crosslinking, which is limited to polymers with crosslinkable organic functionalities and 
often has the deleterious effect of reducing membrane permeability.11 The approach we 
adopt here is to create potential crosslinks within a high-performance polymer by 
incorporating nanocrystals of metal-organic frameworks containing coordinatively-
unsaturated metal sites, which are in and of themselves expected12 to display an improved 
separation performance. As we will demonstrate, the resulting composites can uniquely 
and simultaneously satisfy the requirements of high selectivity, permeability, 
processability, and stability. 

Metal-organic frameworks are porous crystalline materials that have shown promise 
for a variety of gas separations, including for key hydrocarbon separations.12,13 
Traditionally developed for adsorption-based separations, metal-organic frameworks 
have more recently shown promise for use in membranes.14 These materials have been 
formed into composite films by mixing with polymers to create mixed-matrix 
membranes15,18 and tested as stand-alone membranes in the form of hollow fibers9,19 or 
sheets.20,21 Although they have been successfully employed for improving 
propylene/propane15 and CO2

 separations16,22,23, this approach has, until now, not 
improved ethylene/ethane selectivity and permeability4,24, nor has it been shown to 
enhance membrane stability. For polymer membranes, ethane adsorption is nearly 
identical to that of ethylene, thereby preventing improvements in selectivity based on a 
sorption-selectivity mechanism.25 In contrast, many adsorbents with coordinatively-
unsaturated metal sites have enhanced adsorptive affinity for olefins over paraffins owing 
to a strong interaction between the metal and the π-system of the alkene.13,26,27 Indeed, 
these interactions have led to record-high adsorption selectivities and capacities in the 
metal-organic frameworks M2(dobdc) (M-MOF-74; CPO-27-M; M = Mg, Mn, Fe, Co, 
Ni, Zn; dobdc4– = 2,5-dioxido-1,4-benzenedicarboxylate), which feature ~12 Å-wide 
hexagonal channels lined with a high concentration of exposed divalent metal 
cations.28,29,30,31 

 
2.3. Materials & Methods 
 

2.3.1. Synthesis of M2(dobdc) nanocrystals. All nanocrystal syntheses were 
conducted at room temperature. Solid 2,5-dihydroxyterephthalic acid (1.0 g, 5.0 mmol; 
H4(dobdc)) and 16 mmol of M(NO3)2·6H2O (M = Mg, Co, Ni) or MnCl2·4H2O were 
added to a mixture of 400 mL of DMF, 27 mL of ethanol, and 27 mL of water in a 500-
mL round bottom flask.. After sparging the mixture with N2, 5 mL of triethylamine was 
added rapidly while stirring under an N2 atmosphere. The M2(dobdc) nanocrystals 
precipitated within minutes, but all reaction mixtures were stirred for 2 h. The suspended 
M2(dobdc) nanoparticles were immediately collected by centrifugation, and the solid was 
redispersed in 250 mL of DMF and the suspension was heated at 120 °C for 6 h. The 
centrifugation and DMF washing steps were repeated five times in order to remove 
unreacted ligand. The nanocrystals were then collected by centrifugation and redispersed 
in 250 mL of methanol and the suspension was heated at 60 °C for 2 h. The 
centrifugation and methanol washing steps were repeated five times in order to exchange 
all of the DMF for methanol, including those molecules coordinated to the metal sites. 
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Full removal of DMF was confirmed by infrared spectroscopy. Nanocrystals were then 
stored in methanol until membrane casting, or dried under reduced pressure at 180 °C for 
24 h prior to gas adsorption measurements. 

 
2.3.2. Membrane casting and activation. To prevent agglomeration, nanocrystals 

were not dried before film casting and formation. Concentrations of M2(dobdc) in 
methanol were determined by sonicating a stock solution and reducing a 1-mL aliquot to 
dryness to find the mass of activated nanocrystals, and resulting stock solutions were 
found to be ~50 mg/ml. For M2(dobdc)/6FDA-DAM mixed-matrix membranes, an 
aliquot from the M2(dobdc) stock solution in methanol was taken and redispersed in 10 
mL of dichloromethane. The nanocrystal suspension was then sonicated using a horn 
sonicator for 2 min, adding additional dichloromethane in order to maintain a total 
volume of 10 mL. 6FDA-DAM was then dissolved into the M2(dobdc) suspension and 
the mixture was sonicated for another 1 min. The mixture was cast onto a glass plate and 
the dichloromethane was allowed to evaporate over the course of ~24 h, and the resulting 
films were found to be 40-70 µm thick. The freestanding film was then dried in a vacuum 
oven at 120 °C for 24 h in order to remove residual dichloromethane.  

The loading of M2(dobdc) nanocrystals in 6FDA-DAM was determined by a 
thermogravimetric analysis method. For reference, the M2(dobdc) powder was first 
activated under flowing N2 at 180 °C for 1.5 h to ensure activation, and then the samples 
were heated to 600 °C under flowing O2. The remaining oxide mass was compared to the 
initial activated mass of the metal-organic framework. Results are presented in Fig. 
2.S10. The same procedure was conducted for the M2(dobdc)/6FDA-DAM films. The 
percentage of mass remaining after the ramp to 600 °C under O2 is attributable to metal 
oxide, and from this the amount of activated M2(dobdc) present in the film was obtained. 

 
2.3.3. Gas permeability measurements. Gas permeation was determined using 

permeation systems that were constructed in-house. To prepare samples, films were 
supported on brass shim stock disks. These disks were machined to fit tightly into our 
permeation cells, and they contained a hole bored directly through their center. Films 
were placed over the hole, and a seal was formed between the brass disk and film by 
affixing samples to the disk with an impermeable PDMS glue. Upon curing, a small area 
of film remained exposed, and the area of film accessible to gas transport was determined 
using a scanner. Membrane thicknesses were measured with a depth gauge. The 
membrane support was loaded into a stainless steel filter holder (MilliporeTM XX4502500 
for single low pressure measurements, MilliporeTM XX4504700 for multiple high 
pressure single component measurements, and MilliporeTM XX4404700 for high pressure 
mixed-gas measurements). In order to activate the M2(dobdc) nanocrystals contained 
within the polymer membrane, the film was heated at 180 °C in situ under dynamic 
vacuum for ~12 h using a custom built heating mantle. Prior to gas permeation tests, the 
system was held under static vacuum and the leak rate into the downstream volume was 
determined. This leak rate was then subtracted from subsequent permeation rates; 
however, we note that the leak rate was <1% of the permeation rate for each of the gases 
tested. For single point, low pressure measurements, ethane permeation tests were run 
before ethylene, and samples were reactivated at 180 °C for 30 min in between 
measurements. The same film was used for each gas in order to prevent uncertainty in 
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membrane thickness or exposed area from translating into uncertainty in selectivity. To 
ensure that our results were independent of thermal annealing history and plasticization 
and conditioning effects, permeation experiments were repeated on films that were 
previously exposed to ethane and ethylene, and within the uncertainty of the 
measurements, no changes were observed in permeation for the second set of 
experiments. In the case of high-pressure measurements, where membranes are 
susceptible to plasticization, a new membrane was loaded, so that plasticization of the 
film by the previous gas did not affect the permeability measurements after each 
plasticizing gas, i.e. CO2, C2H4 and C2H6. Permeation tests were run for at least six times 
the time lag at each pressure point, and the time lag is defined in the Supplementary Text. 
For permeation tests where a time lag was not detectable, permeation was measured for 3 
min at each pressure point. In measuring mixed-gas permeation, a similar procedure to 
high-pressure single-component measurements was followed. In order to prevent 
concentration polarization on the feed side of the membrane, the gas mixture (either 
50:50 C2H4 in C2H6 or 50:50 CO2 in CH4) was flowed across the feed side of the film, 
through a needle valve and a bubbler. The ratio of the permeation rate to the feed sweep 
rate, or stage cut, was kept at <1%. The gas mixture was allowed to permeate the 
membrane until a steady state permeation rate was reached (>6 time lags). The permeate 
volume was then evacuated and allowed to accumulate under steady state conditions. The 
permeate gas was then expanded into an evacuated volume and analyzed with a mass 
spectrometer (MKS Microvision 2). To determine the fraction pC2H4/(pC2H4+pC2H6), the 
mass fraction of (mass 27)/[(mass 27) + (mass 30)] was calibrated to cylinder mixtures of 
known composition. Similarly, to determine pCO2/(pCO2+pCH4), the mass fraction of (mass 
44)/[(mass 44) + (mass 15)] was used. Calibration curves for these mixtures are given in 
Figures 1.S12 and 1.S13. The uncertainty in the downstream mole ratio is a propagation 
of uncertainty from the standard error in the mole ratio calibration. 

 
2.3.4. Gas adsorption measurements. Low-pressure gas adsorption data between 0 

and 1.1 bar were measured using a Micromeritics ASAP 2020 instrument. Samples 
consisting of 50-100 mg of M2(dobdc) powder, polymer film, or mixed-matrix film were 
loaded into a preweighed tube, and heated at 180 °C for 24 h. The mass of the activated 
sample was then used as the basis for the adsorption measurements. After an adsorption 
isotherm was measured, the sample was reactivated at 180 °C for 3 h before measuring a 
subsequent adsorption isotherm.  

 
2.3.5. Imaging of M2(dobdc)/6FDA-DAM mixed-matrix membranes and 

M2(dobdc) nanocrystals. For cross-sectional transmission electron microscopy (TEM) 
samples, the mixed-matrix membranes were imbedded in epoxy resin (Araldite 502, 
Electron Microscopy Sciences) and cured at 60 °C for 12 h. The sample was then cut into 
~100-nm thick sections using an RMC MT-X Ultramicrotome (Boeckler Instruments) 
and collected on copper TEM grids. TEM images were obtained on a JEOL 1200 EX 
TEM instrument operating at an accelerating voltage of 120 kV. Scanning electron 
microscopy (SEM) images were collected at 5keV/12µA using a  field emission SEM 
instrument (JEOL FSM6430). Membrane cross-sections were exposed by fracturing in 
liquid nitrogen. For imaging M2(dobdc) powders, SEM samples were prepared by 
dispersing the nanocrystals in dichloromethane and drop casting onto a silicon chip. In 
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order to dissipate charge, the samples were sputter coated with ~3 nm of Au (Denton 
Vacuum, LLC). TEM samples of M2(dobdc) powders were prepared by dispersing 
nanocrystals into methanol and drop casting onto copper TEM grids. 

 
2.3.6. Determination of glass transition temperatures. The glass transition 

temperature (Tg) for 6FDA-DAM, 6 wt % Ni2(dobdc) and 25 wt% Ni2(dobdc) were 
determined by differential scanning calorimetry using a TA Q200 instrument. 
Temperature scans were conducted at 10 °C/min between 40 and 410 °C, and the 
exotherm on the second temperature scan was taken for the Tg. 

 
2.3.7. Dynamic light scattering measurements 

Number-averaged particle size distributions were collected by dynamic light scattering. 
After synthesis, including washing in methanol, a 1-mg sample of the M2(dobdc) 
nanocrystals was suspended in 20 mL of methanol and sonicated using a horn sonicator 
for 2 min. Measurements were performed at 35 °C on a Brookhaven BI-200sm 
instrument, using samples suspended in methanol and assuming a refractive index of 1.7 
for the M2(dobdc) nanocrystals. 
 

2.3.8. Calculating permeability. In order to ensure steady-state permeation rates are 
attained, permeability measurements were run for at least six times the time lag, where 
the time lag is defined as the intercept on the time-axis on the pressure vs. time plot 
where a line is drawn fitting the linear region.34 t = 0 corresponds to when the 
downstream volume is closed to vacuum and the gas is allowed to begin accumulating. 
At the end of six times the time lag, the slope of the line fitting the last 20% of the data 
was used to determine the steady-state permeation rate. In the case that the time lag was 
not detectable, i.e., for CO2 permeation, the permeation at each pressure point was 
allowed to proceed for three minutes.  

The pressure-based permeability is calculated using Eqn. 1, where P is the 
permeability, l is the thickness of the film, Vcell is the volume downstream of the 
membrane where gas is allowed to accumulate during a permeation test, A is the area of 
the membrane exposed to permeation, Pf is the upstream pressure, R is the gas constant, T 
is the temperature in K, 𝑑𝑝 𝑑𝑡 !!

 is the steady-state permeation rate, and 𝑑𝑝 𝑑𝑡 !"#$
is the leak 

rate. We report permeabilities in the unit of Barrer (1 Barrer = 10!!" !"! !"# ∗!"
!"!∗!∗!"#$

) 
 

 
          𝑃 =  !∗!!"##

!∗!!∗!∗!
𝑑𝑝

𝑑𝑡 !!
− 𝑑𝑝

𝑑𝑡 !"#$
                             (1) 

 
 

Uncertainty in the permeability was propagated from uncertainty in the film thickness, 
film area, upstream pressure transducer, temperature, and downstream volume.  
 

2.3.9. Calculation of permeability based on upstream fugacity. The true driving 
force for the permeation of gas is the gradient in the chemical potential across the 
membrane. Normally, pressure is used as a proxy for the chemical potential and is valid 
in the limit of P à 0. At higher pressures, however, the pressure no longer remains a 
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good proxy for the driving force because non-ideal gas behavior becomes important. 
Instead, the gas fugacity is a more accurate measure of the imposed driving force for 
permeation.  
 
The fugacity-based permeability can instead be calculated by, 
 

          𝑃 =  !∗!!"##
!∗!!∗!∗!

𝑑𝑝
𝑑𝑡 !!

− 𝑑𝑝
𝑑𝑡 !"#$

                             (2) 

 
where ff is the fugacity of the feed. This treatment is especially relevant for polarizable 
gases, e.g. CO2, C2H4, and C2H6, where the fugacity deviates strongly from the pressure 
at the conditions tested here. Fugacities were estimated from the virial equation using 
both second and third virial coefficients. Second virial coefficients were taken from the 
polynomial expressions recommended by Dymond et al., and third virial coefficients 
were estimated from data tables compiled by Dymond et al. by plotting multiple data 
points around 35 °C.35 The plots were fit to polynomial expressions, and the best fit value 
was taken at 35 °C. Gas density data was taken from REFPROP, which is a database 
maintained by NIST.36 

Since pressure overestimates the driving force for permeation, the fugacity-based 
permeability isotherm tends to turn upward at higher fugacities as compared to the 
pressure-based permeability isotherm. This trend results in a lower experimental 
plasticization point compared to the pressure-based permeability data. It is important to 
note, however, that reduction in the plasticization is still clearly observed for each case 
(Figs. 2.S7 and 1.S8), regardless of the basis for permeability calculations. 

 
2.3.10. Calculation of permeability parameters. In order to further elucidate the 

mechanism of increased selectivity and permeability, it was useful to determine the 
relevant parameters contributing to the permeability. Assuming that permeation follows 
the solution-diffusion model in these films, 
 

          𝑃 = 𝐷 ∗ 𝑆                        (3) 
 

where D is the diffusivity in cm2s-1 and S is the solubility in !"! (!"#)
!"!∗!"#$

. The solubility is 
also related to the equilibrium adsorption isotherm, 

 
                                                          𝑆 =  !(!!)

!!
                                                                        (4) 

 
where ρ is the density of the membrane in g·cm-3, no is the amount adsorbed in 
equilibrium with the feed pressure in cm3 (STP)·g-1, and measured from the adsorption 
isotherm, and po is the feed pressure in mbar. The density of the membrane was 
calculated using the crystallographic density of framework37, the density of the polymer, 
and the mass loading of M2(dobdc) in the polymer as measured by TGA. The diffusivity 
can then by calculated by D = P/S. 
 
Alternatively, the diffusivity can be calculated using the time-lag method, 
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!
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             (5) 

 
where θ is the time lag38.  These diffusivities are presented in Table S7. Interestingly, the 
diffusivities as calculated from the time-lag method are lower than for the static, solution-
diffusion calculation. This result can be explained by the much higher adsorption 
enthalpy on the open metal sites of the framework causing partial immobilization of the 
penetrant during non-steady state permeation.39 

 
2.3.11. Polymer Synthesis. Polyimides were formed from 2,2'-bis-(3,4-

dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) and diaminomesitylene 
(DAM) using standard chemical imidization techniques.40,41 The dianhydride, 6FDA (P/N 
H0771, CAS # 1107-00-2), and diamine, DAM (P/N T1275, CAS # 3102-70-3), were 
purchased from TCI. Before use, 6FDA was purified once by vacuum sublimation and 
DAM was purified three times by vacuum sublimation. N-methyl-2-pyrrolidone (NMP) 
was purchased from Spectrum Chemicals (P/N M1557) and vacuum distilled 
immediately before use. Triethylamine (P/N TX1200-5) and acetic anhydride (P/N 
320102) were purchased from EMD and Sigma-Aldrich, respectively, and were used as 
received. A dry atmosphere was maintained within the reaction glassware by flowing 
house nitrogen through a Drierite column (W.A. Hammond Drierite Co., Ltd., Xenia, 
OH) upstream of the reaction vessel. All glassware was attached to flowing, dry nitrogen 
before being flame dried. 

To a three neck flask equipped with overhead mechanical stirrer, 2.152 g (14.33 
mmol) of DAM was added and dissolved in 15 mL of NMP.  Following dissolution of the 
diamine, the three neck flask was cooled to 0°C using an ice bath before slowly adding 
6.364 g (14.33 mmol) of 6FDA and an additional 15 mL of NMP. The sample was stirred 
for approximately 24 h to form a viscous poly(amic acid). Next, approximately 2 mL of 
triethylamine and 5.4 mL of acetic anhydride were added as the activating and 
dehydrating agents, respectively, for chemical imidization. The solution was diluted with 
an additional 6 mL of NMP and allowed to stir for an additional 20 h to form the 
polyimide. 

Following imidization, the viscous polymer solution was precipitated by pouring the 
reaction solution slowly into approximately 1 L of methanol (MeOH), which was stirring 
at intermediate speeds on a stir plate. The polymer fibers were rinsed thoroughly with 
MeOH, placed in a fresh batch of MeOH, and stirred to extract residual reaction solvent 
for approximately 18 h. Next, the fibers were again thoroughly rinsed in fresh MeOH 
before stirring the sample in fresh MeOH for an additional 18 h. After a final filtration 
and drying step, the polymer fibers were heated at 225°C for approximately 24 h under 
vacuum. Following these rinsing and drying steps, no solvent was observed in the 
polymer film as determined from thermogravimetric analysis. 
 

2.3.12. Polymer Characterization. 1H NMR was run on a 400 MHz instrument 
using CDCl3 as the solvent. Fig. 2.S9 presents the spectra, and the peak assignments 
closely match those reported in the literature.42 In addition to the peak for CDCl3 (7.30 
ppm), a peak for water appears at 2.14 ppm. No peaks were observed between 10 and 12 
ppm, which indicates that the poly(amic acid) was fully imidized.43 Molecular weight 
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was estimated using a Viscotek TDA 302 size exclusion chromatography (SEC) system 
calibrated relative to polystyrene and using tetrahydrofuran (THF) as the solvent. Table 
S6 presents the weight average molecular weight, number average molecular weight, and 
polydispersity index for the sample considered in this study.  
 
2.4. Results & Discussion 
 

2.4.1 Physical and Adsorptive Properties. To achieve an intimate dispersion and 
test their influence on ethylene/ethane separation performance in polymer composites, a 
series of M2(dobdc) (M = Mg, Mn, Co, Ni) nanocrystals were synthesized. As measured 
by dynamic light scattering, the mean particle sizes for Co2(dobdc) and Ni2(dobdc) were 
found to be 17 ± 3 and 18 ± 5 nm, respectively, while Mn2(dobdc) and Mg2(dobdc) 
tended to form much larger nanoparticles of 100 ± 20 and 200 ± 50 nm, respectively. 
From a practical point of view, polymer membranes that are currently used in industry 
are very thin (~100 nm), so dispersed particles in these films would need to be smaller 
than the thickness of the films. Indeed, for such nanocrystal/polymer composites to 
maintain processability, particles with dimensions much less than 100 nm would likely be 
required, which is the case for Ni2(dobdc) and Co2(dobdc). Although these are 
significantly smaller crystallites than their solvothermally synthesized counterparts, and 
thus have a greater ratio of external particle surface area relative to internal pore area, 
they retain a high ethylene adsorption capacity (2.1c) as well as ethylene/ethane 
selectivity (Fig. 2.S3). For the polymer phase of the membrane, we chose a high-
performance polyimide, 6FDA-DAM (6FDA = 4,4ʹ-(hexaflouroisopropylidene)diphthalic 
anhydride; DAM = 2,4,6-trimethyl-1,3-phenylenediamine), which has been identified as 
a promising material for olefin/paraffin separations based on a high olefin permeability 
and a high olefin/paraffin selectivity that place it near the predicted upper-bound for a 
pure polymer membrane.32 

For each nanocrystal type studied, the amount of gas adsorbed in the composite film 
corresponds to the weighted average between the neat polyimide and the pure 
nanocrystals, indicating that the exposed metal cations of M2(dobdc) are fully accessible 
to ethylene and ethane (Fig. 2.S4). Gas adsorption experiments performed on neat 6FDA-
DAM compared to 6FDA-DAM loaded with 25 wt % Ni2(dobdc) revealed that the 
presence of Ni2(dobdc) dramatically increases the amount of both ethylene and ethane 
adsorbed, while also introducing a marked adsorption selectivity for ethylene (Fig. 2.1d). 
Overall, the adsorption isotherms indicate that, in equilibrium with the upstream pressure, 
a higher concentration of gas is dissolved in the film for the M2(dobdc)/6FDA-DAM 
membranes relative to the neat polymer. At the downstream face of the film, no gas is 
dissolved within the film as it is in equilibrium with vacuum, regardless of the adsorption 
isotherm of the membrane. This causes a steeper concentration gradient within 
M2(dobdc)/6FDA-DAM membranes, and thus a greater driving force for transport and 
higher permeabilities. If the gas penetrating through the membrane were immobilized in 
the adsorbed phase within the nanocrystals, then the measured transport properties would 
instead be dominated by the polymer phase.  
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2.4.2. Pure-Gas Transport in 6FDA-DAM/M2(dobdc) Composites. Indeed, an 

enhanced adsorption combined with increased permeabilities would only be expected if 
diffusion through the pores of the M2(dobdc) nanocrystals is fast relative to diffusion 
through the polymer. The increased permeation rates for ethylene and ethane therefore 
indicate that the adsorbed phase is mobile, and that gases transport rapidly between the 
nanocrystal and polymer phases. Single-component ethylene and ethane permeation 
measurements were performed on a neat 6FDA-DAM membrane, as well as on 
M2(dobdc)/6FDA-DAM composites with different M2(dobdc) loadings (Fig. 2.2a). In 

Figure 2.1. Physical and adsorptive properties for M2(dobdc) nanocrystals. By 
rapidly combining M(NO3)2·6H2O (M = Mg, Co, Ni) or MnCl2·4H2O and H4dobdc with 
triethylamine, M2(dobdc) crystallizes within minutes. X-ray powder diffraction was used 
to confirm the crystallinity and phase purity of all as-synthesized M2(dobdc) nanocrystals 
(a). Vertical lines indicate a simulated pattern for Co2(dobdc). b, Number-weighted 
particle size distributions, as measured by dynamic light scattering. Particle sizes were 
confirmed by scanning electron microscopy and transmission electron microscopy (Fig. 
2.S2). In contrast to the different particle sizes, all M2(dobdc) nanoparticles have similar 
average crystallite sizes, between 10 and 15 nm (Table S1), as determined by analyzing 
Bragg peak widths in the powder diffraction patterns. These results suggest that 
Ni2(dobdc) and Co2(dobdc) form as dispersed single crystals, while Mg2(dobdc) and 
Mn2(dobdc) form as polycrystalline particles or agglomerate into larger particles during 
synthesis. c, Ethylene adsorption isotherms and their corresponding dual-site Langmuir 
fits (black lines) at 35 °C. d, Ethylene (circles) and ethane (triangles) adsorption 
isotherms at 35 °C for the neat 6FDA-DAM polymer and a film loaded with 25 wt % 
Ni2(dobdc).	
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particular, incorporating Ni2(dobdc) or Co2(dobdc) into 6FDA-DAM significantly 
improves the gas separation performance. With 25 wt % Ni2(dobdc) and 33 wt % 
Co2(dobdc), selectivities for ethylene over ethane nearly doubled, increasing from 2.7 for 
the pure polymer to 4.6 and 5.0, respectively, while ethylene permeabilities improved by 
factors of 2.6 and 5.3, respectively. By applying results from equilibrium gas adsorption 
isotherms and permeation measurements, the relevant solubility and diffusivity 
parameters were obtained using the solution-diffusion model. We found that the 
solubility of both gases increases and solubility selectivity is greatly increased from 0.86 
in 6FDA-DAM to 1.32 in 25 wt% Ni2(dobdc) while the diffusivity of ethylene is also 
increased without losses in diffusivity selectivity (Table S6). Indeed, this places these 
membranes well above the polymer upper-bound for ethylene/ethane, a particularly 
challenging membrane separation. Such increases in selectivity and permeability would 
translate to higher purity olefins produced using less membrane area, pushing membrane 
technology closer to commercial applicability. In contrast, Mg2(dobdc) and Mn2(dobdc) 
did not show improvements in ethylene/ethane selectivity. Instead, there were large 
increases in both ethylene and ethane permeabilities and diffusivities, leading to slight 
decreases in permselectivity and diffusive-selectivity (Table S6). As the ethylene 
adsorptive capacity and ethylene/ethane adsorptive selectivities among all frameworks 
are similar, this result suggests that the smaller particle sizes, and accompanying higher 
external surface areas, for Ni2(dobdc) and Co2(dobdc) lead to a greater fraction of the 
polymer at the nanocrystal interface, thereby minimizing the number of non-selective 
pathways for gas transport. For illustration, at a given volume fraction, the Co2(dobdc) 
nanocrystals afford nearly 12 times the external surface area of the Mg2(dobdc) 
nanocrystal aggregates. Despite attempts to synthesize smaller Mg2(dobdc) and 
Mn2(dobdc) nanocrystals, these frameworks were always found to agglomerate during 
synthesis.  
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The differences between these two types of composite membranes are illustrated in 

Figure 2.2b. From the cross-sectional view of the membrane, the Ni2(dobdc) and 
Co2(dobdc) nanocrystals are well dispersed. Conversely, Mg2(dobdc) and Mn2(dobdc) 
crystals do not interact as strongly with the polymer, resulting in larger interfacial gaps 
that contribute to non-selective gas transport. Scanning and transmission electron 
microscopy images (Fig. 2.3) support these depictions, revealing large agglomerations 
and interfacial gaps for the Mg2(dobdc) and Mn2(dobdc) membranes, whereas the film 
cross-sections are smooth and gaps are not apparent for the Co2(dobdc) and Ni2(dobdc) 
membranes. These results imply that the external surface functionality of the M2(dobdc) 
nanocrystals plays a crucial role in their interactions with the polymer. Importantly, the 
nanocrystals necessarily have exposed surface metal sites capable of directly binding the 
polymer, and, in accord with the Irving-Williams stability order, the strength of those 
interactions can be expected to increase along the series Mg < Mn << Co < Ni. The 
precise nature of these nanocrystal-polymer interactions was not readily apparent by 
infrared spectroscopy (Fig. 2.S11), although this is perhaps not surprising, since the 
overall percentage of coordinated polymer units is expected to be small. 
 

2.4.3. Physical Cross-linking and Plasticization Resistance. Membrane dissolution 
studies were performed to probe directly the strength and abundance of these interfacial 
interactions. To quantify solubility, each membrane film was loaded into a Soxhlet 
extractor and exposed to dichloromethane heated at reflux for up to 18 h. The remaining 
mass, or gel fraction, of the film was then determined by drying the remaining film and 
measuring its weight (Fig. 2.4a). The 6FDA-DAM polymer is fully soluble in 

Figure 2.2. Ethylene/ethane separation performance for M2(dobdc)/6FDA-DAM 
membranes. a, Membrane performance at 2 bar feed pressure and 35 °C relative to the upper 
bound for polymers. Membrane loadings by weight are 10% and 33% for Co2(dobdc), 6% and 
25% for Ni2(dobdc), 23% for Mg2(dobdc), and 13% for Mn2(dobdc). Uncertainty in selectivity 
represent propagation of uncertainty in permeability based on two independent membrane 
samples, and each sample was measured twice to ensure no plasticization or conditioning 
effects.  b, Transmission electron micrographs of 33% Co2(dobdc) (top) and 23% Mg2(dobdc) 
(bottom) membrane cross-sections and corresponding illustrations of the proposed gas 
transport mechanisms, where purple hexagons represent Co2(dobdc) or Ni2(dobdc) 
nanocrystals and red hexagons represent Mg2(dobdc) or Mn2(dobdc) nanocrystals. 
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dichloromethane during membrane casting, and, as expected, the neat polymer membrane 
readily dissolved back into its casting solvent. Similarly, films loaded with Mg2(dobdc) 
or Mn2(dobdc) also rapidly dissolved. However, membranes incorporating Ni2(dobdc) or 
Co2(dobdc) nanocrystals were found to be partially or completely insoluble under the 
same conditions. At the highest loadings of 33 and 25 wt %, respectively, no membrane 
dissolution was observed after 18 h, which implies that framework-polymer interactions 
are so abundant for Co2(dobdc) and Ni2(dobdc) films that the stability of the membrane is 
significantly enhanced. In further support of this conclusion, the polymer glass transition 
temperature was observed to increase from 393 to 397 °C upon addition of Ni2(dobdc) 
(Table S2), indicating that the polymer is more rigid when in contact with the 
nanocrystals. Thus, gel fraction and glass transition temperature results suggest that 
increased nanocrystal-polymer interfacial interactions reduce mobility of the polymer 
chains. Figure 2.4b shows an illustration of the two types of M2(dobdc) nanocrystal-
polymer interactions we have observed for our samples, one with strong interactions and 
a homogenous nanocrystal distribution, and the other with weaker interactions leading to 
larger nanocrystal agglomerates.  

 

 
When polymer chains are mobile, a membrane is highly susceptible to plasticization, 

since the interaction with a penetrating gas can have a solvating effect on the polymer, 
thereby disrupting interchain interactions. Modifying the interchain interactions to reduce 
chain mobility, as occurs upon incorporating Co2(dobdc) and Ni2(dobdc) nanocrystals 
within 6FDA-DAM, should act to create plasticization resistance. To investigate this, we 
tracked the plasticization pressure response of these membranes for three strongly 
polarizable gasses. In addition to ethylene and ethane, we chose to study CO2 in order to 
compare with other studies on membrane plasticization. Since permeability is normalized 
to the upstream pressure, the permeability of a non-plasticizing gas such as CH4 or N2 

Figure 2.3. Cross-sectional images of M2(dobdc)/6FDA-DAM membranes. Scanning 
electron micrographs for Mg2(dobdc) (a), Mn2(dobdc) (b), Co2(dobdc) (c), and Ni2(dobdc) 
(d). Scale bars represent 10 µm for the top row of images and 1 µm for the bottom row. 
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will remain constant or slightly decrease (Fig. 2.S5) upon increasing the pressure. If a 
plasticizing gas is tested in a permeation experiment, at a certain pressure, the 
permeability will begin to increase, and this pressure is known as the plasticization 
pressure. To a first approximation, a membrane with a higher plasticization pressure has a 
stronger resistance to plasticization than a membrane with a lower plasticization 
pressure.33 For membranes containing Co2(dobdc) and Ni2(dobdc) nanocrystals, we 
observed a significantly enhanced resistance to plasticization (Figs. 2.4c, 1.S5, and 1.S6), 
as indicated by a large increase in the plasticization pressure. For ethylene, ethane, and 
CO2, the plasticization pressure shifted from ~10 bar for the pure polymer to greater than 
20 bar for the nanocrystal-loaded films. Although an increase in the plasticization 
pressure is indicative of a reduction in membrane plasticization, the retention of high 
mixed-gas selectivities with increasing feed pressure is more conclusive. The permeation 
of equimolar mixtures of ethylene/ethane or CO2/CH4 were tested on 6FDA-DAM as 
well as 25 wt % Ni2(dobdc). Due to membrane plasticization, 6FDA-DAM becomes 
nearly non-selective for ethylene/ethane at 20 bar feed pressure, and the selectivity for 
CO2/CH4 drops from 15.5 (1.0) at 2 bar feed pressure to 8.9 (0.4) at 47 bar. Upon 
incorporation of Ni2(dobdc), no reduction in selectivities were observed under high 
pressure, mixed-gas conditions. For the nanocrystal composite, selectivities of 4.1 (0.6) at 
20.5 bar of ethylene/ethane and 14.5 (0.9) at 52.5 bar of CO2/CH4 were observed. These 
values are similar to the pure-gas C2H4/C2H6 selectivities, and the CO2/CH4 selectivity 
has increased relative to the pure gas values. The rare and beneficial effect of increasing 
permselectivity under mixed-gas conditions is potentially caused by strong competitive 
adsorption of CO2 over CH4 at the open metal site. To the best of our knowledge, this is 
the first demonstration of a composite material that suppresses plasticization without 
losses in permeability or selectivity. Even more importantly, industrial ethylene/ethane 
separations would ideally be conducted near 20 bar, which is well above the 
plasticization pressure for most polymer membranes and renders these membranes non-
selective, but is well below the plasticization pressure attainable with the approach 
established here.2 
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Figure 2.4. Enhanced membrane stability leading to reduction in plasticization and 
high mixed-gas selectivities. a, Quantification of membrane stability by Soxhlet 
extraction in refluxing dichloromethane. The fraction of membrane dissolved corresponds 
to the mass of membrane remaining after a given period of time in the extractor relative 
to the initial mass. b, Illustration of the nanocrystal induced polymer rigidification, along 
with the structures of M2(dobdc) and 6FDA-DAM. c, Mixed-gas permeation data for a 
50:50 C2H4/C2H6 mixture (top) and a 50:50 CO2/CH4 mixture (middle). Error bars 
correspond to propagation of uncertainty from the mass spectrometer calibration. Bottom, 
single component C2H4 permeabilities, normalized to the permeability measured at 0.75 
bar. Uncertainty in permeability corresponds to propagation of error from uncertainty in 
the film thickness, area, and feed pressure. All permeabilities were collected at 35 °C, and 
steady state permeation values were taken after six time-lags. The composition was 
sampled from permeate that accumulated after steady-state permeation was reached. 
Permeability and selectivity data corresponds to neat 6FDA-DAM (black squares), 25% 
Ni2(dobdc)/6FDA-DAM (purple circles), and 33% Co2(dobdc)/6FDA-DAM (navy 
circles). Raw permeability data are shown in Figs. 2.S5 and 1.S6. 
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2.5. Conclusions 

Through a combination of increasing adsorptive selectivity, boosting permeability, 
and introducing strong framework-polymer interactions, our findings demonstrate that 
Co2(dobdc) and Ni2(dobdc) nanocrystals can dramatically enhance the ethylene/ethane 
separation performance of a polymer membrane, placing these new composite materials 
well above the polymer upper bound. The presence of strong and abundant nanocrystal-
polymer interactions not only benefits the intrinsic gas separation properties, but also 
suppresses plasticization by reducing polymer chain mobility. This strategy of enhancing 
membrane stability to highly polarizable gases through the incorporation of metal-organic 
framework nanocrystals with appropriate size and surface chemistry should be generally 
applicable to many other gas separations that involve plasticizing gases, potentially 
allowing membrane processes to be explored for key separations that were previously out 
of reach. 
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Figure 2.S1. Transmission electron micrographs of M2(dobdc)/6FDA-DAM membrane 
cross-sections. Micrographs of ~100 nm thick Mg2(dobdc) (a), Mn2(dobdc) (b), 
Co2(dobdc) (c), and Ni2(dobdc) (d) membrane cross-sections. White edges around 
Mg2(dobdc) and Mn2(dobdc) agglomerates are tears in the polymer cross-section because 
of poor adhesion between the agglomerate and the particle, and may be created during the 
microtome process. This effect is not observed in the case of Ni2(dobdc) and Co2(dobdc) 
membranes.  
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Figure 2.S2. Images of M2(dobdc) nanocrystals. Transmission electron micrographs (a, 
c) and scanning electron micrographs (b, d) of M2(dobdc) nanocrystals. Images confirm
particle sizes as measured by dynamic light scattering.
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Figure 2.S3. Ethylene and Ethane Isotherms for M2(dobdc). Ethylene (closed circles) and 
ethane (open circles) isotherms for Co2(dobdc) (a), Ni2(dobdc) (b), Mg2(dobdc) (c), and 
Mn2(dobdc) (d) nanoparticles. Black lines represent dual-site Langmuir fits, which are 
given in S.I. Table 3.  Similar adsorption isotherms compared to that of the bulk 
M2(dobdc) confirms the quality of the nanocrystalline counterpart. Ideal adsorbed 
solution theory44 (IAST) calculations of selectivity for ethylene/ethane at various feed 
compositions, a total pressure of 1 bar and temperature of 35 °C (e). 
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Figure 2.S4. Equilibrium adsorption isotherms of ethylene in 6FDA-DAM and 
M2(dobdc)/6FDA-DAM mixed matrix membranes at 35 °C. Loadings correspond to the 
weight fraction of M2(dobdc) within the polymer.  
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Figure 2.S5. CH4, N2 and CO2 Permeability Isotherms for 6FDA-DAM and M2(dobdc). 
Permeabilities of  CO2 (green), CH4 (black), and N2 (blue) in 6FDA-DAM (a), 10% 
Co2(dobdc) (b), 33% Co2(dobdc) (c), 6% Ni2(dobdc) (d), and 25% Ni2(dobdc) (e). Closed 
green circles represent the first pressurization of CO2, open circles are depressurization, 
and triangles are the second pressurization. e, Comparison of the first pressurization step 
for CO2 permeabilities. 
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Figure 2.S6. C2H4 and C2H6 Permeability Isotherms for 6FDA-DAM and M2(dobdc). 
C2H4 (circles) and C2H6 (triangles) permeability isotherms in neat 6FDA-DAM (a), 25% 
Ni2(dobdc) (b),  and 33% Co2(dobdc) (c). d, Comparison of ethylene permeability 
isotherms for 25% Ni2(dobdc) (purple circles), 33% Co2(dobdc) (navy circles), and neat 
6FDA-DAM (black circles). 
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Figure 2.S7. CO2 Fugacity-Based Permeability Isotherms for 6FDA-DAM and 
M2(dobdc) (M = Co, Ni). a, Absolute permeability and b, normalized 
permeability as calculated using Equation 4.  

 
 

 
Figure 2.S8. C2H4 Fugacity-Based Permeability Isotherms for 6FDA-DAM and 
M2(dobdc). 
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Figure 2.S9. 1H NMR spectra for 6FDA-DAM. Peaks unassociated with the polymer 
structure at 7.30 and 2.14 ppm correspond to CDCl3 and water, respectively. 1H NMR 
(400 MHz, CDCl3), d 8.10 (d, 2H), 7.96 – 8.01 (m, 4H, overlapping signals), 7.28 (s, 
1H), 2.25 (s, 6H), 2.01 (s, 3H).	

 

Figure 2.S10. Thermogravimetric analysis (TGA) of M2(dobdc) nanocrystals. Colored 
lines correspond to the fraction of mass remaining, and the dashed line corresponds to the 
temperature over the course of the experiment. The isothermal step at 180 °C was under 
an N2 atmosphere, and the temperature ramp from 180 °C to 600 °C was under O2. 
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Figure 2.S11. Infrared spectra for neat 6FDA-DAM (top), Ni2(dobdc) (middle), and 25 
wt % Ni2(dobdc) in 6FDA-DAM (bottom). 

 
 

 
  

Figure 2.S12. Example permeation curves for 10% Co2(dobdc) in 6FDA-DAM. The 
steady state permeation was taken at six times the time lag. 
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Figure 2.S13. Mass spectrometer calibration to analyze the composition of C2H4/C2H6 
mixtures. Gas cylinders of known composition (50.0%, 75.0%, 95.0% C2H4 in C2H6) 
were used to measure the mass fraction of (mass 27)/[(mass 27)+(mass 30)] in the mass 
spectrometer. These mass peaks lead to the most linear calibration and was used to 
determine downstream compositions. Standard error of the C2H4/C2H6 calibration is 
1.63%. 

 
Figure 2.S14. Mass spectrometer calibration to analyze the composition of CO2/CH4 
mixtures. Tanks of known composition (10.0%, 50.0%, 90.0% CO2 in CH4) were used to 
measure the mass fraction of (mass 44)/[(mass 44)+(mass 15)] in the mass spectrometer. 
Standard error of the CO2/CH4 mole fraction calibration is 0.79%.  
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Figure 2.S15. Mixed-gas permeabilities for C2H4 and C2H6 at 35 °C. Permeabilities were 
calculated based on the partial pressure of each component in the feed (50% of the total 
feed pressure), the total permeation rate across the film, and the selectivity as measured 
by the mass spectrometer. 

 

 
Figure 2.S16. Mixed-gas permeabilities for CO2 and CH4. Permeabilities were calculated 
based on the partial pressure of each component in the feed (50% of the total feed 
pressure), the total permeation rate across the film, and the selectivity as measured by the 
mass spectrometer. 
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Figure 2.S17. M2(dobdc)/6FDA-DAM ethylene/ethane separation performance relative 
to neat polymers, ZIF-8 based mixed-matrix membranes, and carbon molecular sieving 
(CMS) membranes. 

 
 

Table 2.S1. Mean crystal domain sizes for M2(dobdc) as calculated by the Scherrer 
equation. The first Bragg peak was used for calculations. 

 
 τ (nm) 

Mg2(dobdc) 13.1 
Mn2(dobdc) 14.7 
Co2(dobdc) 11.8 
Ni2(dobdc) 10.3 

 
Table 2.S2. Elevation of glass transition temperature upon addition of Ni2(dobdc) 
nanocrystals. 

 
Ni2(dobdc) 

Loading 
(wt%) 

Tg (°C) 

0 393 
6 396 
25 397 
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Table 2.S3. Low pressure ethylene and ethane permeabilities in M2(dobdc)/6FDA-DAM 
mixed-matrix membranes. 

 

M2(dobdc) in  
6FDA-DAM 

Loading 
(wt %) 

C2H4 
Permeability 

(barrer) 

C2H6 
Permeability 

(barrer) 

C2H4/C2H6 
Selectivity 

Neat 6FDA-DAM - 65 (1) 24 (1) 2.7 (0.1) 
Mg2(dobdc) 23 1140 (25) 431 (9) 2.6 (0.1) 
Mn2(dobdc) 13 433 (7) 188 (3) 2.3 (0.1) 
Co2(dobdc) 10 141 (3) 36 (1) 3.9 (0.1) 
Co2(dobdc) 33 170 (6) 35 (1) 4.9 (0.2) 
Ni2(dobdc) 12 215 (4) 55 (1) 4.0 (0.1) 
Ni2(dobdc) 25 345 (6) 75 (1) 4.6 (0.1) 

 
 

Table 2.S4. Size exclusion chromatography characterization for 6FDA-DAM. Mw and 
Mn refer to weight average and number average molecular weight, and PDI is the 
polydispersity index. Additionally, the molecular weight for a 6FDA-DAM literature 
reference from Grubb et al. is presented for comparison.41 

 

Mn (g/mol) Mw (g/mol) PDI Ref 
69,500 166,000 2.4 This Study 
56,100 184,000 3.3 42 

 
 

Table 2.S5. N2 77 K  Langmuir surface areas for M2(dobdc) nanocrystals 
 

 Surface Area 
(m2/g) 

Mg2(dobdc) 1973 
Mn2(dobdc) 1082 
Co2(dobdc) 1549 
Ni2(dobdc) 1562 
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Table 2.S6. Analysis of permeation parameters based on the solution-diffusion model. 
Permeation measurements at 35 °C and 0.75 bar for Ni2(dobdc) and Co2(dobdc) and 2 bar 
for Mg2(dobdc) and Mn2(dobdc) were used to determine permeability (P). Solubilities (S) 
were determined from equilibrium gas adsorption isotherms. Diffusivities (D) were 
calculated based on the solution diffusion model, D = P/S.  

 
 
  P 𝑏𝑎𝑟𝑟𝑒𝑟  S !"! (!"#)

!"!∗!"#$
 D !"!

!
· 10! 

C2H4 6FDA-DAM 76 (2) 0.0185 3.1 (0.0) 

33% Co2(dobdc) 276 (17) 0.0605 3.4 (0.2) 

25% Ni2(dobdc) 426 (32) 0.0730 4.4 (0.3) 

23% Mg2(dobdc) 1140 (25) 0.0590 14.5 (0.3) 

13% Mn2(dobdc) 433 (7) 0.0613 5.3 (0.0) 
C2H6 6FDA-DAM 26 (1) 0.0216 0.9 (0.0) 

33% Co2(dobdc) 71 (2) 0.0488 1.1 (0.0) 

25% Ni2(dobdc) 101 (9) 0.0552 1.4 (0.1) 

23% Mg2(dobdc) 431 (9) 0.0467 6.9 (0.1) 

13% Mn2(dobdc) 188 (3) 0.0580 2.4 (0.0) 

𝐶!𝐻!
𝐶!𝐻! 

 
𝑃!!!!

𝑃!!!!
 

𝑆!!!!
𝑆!!!!

 
𝐷!!!!

𝐷!!!!
 

6FDA-DAM 2.9 (0.0) 0.86 3.4 (0.1) 

33% Co2(dobdc) 3.9 (0.2) 1.24 3.1 (0.2) 

25% Ni2(dobdc) 4.2 (0.4) 1.32 3.2 (0.3) 

23% Mg2(dobdc) 2.6 (0.1) 1.26 2.1 (0.1) 

13% Mn2(dobdc) 2.3 (0.1) 1.06 2.2 (0.1) 
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Table 2.S7. Analysis of diffusivities based on the time-lag method. Time lags were 
measured from permeation at a feed pressure of 0.75 bar at a temperature of 35 °C, and 
the diffusivity is calculated by D=l2/6θ, where l is the thickness of the film and θ is the 
time lag. Data for Mg2(dobdc) and Mn2(dobdc) are not included, as the time lag in these 
permeation experiments were too short to obtain conclusive transient diffusivity 
information from. 

 

 
	
 
 

 
 

𝐷!!!! !"!

!
· 10! 𝐷!!!! !"!

!
· 10! 𝐷!!!!

𝐷!!!!
  

6FDA-DAM 1.62 0.49 3.3 

33% Co2(dobdc) 0.75 0.22 3.4 

25% Ni2(dobdc) 0.29 0.08 3.6 
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Chapter 3: Plasticization-Resistant Ni2(dobdc)/Polyimide Composite Membranes for 
CO2 Removal from Natural Gas 

 
 
3.1. Abstract 
 
Herein, we demonstrate that the incorporation of Ni2(dobdc) metal-organic framework 
nanoparticles into various polyimides can improve the performance of membranes for 
separating CO2 from CH4 under mixed-gas conditions. Four upper-bound 6FDA-based 
polyimides as well as the commercial polymer Matrimid show improved selectivity under 
mixed-gas feeds when loaded with 15-25 wt. % Ni2(dobdc), while the neat polyimides 
show diminishing selectivity upon increasing feed pressure. This approach is an 
alternative to chemical crosslinking for achieving plasticization resistance, with the 
benefit of retaining or increasing permeability while simultaneously reducing chain 
mobility. 
 
3.2. Introduction 
 

The substitution of high carbon fuels with natural gas, along with the increased use of 
renewables, is an integral part of reducing CO2 emissions in the electric power sector. 
Due to its domestic abundance, the consumption of natural gas is expected to grow 
considerably through 2040.1 In response to these environmental and economic drivers, 
innovations in natural gas purification technology are needed to increase availability. 
Indeed, many natural gas reservoirs are contaminated with CO2 that must be removed 
before delivery to the pipeline, and at least 10% of U.S. natural gas reserves exceed the 
maximum 2% CO2 pipeline specification.2 While the removal of CO2 from natural gas 
has traditionally been accomplished by amine-based absorber-stripper units, 
advancements in membrane design highlight the potential of these materials for carrying 
out more cost-effective separations.3 

Various membrane technologies have been developed for natural gas purification, 
although the only commercial membrane materials are derived from polymers. Inorganic 
membranes4 and metal-organic framework membranes5 have been studied extensively for 
CO2/CH4 separations, however challenges associated with membrane formation have 
prohibited their real-world application. Similarly, carbon molecular sieving (CMS) 
membranes6 and thermally rearranged (TR) polymer membranes7 have excellent 
separation behavior, however they are extremely brittle and susceptible to defects. Unlike 
these inorganic and metal-organic framework-based crystalline membranes, polymer 
materials are solution-processable, and thus the membrane formation process  is highly 
scalable. Additionally, the mechanical behavior of polymeric materials is superior to that 
of alternative membrane materials, which allows them to be formatted into hollow fibre 
or spiral-wound modules. Due to these desirable properties, hundreds of polymer 
structures have been developed for CO2/CH4 separations, with each following the trend 
of an upper-bound trade-off between CO2 permeability and CO2/CH4 selectivity.8 
However, one major pitfall of polymer membranes for natural gas purification is their 
susceptibility to plasticization, which leads to undesirable and often unpredictable loss in 
selectivity under high pressures of a mixed-gas feed environment. This loss in selectivity 
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is especially problematic for natural gas purification, where the high pressure of CO2 in 
the feed gas will swell the polymer and accelerate the permeation of CH4.9  This process 
effectively shifts the transport properties of the polymer away from the upper bound and 
decreases its glass transition temperature, and polymers that exhibit high CO2 sorption 
are more susceptible to plasticization.10 In practice, then, commercialized and high 
performance polymers have lower mixed-gas selectivities relative to their pure-gas 
values. A number of the upper-bound polymers for CO2/CH4 are glassy polyimides 
composed of a 2,2'-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) 
monomer polymerized with a diamine.11,12,13 These 6FDA-based polyimides show both 
diffusivity and solubility-based selectivity for CO2 over CH4, affording them excellent 
separation factors and CO2 permeabilities. Due to their high CO2 sorption, however, they 
are susceptible to plasticization and their excellent pure-gas properties are diminished 
under mixed-gas environments. Similarly, the polymers commercialized for this 
application, cellulose acetate and Matrimid®, exhibit reduced performance due to 
plasticization.3,14 

One reliable way to impart plasticization resistance is to crosslink polymer chains, 
which can decrease their mobility and prohibit them from swelling upon CO2 
sorption.15,16,17,18 Although effective at mitigating plasticization, crosslinking has the 
undesired effect of reducing CO2 permeability. An alternative route to plasticization 
resistance, which retains membrane permeability, is to incorporate strongly interacting 
metal-organic framework nanocrystals into the polymer matrix. This strategy has been 
shown to improve mixed-gas separation properties for C2H4/C2H6 as well as CO2/CH4 
separations.19 Metal-organic frameworks have been shown to be very effective materials 
for adsorptive-based gas separations, including specifically CO2-based gas 
separations.20,21,22,23 More recently, metal-organic frameworks have been used as fillers to 
form composite membranes targeting various gas separations, including many materials 
for CO2-based separations.24,25,26,27,28,29 While most of the studies on metal-organic 
framework/polymer composite membranes have focused only on selective transport 
through the framework phase, the interactions between the framework and polymer can 
also be leveraged to improve transport properties.19 Here, we study the plasticization 
response of Matrimid®, cellulose acetate, and four upper bound 6FDA-based polyimides 
(Fig. 3.3.1) both as neat polymers and composites with Ni2(dobdc) (dobdc4− = 
dioxidobenzenedicarboxylate) nanocrystals. In the case of the polyimides, the 
introduction of strong metal-organic framework/polyimide interactions substantially 
reduces plasticization, while notably CO2 selectivity improves for the polyimide and 
Matrimid® composites over the neat polymers. 
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3.3. Materials & Methods 
 

3.3.1 Synthesis of Ni2(dobdc) nanocrystals. Solid 2,5-dihydroxyterephthalic acid 
(1.0 g, 5.0 mmol; H4(dobdc)) and 16 mmol of Ni(NO3)2·6H2O were added to a mixture of 
400 mL of DMF, 27 mL of ethanol, and 27 mL of water in a 500-mL round bottom flask. 
5 mL of triethylamine was added rapidly while stirring under an N2 atmosphere. The 
Ni2(dobdc) nanocrystals precipitated within minutes, but was allowed to continue for 2 
hours. The dispersed Ni2(dobdc) nanoparticles were immediately collected by 
centrifugation, the solid was redispersed in 250 mL of DMF, and the suspension was 
heated at 120 °C for 6 h. The Ni2(dobdc) undergoes a color change from green to brown 
upon heating. The centrifugation and DMF washing steps were repeated five times in 
order to remove unreacted ligand. The nanocrystals were then collected by centrifugation 
and redispersed in 250 mL of methanol and the suspension was heated at 60 °C for 2-5 h. 
The centrifugation and methanol washing steps were repeated six times in order to 
exchange all of the DMF for methanol, including those molecules coordinated to the 
metal sites. Full removal of DMF was confirmed by infrared spectroscopy. Nanocrystals 
were then stored in methanol until membrane casting, or dried under reduced pressure at 
180 °C for 24 h prior to gas adsorption measurements. 
 

3.3.2. Polymer Synthesis. 6FDA-DAT, 6FDA-DAM, and 6FDA-durene were formed 
from 2,2'-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) and either 
2,4,6-trimethyl-1,3-phenylenediamine (DAM), 2,6-diaminotoluene (DAT) or 2,3,5,6-
tetramethyl-1,4-phenylenediamine (durene) using standard chemical imidization 

Figure 3.1. Representative structures of polymers used for 
membrane preparation. 
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techniques.35,36  The random 1:1 copolymer 6FDA-DAT:DAM was synthesized in a 
similar manner, according to reported techniques.37 The dianhydride and diamines were 
purchased from TCI. Before use, 6FDA was purified once by vacuum sublimation, DAM 
and DAT were purified three times by vacuum sublimation, and durene was purified by 
recrystallization in methanol. N-methyl-2-pyrrolidone (NMP) was purchased from 
Spectrum Chemicals and vacuum distilled immediately before use. Triethylamine and 
acetic anhydride were purchased from EMD and Sigma-Aldrich, respectively, and were 
used as received. A dry atmosphere was maintained within the reaction glassware by 
flowing house nitrogen through a Drierite column (W.A. Hammond Drierite Co., Ltd., 
Xenia, OH) upstream of the reaction vessel. All glassware was attached to flowing, dry 
nitrogen after being flame dried. Cellulose acetate and Matrimid® were kindly provided 
by Membrane Technology and Research (MTR) Inc. 
 

3.3.3. Membrane Casting and Activation. Concentration of Ni2(dobdc) in methanol 
were determined by sonicating a stock solution and reducing a 1-mL aliquot to dryness to 
find the mass of activated nanocrystals, and resulting stock solutions were found to be 
~30 mg/ml. For composite membranes, an aliquot from the Ni2(dobdc) stock solution in 
methanol was taken and redispersed in 10 mL of the casting solvent in a 20 mL vial. The 
Ni2(dobdc) was then centrifuged and redispersed in 10 mL of casting solvent in order to 
ensure no residual methanol was present during membrane casting. Dichloromethane was 
used as the casting solvent for all polymers except cellulose acetate, for which acetone 
was used. The nanocrystal suspension was then sonicated using a horn sonicator for 1 
min with addition of casting solvent in order to maintain a total volume of 10 mL. The 
polymer was then dissolved into the Ni2(dobdc) suspension and the mixture was 
sonicated for another 1 min. The mixture was cast onto a glass plate and the solvent was 
allowed to evaporate over the course of ~24 h, and the resulting films were found to be 
40-70 µm thick. The freestanding film was then dried in a vacuum oven at 120 °C for 24 
h in order to remove residual casting solvent.  

The loading of Ni2(dobdc) nanocrystals in the composite film was determined by a 
thermogravimetric analysis method. For reference, the Ni2(dobdc) powder was first 
activated under flowing N2 at 180 °C for 1.5 h to ensure activation, and then the samples 
were heated to 600 °C under flowing O2. The remaining oxide mass was compared to the 
initial activated mass of the metal-organic framework. The same procedure was 
conducted for the Ni2(dobdc)/6FDA-DAM films. The percentage of mass remaining after 
the ramp to 600 °C under O2 is attributable to metal oxide, and from this the amount of 
activated M2(dobdc) present in the film was obtained. 

 
3.3.4. Gas Permeability Measurements. Single component gas permeation 

experiments were conducted on an instrument constructed in-house. The procedure for 
membrane sample preparation is described in our previous work.38 For multicomponent 
permeation experiments, an equimolar mixture of CO2/CH4 was swept over the feed side 
of the membrane at a rate > 100x the permeation rate, in order to ensure no concentration 
polarization. The composition of the permeate, pCO2/(pCO2+pCH4), was determined by 
collecting the permeate, and then expanding it to a mass spectrometer (MKS Microvision 
2). The mass fraction of (mass 44)/[(mass 44) + (mass 15)] in the collected permeate was 
used to determine the mixed-gas selectivity. A calibration of the mass fraction was 
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determined using standards with 10%, 50%, and 90% CO2 in methane. Standard error of 
the CO2/CH4 mole fraction calibration is 0.79%. The uncertainty in the downstream mole 
ratio, as well as uncertainty in mixed-gas selectivities, is a propagation of uncertainty 
from the standard error in the mole ratio calibration. 
 

3.3.5. Gas Adsorption Measurements. Low-pressure gas adsorption data between 0 
and 1.1 bar were measured using a high throughput gas-adsorption analyzer constructed 
by Wildcat Discovery Technologies, using a method described previously.39 Samples 
consisting of 50-100 mg of Ni2(dobdc) powder, polymer film, or mixed-matrix film were 
loaded into a preweighed 4 mL, and heated at 180 °C for 24 h. The mass of the activated 
sample was then used as the basis for the adsorption measurements. After an adsorption 
isotherm was measured, the sample was reactivated at 180 °C for 6 h before measuring a 
subsequent adsorption isotherm. 

 
3.3.6. Determination of Glass Transition Temperature. The glass transition 

temperatures (Tg) were determined by differential scanning calorimetry using a TA Q200 
instrument. Temperature scans were conducted at 10 °C/min starting at 50  ˚C and ending 
at a temperature that varied depending on the polymer, which was ~20 ˚C above the 
observed Tg. Multiple temperature cycles were run, and the reported Tg was taken from 
either the second or third cycle.	
 
3.4. Results & Discussion 
 

3.4.1. Composite and Neat Membrane Properties. Ni2(dobdc) nanocrystals, neat 
polymer films, and Ni2(dobdc)/polymer composite membranes were synthesized using a 
method described previously.19 The purity of the Ni2(dobdc) nanocrystals (15-20 nm 
particles from this method) was confirmed by powder x-ray diffraction (Fig. 3.S6), and 
porosity was confirmed using N2 and CO2 adsorption. The capacity for CO2 at 1 bar was 
4.94 mmol/g, comparable to previously reported values (Fig. 3.S3).21 Adsorption of CO2 
and CH4 further revealed that the Ni2(dobdc) nanocrystals have a strong adsorption 
selectivity for CO2 over CH4, with and IAST selectivity of 38 under an equimolar 
mixture and 1 bar total pressure (Fig. 3.S5). The loading of Ni2(dobdc) in the polymer 
films was determined by thermogravimetric analysis in a method developed previously 
(Figs. 3.S6 and 3.S7).30 The loading was found to range from 15-23 wt. % (Table 1), thus 
deviating only slightly from the target amount of 20 wt. %. Carbon dioxide and CH4 
equilibrium adsorption isotherms were also measured on the neat polymer and 
Ni2(dobdc)/polymer composites (Fig. 3.S3). The observed adsorption of CO2 and CH4 in 
the composites matched closely with the weighted average of the neat polymer and neat 
Ni2(dobdc), indicating that the pores of the nanocrystals are still fully accessible to gas 
molecules. 

One pronounced effect of polymer rigidification is an increase in the glass transition 
temperature, Tg, which was measured for all neat and composite films using differential 
scanning calorimetry. For all polyimides there was a 6 – 10 ˚C increase in Tg upon 
Ni2(dobdc) incorporation (Table 1), although no increase in Tg was observed for cellulose 
acetate. This result suggests that there is an interaction between the polymer and 
nanocrystal that is specific to the imide functionality. Further, an increase in Tg of this 
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magnitude is similar to what is observed upon crosslinking of polymer films and 
indicative of a reduction in polymer chain mobility.17,18 However, the composite infrared 
spectrum exhibited no changes from that of the pure Ni2(dobdc) or polymer that may 
have elucidated the specific interactions at play. 

 
3.4.2. Pure-Gas Permeation. Single component gas permeation experiments were 

conducted with a CO2 or CH4 feed pressure of 1 bar. These pure component permeation 
tests revealed that CO2 permeability is similar between the composite and the neat low 
permeability commercial polymers. However for the more permeable 6FDA-based 
polyimides, the CO2 permeability increased upon Ni2(dobdc) incorporation. Additionally, 
a modest decrease in the permselectivity for CO2 over CH4 was observed for these 
composites. In order to determine the origins of the transport behavior in these systems, 
the solution-diffusion model was used to deconvolute the solubility and diffusivity 
components of the permeability.31 Here, the solubility component of the diffusivity (S) 
was determined from the quantity adsorbed in the gas adsorption isotherm at 1 bar, and 
the diffusivity (D) was determined from the equation, D = P/S, where P is permeability. 
Based on this analysis, it can be readily seen that the increase in the solubility selectivity 
(SCO2/SCH4) mostly offsets the decrease in the diffusivity-based selectivity (DCO2/DCH4) to 
yield a similar or slightly lower permselectivity. It is important to note here that the 
solution diffusion model does not take into account competitive adsorption. The 
solubility-selectivity observed in a single component gas adsorption measurement is 
lower than the actual composition of the adsorbed phase in a binary mixture, analogous to 
the fact that the Ideal Adsorbed Solution Theory (IAST) predicts a higher selectivity for 

Table 3.1. Membrane sample characterization and pure gas transport parameters 
showing comparison of neat polymers with Ni2(dobdc) loaded membranes. 
Ni2(dobdc) loading was measured by thermogravimetric analysis and the glass 
transition temperature by differential scanning calorimetry. CO2 permeabilities and 
CO2/CH4 selectivities were measured by single component permeation tests at a 
feed pressure of 1 bar. Errors on CO2 permeability are propagated from errors in 
film thickness, area, and upstream pressure. Solubility was determined from the 
equilibrium adsorption isotherm and diffusivity by the solution diffusion model. 
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Langmuir-shaped isotherms than does a simple ratio of the amounts adsorbed.32 Because 
of this, we would expect that an even larger boost in the solubility-selectivity would be 
observed in a mixed-gas permeation experiment. 

 
3.4.3. Multi-Component Permeation Tests. Variable pressure, mixed-gas 

permeation tests were carried out in order to resolve the effects of competitive adsorption 
as well as nanoparticle-induced polymer rigidification. This characterization was 
performed on all five polyimides and cellulose acetate. Fig. 3.3.2 shows the mixed-gas 
permselectivity as a function of the feed pressure of an equimolar mixture for composite 
and neat polymer membranes. Indeed, all polymers that exhibited an increase in Tg also 
showed resistance to plasticization upon exposure to high pressures of CO2, as seen by 
the retention of CO2/CH4 selectivity at high feed pressures. Additionally, the mixed-gas 
permselectivity was greater than the pure-component permselectivity, indicating that 
competitive adsorption effects are substantial. For example, CO2/CH4 selectivity for the 
Ni2(dobdc)/6FDA-DAT composite increased from 51.9 ideal selectivity to 55.5±3.2 
mixed-gas selectivity, whereas the neat 6FDA-DAT decreased in selectivity from 50.1 
ideal selectivity to 40.3±1.7 mixed-gas selectivity. The drop in selectivity under mixed-
gas conditions for the neat polymer is typical for CO2-induced plasticization, and was 
observed for all polymers tested. The increase in CO2/CH4 selectivity in the composite 
from pure to mixed-gas tests is a rare and very beneficial attribute in polymer-based 
membrane materials,33 and is enabled primarily by the reduction in plasticization with 
competitive adsorption contributing slightly the overall improvement. The only polymer 

Figure 3.2. CO2/CH4 permselectivity as a function of the total feed pressure of a 
binary gas mixture measured at 35 °C for each polymer studied. Open circles 
represent the neat polymer film and closed circles represent the Ni2(dobdc)-loaded 
film with a weight fraction corresponding to the value in Table 1. 
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that did not show this advantageous effect was cellulose acetate, which is consistent with 
the observation that Tg values of the composite and neat membranes are similar. 
 

3.4.4. Plasticization vs. Dual-Mode Sorption Effects. By comparing permeabilities 
of CO2 and CH4 under a mixed-gas feed at low pressure (1 bar) and high pressure (55 
bar), the origin of the plasticization-resistance can be readily understood (Fig. 3.3). In the 
neat polyimide, the CO2 permeability decreases or remains constant while the CH4 
permeability greatly increases between 1 and 55 bar of feed pressure. The change in CO2 
permeability with increasing feed pressure is influenced by two main factors: dual-mode 
transport and polymer plasticization. Dual-mode adsorption of CO2 causes the 
permeability to decrease with increasing feed pressure,34 while plasticization causes 
permeability to increase. The net effect is a slightly lower or similar CO2 permeability at 
55 bar compared to 1 bar. In the case of CH4, however, the Langmuir component of 
solubility is minor relative to the Henry’s Law component, so plasticization effects are 
dominant. Thus, an overall increase in CH4 permeability occurs with increasing feed 
pressure. On the other hand, Ni2(dobdc)/polyimide composites are plasticization-
resistant, and so changes in permeability with pressure are dominated by dual-mode 
transport over the entire pressure range. In this case, CH4 adsorption in the composites is 
more Langmuirian than in the neat polyimide, which can explain the decrease in CH4 
permeability with increasing feed pressure. 

Figure 3.3. CO2 (top) and CH4 (bottom) permeabilities in neat polyimides 
(a) and Ni2(dobdc)/polyimide composites (b) at a low (grey) and high 
(blue) feed pressure of an equimolar mixture of CO2 and CH4. 
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3.4.5. Mixed-Gas Permeation on the Pure-Gas Upper Bound. Finally, polyimides 
were compared on the on the CO2/CH4 upper bound plot. Fig. 3.4 shows the CO2/CH4 
selectivities and CO2 permeabilities for neat polyimides and composite membranes over 
the range of pressures tested and includes various upper-bound polymers from the 
literature. The neat polymers consistently move away from the upper bound with 
increasing feed pressure, whereas the Ni2(dobdc) composites retain high selectivities. 
These high mixed-gas selectivities, along with the solution processability of the mixed-
matrix format, make Ni2(dobdc)/polyimides intriguing materials for commercial 
application. 

 

 
Figure 3.4. Mixed-gas CO2/CH4 separation properties on the Robeson upper bound. Grey 
circles represent literature data measured under pure gas conditions. Open colored circles 
represent mixed-gas permeation properties of the neat polyimides studied here, and 
closed colored circles represent the Ni2(dobdc) loaded polyimides. Selectivity decreases 
with increasing pressure, with highest selectivity corresponding to 1-2 bar upstream 
pressure and lowest selectivity corresponding to 55-60 bar upstream pressure. 

 
3.5. Conclusions 

 
We have shown that the incorporation of relatively small amounts (~20 wt. %) of 

Ni2(dobdc) into a range of polyimides can improve the membrane performance under 
realistic process conditions. Improved CO2/CH4 selectivities were observed for these 
composites at high pressures (up to 55 bar) of a binary feed mixture along with increases 
in the Tg consistent with a crosslinking effect. Importantly, the improvement in CO2/CH4 
selectivity is not accompanied by a decrease in permeability, setting this approach apart 
from conventional crosslinking strategies. Indeed, the incorporation of strongly adsorbing 
nanoparticles appears to generally improve properties of polymers with imide-
functionality, helping to overcome one of the most substantial barriers to the application 
of this important class of materials. 
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Figure 3.S1. Powder X-ray diffraction pattern for Ni2(dobdc) nanocrystals. 	
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Figure 3.S2. Equilibrium adsorption isotherms of CO2 (green) and CH4 (black) in neat 
Ni2(dobdc) at 35 ˚C. Black lines correspond to dual-site and single-site Langmuir-
Freundlich fits for CO2 and CH4, respectively. 

	
	
	
	

	
Figure 3.S3. CO2/CH4 adsorptive selectivities in neat Ni2(dobdc) as predicted from Ideal 
Adsorbed Solution Theory (IAST), with adsorption data taken at 35 ˚C and calculated at 1 bar 
total gas pressure.	
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Figure 3.S4. Thermogravimetric analysis curve for the decomposition of Ni2(dobdc). 
From 0-110 minutes, the sample was activated at 180 ˚C under flowing N2, and then was 
heated to 600 ˚C under flowing O2. The difference between the activated mass and final 
mass was used to calculate the loading of Ni2(dobdc) in the composite films. 

 

																													 	
	
	 	

Figure 3.S5. Thermogravimetric analysis curve for composite membranes. Films were 
first activated under flowing N2 at 180 ˚C and then heated to 600 ˚C under flowing O2. 
The difference in mass between the activated film and remaining metal-oxide was used to 
calculate the amount of Ni2(dobdc) in the composite. 
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Figure 3.S6. CO2 adsorption isotherms in the neat polymer (closed triangles) and 
composite (closed circles) membranes. Open circles correspond to the weighted average 
of CO2 adsorbed between the neat polymer and Ni2(dobdc) powder. Amounts adsorbed at 
1 bar were used for the calculation of pure component solubility parameters, SCO2. 
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Figure 3.S7. CO2 (circles) and CH4 (triangles) permeability data for neat (open) and 
composite (closed) membranes under an equimolar feed of CO2 and CH4. Uncertainties 
were propagated from the standard error in the calibration curve which determined the 
CO2/CH4 ratio in the permeate. 
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Chapter 4: Olefin/Paraffin Separations using the Metal–Organic Framework M2(m-
dobdc) (M = Mn, Fe, Co, Ni) 

 
 
4.1 Abstract 
 

The metal–organic frameworks M2(m-dobdc) (M = Mn, Fe, Co, Ni; m-dobdc4– = 4,6-
dioxido-1,3-benzenedicarboxylate) were evaluated as adsorbents for separating olefins 
from paraffins. Using single-component and multicomponent equilibrium gas adsorption 
measurements, we have shown that M2(m-dobdc) has superior performance for the 
physisorptive olefin and paraffin separation relative to any adsorbent, including its para-
functionalized structural isomer, M2(p-dobdc) (p-dobdc4– = 2,5-dioxido-1,4-
benzenedicarboxylate). Notably, M2(m-dobdc) exhibits increased affinity for olefins over 
paraffins relative to their corresponding structural isomers, with the Fe, Co, and Ni 
variants showing more than double the selectivity. Among these frameworks, Fe2(m-
dobdc) displays the highest ethylene/ethane (> 25) and propylene/propane (> 55) 
selectivity under relevant conditions with olefin capacities exceeding 7 mmol/g. 
Differential enthalpy calculations in conjunction with structural characterization of 
ethylene binding in Co2(m-dobdc) and Co2(p-dobdc) by in-situ single-crystal X-ray 
diffraction reveals that the vast improvement in selectivity arises from enhanced metal–
olefin interactions induced by increased charge density at the metal site. Moderate olefin 
binding enthalpies, below 55 kJ/mol and 70 kJ/mol for ethylene and propylene, 
respectively, indicate that these adsorbents maintain sufficient reversibility under mild 
regeneration conditions. Additionally, transient adsorption shows fast kinetics, with more 
than 90% of ethylene adsorption occurring within 30 s after dosing. Furthermore, 
breakthrough measurements indicate that Co2(m-dobdc) can produce high purity olefins 
without temperature swing, an important test of process applicability. The excellent 
olefin/paraffin selectivity, high olefin capacity, rapid adsorption kinetics, and low raw 
materials cost make M2(m-dobdc) the material of choice for adsorptive olefin/paraffin 
separation. 
 
4.2 Introduction 
 

Olefins, including ethylene and propylene, are high-value products obtained primarily 
from naphtha or ethane cracking and are ubiquitous feedstocks for the most commonly 
used polymers.1 However, olefins are produced as a mixture with their saturated 
paraffinic counterparts. Separations of these olefin-paraffin mixtures are some of the 
most energy-intensive industrial processes and are currently dominated by cryogenic 
distillation technologies.1,2 The U.S. alone consumes over 120 TBtu/yr in olefin/paraffin 
separation processes.3,4 Non-thermally driven processes, such as adsorption, can 
dramatically reduce the cost and energy required to purify olefins.5 However, replacing 
distillation requires adsorbents with adequate properties, e.g. selectivity, capacity, 
kinetics, and cost. There has been significant effort towards designing materials with 
adequate olefin/paraffin separation properties, usually through size-selective,6,7,8,9,10 
chemisorptive,11,12,13,14,15,16,17 or physisorptive18,19,20,21,22 mechanisms, but better materials 
are still necessary to be useful industrially.  
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     Metal–organic frameworks are a class of porous crystalline materials with a high 
degree of structural tunability and have been demonstrated to facilitate in gas separations 
through each of these three mechanisms.23,24,25,26 Due to the small and relatively similar 
kinetic diameters of light olefins and paraffins, size-selective adsorbents typically display 
moderate selectivities alongside very low working capacity and slow kinetics. These arise 
from the narrow pore sizes necessary to discriminate between small molecules. For 
example, NbOFFIVE-Ni, a metal–organic framework composed of a Ni-pyrazine (4,4’) 
square grid that is pillared by inorganic blocks of (NbOF5)2– that forms 4.752(1) Å 
channels that accommodate propylene but reject propane, displays near perfect 
propylene/propane selectivity but is impaired by a very low (0.6 mmol/g) working 
capacity.10 Chemisorptive mechanisms, such as π-complexation with Ag(I) or Cu(I), 
appear promising due to the high binding enthalpy for olefins.27 However, these high 
selectivities arise from metal-olefin interactions that are typically > 100 kJ/mol, which 
can be considered irreversible under typical temperature swing or pressure swing 
adsorption processes. By exchanging Ag(I) into the porous aromatic framework PAF-1-
SO3H,28 Li et. al. showed high ethylene/ethane selectivity using the 106 kJ/mol binding 
affinity between the olefin and Ag(I); however, they could not demonstrate reversibility 
under process conditions.12 Finally, adsorbents that display separation properties based on 
physisorptive mechanisms typically have faster cycling kinetics and better working 
capacity due to larger pore sizes and weaker binding affinities. However, due to the 
difficulty in discriminating between olefins and paraffins, adsorbents have not yet 
displayed sufficient selectivity to produce polymer grade (99.9% purity) olefins. The 
metal–organic frameworks M2(p-dobdc) (M-MOF-74; CPO-27-M; M = Mg, Mn, Fe, Co, 
Ni, Zn; p-dobdc4– = 2,5-dioxido-1,4-benzenedicarboxylate),29,30,31 which feature ~12 Å-
wide hexagonal channels lined with a high concentration of exposed divalent cations, use 
coordinatively unsaturated metal sites to polarize and adsorb olefins preferentially over 
paraffins.18,19 Among these materials, Fe2(dobdc) shows an ethylene/ethane selectivity of 
~14 at an ethylene capacity greater than 7 mmol/g, and Mn2(dobdc) shows a 
propylene/propane selectivity of ~16 at a propylene capacity of greater than 7.5 mmol/g. 
While these frameworks show reversible olefin adsorption with olefin capacities that are 
more than an order of magnitude higher than in size-selective adsorbents, improvements 
in selectivity are desired in order to boost olefin purity in the product stream. Such 
increases in selectivity would translate to olefin purities sufficient for downstream 
processes such as polymerization. 
     We hypothesized that higher selectivity in these physisorptive materials can be 
achieved is by altering the affinity of the metal site for adsorbed hydrocarbons. By 
employing a meta-substituded linker to the H4(p-dobdc) ligand, a structural isomer M2(m-
dobdc) (M = Mg, Mn, Fe, Co, Ni; m-dobdc4– = 4,6-dioxido-1,3-benzenedicarboxylate) 
has been shown to increase charge density on the metal site, leading to improved H2 
binding enthalpy and greater H2 storage capacity.32 Further, this metal–organic 
framework is produced from low-cost raw materials, as its linker is derived from a 
reaction of CO2 with the commodity chemical resorcinol, lending itself to large-scale 
industrial applications. The present study aims to evaluate a series of M2(m-dobdc) 
metal–organic frameworks in olefin/paraffin separation applications using single-
component equilibrium gas adsorption, multicomponent equilibrium gas adsorption, 
adsorption kinetics, transient breakthrough, and in-situ single-crystal X-ray diffraction 
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experiments. From this, we have found that M2(m-dobdc) has superior performance to its 
para-functionalized counterpart, M2(p-dobdc), and the highest selectivity values among 
materials that utilize a fast, reversible, physisorptive mechanism. Most notably, Fe2(m-
dobdc) shows ethylene/ethane selectivity of ~25 and a propylene/propane selectivity of 
~55 under relevant conditions, demonstrating that control over the electronic properties 
of the open metal sites can lead to improved performance. This is a generalizable 
concept, in that tuning the electronic environment around a given adsorption site in a 
given structure can greatly affect adsorption and separation properties. The combined 
features of these adsorbents including selectivity, capacity, kinetics, and cost, make 
M2(m-dobdc) a promising adsorbent for industrial olefin/paraffin separations, and these 
materials have the potential to offset significant energy consumption relative to the 
decades-old distillation technology that is employed today. 
 
4.3. Materials & Methods 
 

4.3.1. Synthesis of M2(m-dobdc) (M = Mn, Fe, Co, Ni). The M2(m-dobdc) materials 
were synthesized according to a modified version of the large-scale literature procedure.32 

For Co2(m-dobdc) and Ni2(m-dobdc). methanol (310 mL) and N,N-dimethylformamide 
(310 mL) were added to a 1 L three-neck round-bottom flask equipped with a reflux 
condenser and purged with N2 while stirring for 1 h. The ligand H4(m-dobdc) (2.0 g, 
10.10 mmol) and CoCl2 (3.27 g, 25.19 mmol) or NiCl2 (3.27 g, 25.23 mmol) were added 
to the solvent under N2 pressure and the reaction mixture was heated to 120 °C for 18 h 
while stirring vigorously.  The mixture was cooled to ambient temperature and then 
filtered, yielding a microcrystalline powder. The resulting powder was collected by 
filtration, rinsed with DMF, and soaked in 20 mL of DMF at 120 °C for 24 h. The 
powder was collected by filtration, rinsed with methanol, and soaked in 20 mL of 
methanol at 60 °C for 12 h. The supernatant solution was decanted, and 10 mL of fresh 
methanol was added. This process was repeated four times so that the total time washing 
with methanol was 2 days.  The resulting powder was collected by filtration, and heated 
at 180 °C under dynamic vacuum (<0.01 mbar) for 24 h. 
     All manipulations involving preparation and handling of Mn2(m-dobdc) and Fe2(m-
dobdc) were performed under an N2 atmosphere in a VAC Atmospheres glovebox or 
using standard Schlenk techniques. To a 200 mL Schlenk flask charged with a stir bar 
and a solution of H4(m-dobdc) (240 mg, 1.0 equiv, 1.2 mmol) in DMF (68 mL) was 
added a solution of MCl2 (2.5 equiv, 3.0 mmol) in 12 mL of methanol. The solution was 
stirred at 120 °C for 18 h. The resulting powder was collected by filtration, rinsed with 
DMF, and soaked in 20 mL of DMF at 120 °C for 24 h. The powder was collected by 
filtration, rinsed with methanol, and soaked in 20 mL of methanol at 60 °C for 12 h. The 
supernatant solution was decanted, and 10 mL of fresh methanol was added. This process 
was repeated four times so that the total time washing with methanol was 2 days. The 
resulting powder was collected by filtration, and heated at 180 °C under dynamic vacuum 
(<0.01 mbar) for 24 h.  
 
     4.3.2. Single-Component Gas Adsorption Measurements. Single-component 
equilibrium gas adsorption experiments in the pressure range of 0–1.1 bar were 
conducted on a Micromeritics 3Flex instrument, which uses a volumetric method to 
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determine the amount adsorbed under an equilibrated gas pressure. Activated samples 
were transferred under a dry N2 atmosphere into pre-weighed sample tubes, and then 
capped with a Micromiretics TranSeal. Samples were then evacuated at 180 °C under a 
dynamic vacuum of < 10−5 bar, until the off-gas rate was less than 10−7 bar•s−1. The mass 
of the activated sample was then recorded, typically in the range of 50–150 mg. Prior to 
each adsorption isotherm, the free-space of the sample was measured using UHP 
(99.999%) He. Gas adsorption isotherms of ethylene, ethane, propylene, and propane 
were measured at 25, 35, and 45 °C using a water bath. Samples were reactivated in 
between each isotherm measurement by heating at 180 °C under dynamic vacuum for 2 
h. Oil-free vacuum pumps and oil-free pressure regulators were used for all 
measurements. 
 
     4.3.3. Isotherm Fitting, Ideal Adsorbed Solution Theory, and Differential 
Enthalpies. The single-component gas adsorption isotherms were fit using a dual-site 
Langmuir–Freundlich equation, given by 
 

          𝑛 =  !!"#,!!!!
!!

!!!!!!!
+ !!"#,!!!!!!

!!!!!!!
                               (1) 

 
where n is the amount adsorbed in mmol•g–1, qsat is the amount adsorbed when saturated 
with the gas in mmol•g−1, b is the Langmuir parameter in bar−1, P is the gas pressure in 
bar, v is the dimensionless Freundlich parameter, and subscripts a and b correspond to 
two site identities. These parameters were determined using a least-squares method, and 
are given in Supplementary Tables 1–4. Ideal Adsorbed Solution Theory (IAST) was 
used to determine the adsorbents’ selectivities from single-component gas adsorption 
isotherms.33,34,35 This involves numerically solving for the spreading pressure and 
subsequently determining the composition of the adsorbed phase at a given gas phase 
composition. The selectivity is then given by 
 

     𝑆 =  
!!"#$%& !!"#"$$%&
!!"#$%& !!"#"$$%&

                                  (2) 

 
where S is the IAST selectivity, x is mole fraction in the adsorbed phase, and y is the 
mole fraction in the gas phase. Finally, the differential enthalpy was extracted from the 
temperature dependence of the isotherms using the Clausius–Clapyron relationship.36 The 
adsorption isotherm fits were numerically inverted and solved as P(n). The differential 
enthalpy, h, can then be determined at a constant loading by   
 
               ℎ = −𝑅 ! !"#

! !
!

                                        (3) 

 
where R is the ideal gas constant, P are the pressures at a given loading, and T are the 
temperatures (298.15, 308.15, and 318.15 K) of the isotherms. 
 

4.4.4. Breakthrough Measurements. Breakthrough experiments were completed on 
a custom-built breakthrough apparatus, composed of primarily 1/8” copper tubing fitted 
with Swagelok fittings and valves to control the flow of the gas to either flow through the 
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sample holder or bypass the sample holder and flow directly to a gas chromatograph used 
to monitor outflow composition. A premixed 1:1 ethane:ethylene or 1:1 
propane:propylene cylinder was attached to the breakthrough manifold with an MRS 
mass flow controller to control gas flow from the cylinder. A helium (99.999%) cylinder 
used to dilute the hydrocarbon mixture was also attached to the manifold and controlled 
by an MRS mass flow controller. A coil of tubing was placed after the mass flow 
controllers to ensure mixing of the gases. The Co2(m-dobdc) sample was pelletized and 
crushed up. Then, 0.575 g was loaded into one vertical component (13.335 cm, inner 
diameter of 0.4572 cm) of a U-shaped sample holder comprised of ¼″ tubing and fitted 
with Swagelok VCR fittings with fritted gaskets (0.5 µm) to prevent the sample from 
moving. The U-shaped tubing was immersed in a heating mantle filled with sand and 
connected to the breakthrough manifold. The Co2(m-dobdc) sample was activated in the 
sample holder by heating it in a sand bath at 180 °C under flowing helium. The sample 
was then cooled to 45 °C for the breakthrough experiments. A total flow rate of 30 
mL/min was employed, with each hydrocarbon mixture set to 2 mL/min and the helium 
set to 28 mL/min. The mixture was tested without flowing to the packed Co2(m-dobdc) 
bed to ensure proper composition and separation using the GC monitoring the outflow. 
The mixture was then flowed through the packed bed of Co2(m-dobdc) and the outflow 
was recorded by GC every 2 minutes for the ethane/ethylene mixture and every 3.5 
minutes for the propane/propylene mixture. The outflow composition was analyzed by 
gas chromatography using a SRI Instruments 8610V GC equipped with a 6′ HayeSep D  
column, which was kept at 90 °C. After both components for an experiment had broken 
through the packed Co2(m-dobdc) bed, the flow was switched to He to fully desorb both 
hydrocarbon components from the column. The data was recorded and analysed using 
PeakSimple software. 
 

4.4.5. Single-Crystal X-Ray Diffraction Experiments. In situ X-ray diffraction 
measurements on both Co2(m-dobdc) and Co2(p-dobdc) were performed on single 
crystals in ethylene-dosed capillaries, which were prepared according to a previously 
reported procedure.37 Briefly, a methanol-solvated crystal of either Co2(m-dobdc) or 
Co2(p-dobdc) was mounted onto a borosilicate glass fiber using a minimal amount of 
epoxy, ensuring accessibility of the crystal pores. The glass fiber was then inserted into a 
1.0 mm borosilicate glass capillary, which was connected to a capillary-dosing assembly 
attached to a port on a Micromeritics 3-Flex instrument. The sample was evacuated under 
reduced pressure at 180 °C for 24 h to remove all solvent molecules within the crystal. 
The capillary was dosed with 300 mbar ethylene, and then flame-sealed with a 
methane/oxygen torch. 

X-ray diffraction data for all samples were collected at Beamline 11.3.1 at the 
Advanced Light Source, Lawrence Berkeley National Laboratory using synchrotron 
radiation (λ = 0.8856 Å for Co2(m-dobdc)·2.0C2H4 and λ = 0.6888 Å for Co2(p-
dobdc)·1.89C2H4) with Bruker PHOTON100 CMOS detector on a D8 diffractometer. The 
samples were cooled to a 100 K using an Oxford Cryosystems cryostream for data 
collection. For Co2(p-dobdc)·1.89C2H4, the crystal was found to be an obverse/reverse 
twin based on analysis of their diffraction patterns, and CELL_NOW38 was used to 
determine the orientation matrices. Raw data for each structure (using both twin matrices 
for Co2(p-dobdc)·1.89C2H4) were integrated and corrected for Lorentz and polarization 
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effects using Bruker AXS SAINT39 software and corrected for absorption using SADABS 
for Co2(m-dobdc)·2.0C2H4 and TWINABS for Co2(p-dobdc)·1.89C2H4.40 For Co2(p-
dobdc)·1.89C2H4, TWINABS was used to produce a merged HKLF4 file for structure
solution and initial refinement and an HKLF5 file for final structure refinement. The 
structures were solved using either direct methods with SHELXS41,42 (for Co2(p-
dobdc)·1.89C2H4) or intrinsic phasing methods for Co2(m-dobdc)·2.0C2H4 with
SHELXT43 and refined using SHELXL41,44 operated in the OLEX2 interface.45 Thermal 
parameters were refined anisotropically for all non-hydrogen atoms. Disorder and 
thermal motion of the bound gas molecules required the use of displacement parameter 
and distance restraints. All framework hydrogen atoms were refined using the riding 
model. Hydrogen atoms on the coordinated ethylene molecules in Co2(m-dobdc)·2.0C2H4
could not be located in the electron density difference map and were omitted from the 
refinement but not the formula. Hydrogen atoms on the coordinated ethylene molecules 
in Co2(p-dobdc)·1.89C2H4 were located in the electron density difference map,
constrained to be coplanar with the ethylene carbon atoms, and restrained to have C–H
distances based on those of free ethylene. 

4.5.6 Multicomponent Gas Adsorption. Binary, equilibrium gas adsorption 
experiments were conducted based on methods reported in our previous works.46,47 
Equilibrium gas adsorption of a binary mixture of ethylene and ethane were measured on 
a custom-built, high-throughput gas adsorption analyzer developed in collaboration with 
Wildcat Technologies. Activated samples were transferred under a dry nitrogen 
atmosphere into pre-weighed 4 ml vials, and sealed into a sample assembly. The sample 
assembly was affixed to the instrument, and samples were reactivated in-situ at 180 °C 
prior to measuring gas adsorption. Gas cylinders with  verified compositions of 25.0 ± 
0.1%, 50.0 ± 0.1%, and 75.0 ± 0.1% ethylene in ethane were supplied by Praxair 
Distribution. To determine the fraction pC2H4/[pC2H4+pC2H6] in equilibrium with the 
adsorbed phase, a calibration curve using gases with known compositions was developed 
on a mass spectrometer (MKS Microvision 2). This calibration is given in Figure S3. 

3.4. Results & Discussion 

4.4.1. Structural Characterization of Ethylene-Dosed Co2(m-dobdc) and Co2(p-
dobdc). In-situ single-crystal X-ray diffraction was employed as an initial means of 
comparing olefin binding in M2(m-dobdc) and M2(p-dobdc). This technique requires 
large single crystals that can be manipulated and mounted, which restricts the method to 
the characterization of Co2(m-dobdc) and Co2(p-dobdc), the most crystalline of the 
M2(dobdc) frameworks in this study. However, relative differences between the two 
structures are expected to be similar in other variants. The structures of Co2(m-dobdc) 
and Co2(p-dobdc) under ~0.3 bar ethylene at 100 K (Fig. 1) confirm that ethylene 
primarily binds through a side-on interaction with the cobalt(II) sites in both materials. 
Unlike molecular Co–C2H4 complexes reported in the Cambridge Crystal Structure 
Database,48 which have Co–CC2H4 distances that range from 1.965–2.087 Å, much longer 
Co–CC2H4 distances were observed in Co2(m-dobdc)·2.0C2H4 (2.643(18) and 2.687(16) 
Å) and Co2(p-dobdc)·1.9C2H4 (2.667(7) and 2.743(8) Å). These long distances indicate 
that the cobalt sites in both frameworks bind ethylene through much weaker reversible 
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interactions compared to typical transition metal alkene complexes. Similar weak 
interactions have been reported for ethylene and propylene in Co2(p-dobdc)30 and Fe2(p-
dobdc)31, which have been attributed to limited pi-backbonding from the high-spin 
metal(II) centers in these frameworks. 

The shorter Co–CC2H4 distances in Co2(m-dobdc)·2.0C2H4 compared to Co2(p-
dobdc)·1.9C2H4 likely results from stronger ethylene binding induced by the increased 
charge density at the cobalt(II) site in Co2(m-dobdc). A similar effect was also observed 
for H2 binding to Ni2(m-dobdc), obtained from in-situ neutron powder X-ray diffraction, 
and this was attributed to higher charge density at the metal site in the meta-substituted 
variant using density functional theory.32 The stronger Co–C2H4 interactions inferred 
from shorter Co–CC2H4 distances in Co2(m-dobdc)·2.0C2H4 are expected correspond to 
increased olefin/paraffin selectivity in M2(m-dobdc) in comparison to  M2(p-dobdc) as 
discussed below. 

Figure 4.1. Comparison of the ligand structure, framework structures, and ethylene 
binding geometries for (a) Co2(p-dobdc) and (b) Co2(m-dobdc) under ~0.3 bar 
ethylene at 100 K as determined from in-situ single-crystal X-ray diffraction; Purple, 
red, gray, and white spheres represent Co, O, C, and H atoms, respectively. 
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4.4.2. Gas Adsorption and Olefin/Paraffin Selectivity in M2(m-dobdc). In rigid 
frameworks with well-defined gas adsorption sites, single-component gas adsorption 
isotherms reveal a wide range of information about the thermodynamics of gas 
interacting with the system. The single-component ethylene, ethane, propylene, and 
propane isotherms were measured at 25, 35, and 45 °C in M2(m-dobdc) (M = Mn, Fe, Co, 
Ni) (Figs. 2a and 2b). These isotherms display steep adsorption behavior at low pressures, 
corresponding to strong interactions with the frameworks. Among the four gases, 
propylene adsorbs the strongest, followed by ethylene, then propane, and lastly ethane for 
each variant. This qualitative comparison suggests that all of these materials selectively 
adsorb olefins over paraffins. Further, the high densities of coordinatively unsaturated 
metal centers in these materials afford olefin saturation capacities in excess of 7 
mmol•g−1. Single-component isotherms can be used to understand the expected 
equilibrium properties of multicomponent systems by applying IAST to predict the 
composition of the adsorbed phase in the presence of a gas mixture.33 The IAST model is 

Figure 4.2. Single-component gas adsorption isotherms of (a) ethylene/ethane and 
(b) propylene/propane and their corresponding olefin/paraffin IAST selectivity for
(c) ethylene/ethane and (d) propylene/propane at 25 ˚C in M2(m-dobdc) (M = Mn,
Fe, Co, Ni).

64



expected to work accurately for this system, given the rigid nature of the framework and 
the absence of interactions between adsorbates bound to the metal sites. The IAST 
selectivities were obtained from single-component dual-site Langmuir–Freundlich fits 
(Figs. 2c and 2b). As this method extrapolates the isotherm of the less strongly bound gas 
(in this case ethane and propane), obtaining realistic results depends on restricting the 
saturation capacity for these isotherms to reasonable values (Tables S1–S4). Otherwise, 
non-physical trends in the IAST selectivities can arise and severe overestimation of the 
selectivity will be interpreted.9 

After taking these procedures into consideration, we observe an ethylene/ethane IAST 
selectivity in Fe2(m-dobdc) of over 25 under equimolar feed conditions at a total pressure 
of 1 bar and 25 °C, making it the most selective physisorptive material for the separation. 
This selectivity corresponds to a composition in the adsorbed phase of 96% ethylene in 
equilibrium with an equimolar gas phase. Within only two equilibrium stages, in which 
the ethylene adsorbed from an equimolar mixture at equilibrium is then desorbed and 
subsequently equilibrated with the adsorbent a second time, ethylene purity of greater 
than 99.9% can be achieved. This is the minimum purity required for a polymerization 
feed, and can usually only be achieved through cryogenic methods. Additionally, this 
separation is accomplished at near ambient temperatures, with further improvements in 
selectivity expected at reduced temperatures. Propylene/propane selectivity in Fe2(m-
dobdc) is greater than 55 under the same conditions, corresponding to 98% of the 
adsorbed phase composed of propylene in the first equilibrium stage. Variants including 
Mn, Co, and Ni also display high adsorption selectivity (> 15) for ethylene/ethane and (> 
30) for propylene/propane. 

To verify the applicability of IAST in predicting behavior under real mixtures, 
multicomponent equilibrium adsorption measurements were conducted (Fig. S1). By 
dosing an ethylene/ethane mixture of known composition, determining the total amount 
of gas adsorbed at equilibrium, and measuring the equilibrium composition of the gas 
phase after adsorption using a mass spectrometer, the composition of the adsorbed phase 
can be determined. Indeed, samples of Fe, Co, and Ni2(m-dobdc), when dosed with an 
equimolar mixture of ethylene/ethane, reveal significant enrichment of ethylene in the 
adsorbed phase. The real selectivities determined from this method corroborate those 
calculated from IAST. This is not surprising, as the assumptions that are required for 
IAST to hold (the thermodynamic state of the adsorbent does not change upon gas 
adsorption, and adsorbate-adsorbate interactions are minimal, given they are isolated at 
discrete metal sites) are fulfilled in this system. The selectivities observed for M2(m-
dobdc) are significantly higher than for M2(p-dobdc) at 45 °C (Fig. 3). In the case of 
ethylene/ethane, the most selective in the para series, Fe2(p-dobdc), shows similar 
selectivity to Ni2(m-dobdc), the least selective of the meta series. Additionally, Ni2(m-
dobdc) and Co2(m-dobdc) have more than double the selectivity of their para-substituted 
counterparts. These changes are even more pronounced in the propylene/propane 
separation. All variants in the M2(m-dobdc) series are significantly more selective than in 
the M2(p-dobdc) series, and Fe2(m-dobdc) has nearly triple the selectivity of Fe2(p-
dobdc). Moreover, temperature-dependent IAST calculations predict more dramatic 
differences in selectivity at lower temperatures, under which differences in adsorption 
enthalpy play a larger role in determining adsorption equilibria. 
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As the increased charge density at the metal site changes the relative adsorption 

enthalpies, it was not surprising to see improvements in olefin/paraffin adsorption 
selectivity; however, the magnitude of these changes was unexpected. Using the single-
component isotherm fits and the Clausius–Clapeyron relationship, differential enthalpies 
of ethylene, ethane, propylene, and propane were determined as a function of loading 
(Fig. 4). For ethylene and propylene, initial adsorption enthalpies in the range of 0–6 
mmol/g correspond to interactions between the gas and the metal site. The decrease in 
differential enthalpy for these species corresponds to saturation of the metal sites, and the 
enthalpies beyond this point result from subsequent binding sites. For ethane and 
propane, the initial adsorption at low loading also corresponds to interactions with the 
metal sites. However, increases in enthalpy are observed upon metal site saturation, due 
to adsorbate–adsorbate interactions as the pore begins to fill with gas molecules.49 This 
analysis reveals Fe2(m-dobdc) having the highest ethylene and propylene adsorption 
enthalpy relative to the other metal variants. At a loading of 1 mmol/g, where the 
differential enthalpies primarily arise from the interaction between the adsorbate and the 
metal site, Fe2(m-dobdc) shows ethylene adsorption at about 52 ± 0.1  kJ/mol and 
propylene adsorption at 65 ± 0.5 kJ/mol. Ethylene adsorption enthalpies follow the trend, 
Fe ≈ Ni ≈ 52 kJ/mol > Mn ≈ Co ≈ 47 kJ/mol. Interestingly, these are not consistent with 
the IAST selectivity trends. The explanation for this discrepancy lies in the ethane 

Figure 4.3. Comparison of the IAST selectivity under an equimolar feed at 45 °C 
between M2(p-dobdc) and M2(m-dobdc) for (a) ethylene/ethane and (b) 
propylene/propane separations. 
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adsorption enthalpies. While Ni2(m-dobdc) and Fe2(m-dobdc) have similar ethylene 
adsorption enthalpies, the ethane adsorption enthalpy in Ni2(m-dobdc) is ~5 kJ/mol 
greater than Fe2(m-dobdc). Selectivity is associated with the difference in adsorption 
enthalpy rather than the absolute enthalpy of the more strongly adsorbed component. As a 
consequence, Fe2(m-dobdc) shows both the strongest propylene adsorption and also the 
highest difference in enthalpy between propylene and propane, leading to its high 
propylene/propane selectivity. 

Along with olefin/paraffin selectivity, the kinetics of olefin adsorption is also a 
crucial factor when evaluating adsorbents for industrial separations. To probe the kinetics 
of olefin adsorption, a transient volumetric measurement of ethylene adsorption in Fe2(m-
dobdc) was conducted by dosing 1000 mbar of ethylene from a reservoir to the adsorbent 
and monitoring the pressure drop to an equilibrated pressure of 270 mbar. The resulting 
transient adsorption profile (Fig. 5) revealed rapid adsorption kinetics, reaching > 90% of 
equilibrium in less than 30 s, with complete adsorption observed in just 60 s. Thus, fast 
cycle times can be used in a pressure-swing adsorption process, minimizing the amount 
of adsorbent needed to process a given flow of gas. This fast adsorption behavior 
distinctly contrasts with adsorbents that rely on a size-exclusion mechanism for 
separating gases, in which separation occurs far from equilibrium in a real process. These 
findings also emphasize the advantage of adsorbents displaying fast kinetics, as pure-
component equilibrium adsorption measurements for these systems can accurately model 
the near-equilibrium operation of the process. 

Figure 4.4. Differential enthalpies of adsorption for (a) ethylene and ethane 
and (b) propylene and propane in M2(m-dobdc) (M = Mn, Fe, Co, Ni).
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4.4.3. Olefin/Paraffin Breakthrough. To test the applicability of M2(m-dobdc) 

under more realistic process conditions, Co2(m-dobdc) was tested in a breakthrough 
measurement. In a typical experiment, an ethylene/ethane or propylene/propane mixture 
was flowed through a fixed packed bed of adsorbent with He as the carrier gas. The 
relative time it takes for the olefin and paraffin to break through the bead indicates the 
ability of the adsorbent to discriminate between the two components (Fig. 6). Using an 
equimolar olefin/paraffin feed, it can be seen that the paraffin breaks through the bed 
first, followed by the olefin. The steep breakthrough of ethane, propane, ethylene, and 
propylene indicates that there is a clean separation of each species. After breakthrough of 
both components, when the bed is saturated with an equilibrium composition, the effluent 
composition returns to equimolar. The bed is subsequently purged with He at ambient 
conditions in order to regenerate the bed. Notably, residual paraffin in the bed shortly 
after switching to desorption was not observed, indicating that the adsorbed phase is 
highly enriched in olefin. Additionally, the rapid desorption of the olefin by merely 
purging with He indicates that the olefin is labile and regeneration of can be 
accomplished without a temperature swing. This is significant, as flowing a purge gas, 
vacuum swing, or pressure swing are desired over a temperature swing process. 
Temperature swing adsorption has longer cycle times due to time-consuming heating and 
cooling processes. 

 
 

 
 
 

 
 
 
 
 

Figure 4.5. Transient adsorption measurement ethylene in Fe2(m-
dobdc); the equilibrium pressure is ~300 mbar corresponding to an 
equilibrated loading (Qo) loading of ~6 mmol/g. 
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4.5. Conclusions 

Olefin/paraffin separations account for an enormous amount of energy consumed in 
the industrial sector and represent a major opportunity for new adsorbents to replace 
cryogenic distillation. Competitive adsorbent-based technologies require materials with 
high selectivity and capacity, fast kinetics, labile desorption, and low production cost. We 
have demonstrated these key features in M2(m-dobdc) (M = Mn, Fe, Co, Ni). 
Specifically, single-component adsorption isotherms combined with IAST reveal 
ethylene/ethane and propylene/propane selectivity in excess of 25 and 55, respectively. 
These selectivities arise from differences in adsorption enthalpy between olefins and 
paraffins, in which olefins bind more strongly at the coordinatively unsaturated metal 
sites in these materials. This separation mechanism does not rely on size-exclusion and, 
thus, retains excellent adsorption kinetics necessary for fast cycling. Notably, stronger 
olefin adsorption arising from increased charge density at the metal site leads to much 
higher selectivity in M2(m-dobdc) relative to its structural isomer, M2(p-dobdc). Finally, 
this separation capability was demonstrated in breakthrough measurements, in which 
high olefin purities under mild regeneration conditions were obtained. These unique 
properties make M2(m-dobdc) the material of choice for industrial olefin/paraffin 
separations, and indicate a promising route to improving separation properties by tuning 
the electronic environment of the adsorption sites. 
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Thermal ellipsoid plots and crystallographic tables 

 

 

Figure 4.S1. Thermal ellipsoid plot of Co2(m–dobdc)·2.0C2H4 at 100 K drawn at 50% probability 
level as determined by single-crystal X-ray diffraction; purple, red, gray and white ellipsoids 
represent Co, O, C, and H atoms, respectively. 
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Figure 4.S2. Thermal ellipsoid plot of Co2(p–dobdc)·1.89C2H4 at 100 K drawn at 50% 
probability level as determined by single-crystal X-ray diffraction; purple, red, gray and white 
ellipsoids represent Co, O, C, and H atoms, respectively. 
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Table 4.S1. Crystallographic Data 

 Co2(m-dobdc)·2.0C2H4 Co2(p-dobdc)·1.89C2H4 

Formula Co2C12H10O6 Co2C11.78H9.57O6 

Temperature (K) 100(2) 100(2) 

Crystal System Trigonal Trigonal 

Space Group 𝑅3𝑚 𝑅3 

a, b, c (Å) 

25.751(4), 

25.751(4),	

6.8192(11)	

25.720(7),	

25.720(7),	
6.853(2)	

α, β, γ  (°) 90, 90, 120 90, 90, 120 

V, (Å3) 3916.1(14) 3926(2) 

Z 9 9 

Radiation, 
λ (Å) 

Synchrotron, 
0.8856 

Synchrotron, 
0.6888 

2Θ Range for Data 
Collection (°) 6.830 to 64.462 5.316 to 53.426 

Completeness to 2Θ 99.9% 
(2Θ = 64.194°) 

98.3% 
(2Θ = 48.822°) 

Data / Restraints / 
Parameters 1642 / 5 / 94 2092 / 12 /104 

Goodness of Fit on F2 1.078 1.101 

R1a, wR2b  
(I>2σ(I)) 

0.0456, 
0.1099 

0.0613, 
0.1113 

R1a, wR2b 
(all data) 

0.0537, 
0.1151 

0.0827, 
0.1204 

Largest Diff.  
Peak and Hole 

(e Å–3) 

0.569 and 
–0.392 

0.827 and 
–0.845 

aR
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Figure 4.S4. Comparison of IAST selectivities as calculated from the single-component fits with 
measured selectivities using a binary ethylene/ethane mixture for M2(m-dobdc) (M = Fe, Ni, Co) 
at 25 °C. 
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Mn2(m-dobdc) 

	
Figure 4.S5. Adsorption of (a) ethylene, (b) ethane, (c) propylene, and (d) propane in Mn2(m-
dobdc) at 25, 35, and 45 °C.  
 
Table 4.S2. Dual-site Langmuir–Freundlich isotherm fitting parameters for ethylene, ethane, 
propylene, and propane at 25, 35, and 45 °C in Mn2(m-dobdc) 
  

 Ethylene Ethane Propylene Propane 
T (°C) 25 35 45 25 35 45 25 35 45 25 35 45 
qsat,a (mmol/g) 5.603 5.451 5.421 6.854 7.727 6.700 5.403 5.195 4.865 3.333 3.211 2.801 
ba (1/bar) 73.02 48.25 30.43 6.228 4.080 2.606 1109 1019 730.6 3165 1331 968.5 
va  0.854 0.868 0.876 1.170 1.173 1.153 0.877 0.949 0.989 1.641 1.819 1.710 
qsat,b (mmol/g) 23.94 10.72 9.560 0 0 0 2.508 2.700 3.084 3.281 3.161 3.276 
bb (1/bar) 0.057 0.116 0.109 n/a n/a n/a 3.182 2.587 2.100 3.704 3.610 4.106 
vb 0.727 0.646 0.632 n/a n/a n/a 0.718 0.650 0.557 0.635 0.681 0.726 

 
 
 
 
 

76



 
Fe2(m-dobdc) 

 
 
Figure 4.S6. Adsorption of (a) ethylene, (b) ethane, (c) propylene, and (d) propane in Fe2(m-
dobdc) at 25, 35, and 45 °C.  
 
Table 4.S3. Dual-site Langmuir–Freundlich isotherm fitting parameters for ethylene, ethane, 
propylene, and propane at 25, 35, and 45 °C in Fe2(m-dobdc). 
  

 Ethylene Ethane Propylene Propane 
T (°C) 25 35 45 25 35 45 25 35 45 25 35 45 
qsat,a (mmol/g) 5.657 5.288 5.479 4.907 4.250 3.485 4.623 6.093 5.546 3.155 5.026 3.975 
ba (1/bar) 59.52 48.99 28.01 9.727 6.895 4.924 2303 354.1 342.3 3.109 113.7 300.6 
va  0.735 0.771 0.776 1.254 1.295 1.344 0.941 0.833 0.886 0.640 1.124 1.376 
qsat,b (mmol/g) 3.841 4.255 7.464 3.274 3.703 4.049 4.015 1.437 1.463 3.585 1.472 1.433 
bb (1/bar) 0.503 0.500 0.173 0.876 0.947 1.004 2.352 9.089 12.44 1094 1.929 9.997 
vb 0.790 0.593 0.576 0.700 0.761 0.818 0.366 1.214 0.993 1.395 1.453 1.341 
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Co2(m-dobdc) 
 

 
Figure 4.S7. Adsorption of (a) ethylene, (b) ethane, (c) propylene, and (d) propane in Co2(m-
dobdc) at 25, 35, and 45 °C.  
 
Table 4.S4. Dual-site Langmuir–Freundlich isotherm fitting parameters for ethylene, ethane, 
propylene, and propane at 25, 35, and 45 °C in Co2(m-dobdc). 
  

 Ethylene Ethane Propylene Propane 
T (°C) 25 35 45 25 35 45 25 35 45 25 35 45 
qsat,a (mmol/g) 5.968 5.983 5.850 5.756 3.409 0.178 5.611 5.061 4.282 4.410 4.260 3.893 
ba (1/bar) 79.89 45.60 29.82 8.88 0.362 82.65 2141 1804 1324 300 300 300 
va  0.869 0.866 0.876 1.133 0.707 2.270 0.985 1.048 1.099 1.109 1.199 1.286 
qsat,b (mmol/g) 4.917 9.454 3.615 3.724 5.561 6.697 2.169 2.673 3.451 2.192 1.996 2.128 
bb (1/bar) 0.293 0.108 0.321 0.362 5.767 2.725 7.674 7.618 7.616 3.234 4.679 4.767 
vb 0.838 0.760 0.719 0.684 1.130 1.033 0.645 0.607 0.570 0.760 1.019 1.061 
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Ni2(m-dobdc) 
 

 
Figure 4.S8. Adsorption of (a) ethylene, (b) ethane, (c) propylene, and (d) propane in Ni2(m-
dobdc) at 25, 35, and 45 °C.  
 
Table 4.S5. Dual-site Langmuir–Freundlich isotherm fits for ethylene, ethane, propylene, and 
propane at 25, 35, and 45 °C in Ni2(m-dobdc). 
  

 Ethylene Ethane Propylene Propane 
T (°C) 25 35 45 25 35 45 25 35 45 25 35 45 
qsat,a (mmol/g) 5.496 5.304 5.631 6.666 6.510 6.321 4.634 4.065 4.462 4.959 3.470 3.024 
ba (1/bar) 52.14 38.07 21.79 6.824 4.804 3.460 2296 1802 523.4 216.6 702.1 685.1 
va  0.755 0.777 0.776 1.046 1.063 1.075 0.927 0.978 0.909 1.074 1.347 1.461 
qsat,b (mmol/g) 5.558 6.990 1.003 0 0 0 3.590 4.018 3.589 1.473 3.276 3.576 
bb (1/bar) 0.267 0.192 1.784 n/a n/a n/a 3.511 3.711 2.847 3.963 2.934 2.843 
vb 0.866 0.727 1.774 n/a n/a n/a 0.485 0.457 0.511 1.278 0.681 0.677 
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Figure 4.S9. Ethylene/ethane IAST selectivities for (a) Mn2(m-dobdc), (b) Fe2(m-dobdc), (c) 
Co2(m-dobdc), and (d) Ni2(m-dobdc) at 25, 35, and 45 ˚C.  
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Figure 4.S10. Propylene/propane IAST selectivities for (a) Mn2(m-dobdc), (b) Fe2(m-dobdc), (c) 
Co2(m-dobdc), and (d) Ni2(m-dobdc) at 25, 35, and 45 ˚C.  
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Chapter 5: Purification of Oxidative Coupling of Methane Effluent Gas using 

Metal-Organic Frameworks M2(m-dobdc) (M = Mn, Fe, Co, Ni) 
 
 
5.1 Abstract 
 

Ethylene is a ubiquitous feedstock in the petrochemical industry, primarily derived 
from naphtha or ethane cracking. Alternatively, CH4 can be catalytically converted into 
ethylene through an oxidative coupling mechanism. However, this reaction leads to a 
broad mixture of products, including H2, CH4, C2H6, CO, CO2, and many other minor 
components, while only high purity ethylene is desired. Cryogenic separations can be 
used to purify ethylene, however these are costly and can make the process inefficient 
and uneconomical. Rather than using a traditional separation route, we propose here to 
utilize an adsorbent that is uniquely selective for ethylene over a wide range of gases. 
Here, we analyze a series of metal–organic frameworks with the M2(m-dobdc) (M = Mn, 
Fe, Co, Ni; m-dobdc4- = 4,6-dioxido-1,3-benzenedicarboxylate) structure for their ability 
to purify ethylene from the effluent of an oxidative coupling of methane process. 
Through variable temperature, single-component equilibrium adsorption experiments, we 
show that each metal can accomplish ethylene purification at varying effectiveness. 
While all variants show the ability to purify ethylene from ethane, CO2, and CH4, only 
Mn2(m-dobdc) and Fe2(m-dobdc) can effectively conduct an ethylene/CO separation, 
while Mn2(m-dobdc) is most selective by an order of magnitude. By calculating the 
enthalpies of adsorption, it can be seen that this notable difference in ethylene/CO 
selectivity arises from changes in CO binding affinity. Finally, transient breakthrough 
experiments were conducted to demonstrate the real separation behavior of Mn2(m-
dobdc) in a complex mixture of gases, showing that it can indeed effectively and 
uniquely purify ethylene from the OCM effluent. 
	
5.2 Introduction 

 
While transitioning from fossil fuels to renewables in the context of energy 

production is a major challenge, finding renewable raw materials is also a critical barrier 
to a sustainable future. As a way to transition from a fossil fuel based economy to one 
primarily supplied through alternative energy, methane represents an important 
intermediary as both an energy carrier and a raw material. With the advent of hydraulic 
fracturing, the displacement of coal-fired power plants with natural gas has been the 
primary driver for reduced U.S. CO2 emissions in recent years.1 Further, methane can be 
produced through a variety of renewable means, such as from biomass sources including 
farm waste, 2  wastewater, 3  landfills, 4  or via electrochemical CO2 reduction. 5  Using 
methane as a replacement raw material for petroleum sources can also ease a transition 
from fossil fuels to a sustainable economy. 

One ubiquitous raw material that primarily comes from petroleum is ethylene. 
Produced on massive scales, currently greater than 150 million tonnes/year, ethylene 
comes mainly from naphtha and ethane cracking.6  As these are exclusively fossil 
resources, a transition away from traditional ethylene production routes is necessary. In 
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considering alternative routes to ethylene, significant attention has been given to the 
oxidative coupling of methane (OCM)7,8,9,10,11,12,13,14,15,16,17,18,19,20 and the conversion of 
methanol-to-olefins (MTO).21,22,23,24,25,26 As the MTO process comes downstream of coal 
gasification, it is not promising as a renewable route to ethylene. The OCM process, 
however, uses methane as a feedstock for ethylene production, making it a promising 
pathway to a renewable ethylene economy that can be implemented using fossil fuels in 
the transition. 

Large scale use of OCM, however, has limited viability because ethylene is produced 
at low CH4 conversion with a mixture of several different products, including ethane, 
CO2, CO, and H2, in addition to many more complex minor components (Scheme 1). The 
difficulty comes in separating these components through a conventional cryogenic 
distillation cascade, in which both energy-intensity and high capital requirements add 
significant energy and cost penalties, often making OCM infeasible. Additionally, the 
OCM reactor conditions dictate product stream composition, making a general solution to 
this separation problem difficult.  

 
 
 

                           
 
 

 
 
 
 
 
 
 
 
 

Scheme 5.1. Possible reaction pathways for methane oxidation, including 
ethylene and ethane intermediaries. 
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Table 5.1. Prototypical OCM gas mixture composition8 and their corresponding physical 
and thermodynamic parameters.27 
 

 
OCM gas 

mole 
fraction 

Kinetic 
Diameter 

Boiling 
Point µ (1030 C M) Θ (10-40 C m2) α (10-25 cm3) 

CH4 0.85 3.758 109-113 0 0 25.93 
C2H4 0.05 4.163 169.4 0 5.00 42.52 
C2H6 0.04 4.444 184.5 0 2.17 44.3-44.7 
CO 0.01 3.690 81.66 0.329 8.33 19.5 
CO2 0.05 3.300 216.55 0 14.33 29.11 

 
One solution to this problem of separations is through the use of an adsorbent that is 

able to selectively capture ethylene over the various other OCM product stream 
components, eliminating the need for multiple separation operations in series. However, 
the broad range of chemical properties spanned by ethylene, ethane, CO2, CO, and CH4 
requires designing a unique adsorbent for ethylene. Upon inspection of the kinetic 
diameter, boiling point, dipole moment, quadrapole moment, and polarizability for each 
gas, it can be seen that ethylene has no single physical or thermodynamic parameter that 
can be used as a handle to separate it from this complex mixture (Table 1). Instead, we 
propose to use unique metal-olefin adsorptive interactions within metal–organic 
framework pores in order to selectively adsorb ethylene. Metal–organic frameworks are a 
class of tunable adsorbents that may be used to perform this 
separation.28 ,29,30,31 ,32,33,34 ,35,36,37 Metal–organic frameworks are permanently porous 
materials formed by connecting metal nodes and organic linkers, and have been studied 
extensively for gas separations.38,39,40,41,42,43,44,45,46,47,48,49,50,51 However, the separation of 
any gas as part of a complex mixture of different strongly adsorbing gases, as is required 
here, has been relatively underexplored due to the specific chemical control required for 
such an operation. Certain techniques have been devised that allow selective adsorption 
over a variety of different, strongly adsorbing species, but these typically require a 
chemical handle that allows for specific design of some adsorbent property such as the 
Lewis acidity of CO2 or CO or size or shape selectivity of different hydrocarbons.52,53,54 
As ethylene lacks these handles, a different approach is required here.  

In selecting a suitable material, several design factors were considered. Paramount is 
the material’s ability to selectively adsorb ethylene from the given mixture. Second, a 
high capacity for ethylene is required to make adsorption feasible on large-scale 
industrial processes due to the large amount of adsorbent required. Rapid adsorption and 
facile regeneration conditions allow fast cycle times in order to harvest the ethylene and 
regenerate the bed without using excessively harsh temperature or pressure swings. 
Finally, the materials cost should also be considered. The metal–organic frameworks 
M2(m-dobdc) (m-dobdc4– = 4,6-dioxido-1,3-benzenedicarboxylate, M = Mn, Fe, Co, and 
Ni) is a good candidate that suits these design criteria. The high density of M2+ ions each 
featuring a single open coordination site that can selectively bind ethylene, shows high 
capacity for ethylene with fast sorption kinetics, and features a low production cost which 
makes these commercially attractive materials. Additionally, the metal identity can be 
varied in the framework in order to tune the materials to meet the ethylene adsorption 
conditions optimized in a variety of different OCM product mixtures.   

84



Here, we report that the series of M2(m-dobdc) (M = Mn, Fe, Co, Ni) are able to 
selectively adsorb ethylene in typical OCM product streams. These materials all show 
excellent selectivity for ethylene adsorption over ethane, CO2, and CH4, and the Mn and 
Fe analogues in particular show remarkable selectivity for ethylene adsorption over CO, 
making them promising materials for potential applications in the purification of OCM 
product streams. Through choice of the metal center, certain selectivity properties can be 
enhanced depending on the exact composition of the product stream. Our results 
demonstrate that even with a variety of strongly adsorbing species in a gas stream, 
particular choice of a metal cation can be employed to make a highly effective adsorbent 
material.  
 
5.3 Materials & Methods 

5.3.1 Synthesis of M2(m-dobdc) (M = Mn, Fe, Co, Ni). The M2(m-dobdc) materials 
were synthesized according to previous versions we have reported.55,56 MnCl2, FeCl2, 
CoCl2, and NiCl2 were purchased from Sigma-Aldrich and used as received. Methanol 
was purchased from EMD Millipore Corporation as DriSolv grade, dried over 3 Å sieves, 
and sparged with Ar prior to use. Dimethylformamide (DMF) was purchased from EMD 
Millipore Corporation as OmniSolv grade, sparged with Ar, and dried with an alumina 
column prior to use. For Co2(m-dobdc) and Ni2(m-dobdc), a mixture of 310 mL of 
methanol and 310 mL of DMF was added to a 1-L three-neck round-bottom flask 
equipped with a reflux condenser and purged with N2 while stirring for 1 h. The ligand 
H4(m-dobdc) (2.00 g, 10.1 mmol) and CoCl2 (3.27 g, 25.2 mmol) or NiCl2 (3.27 g, 25.2 
mmol) were added to the solvent under N2 pressure and the reaction mixture was heated 
at 120 °C for 18 h while stirring vigorously. The mixture was cooled to ambient 
temperature and then filtered, yielding a microcrystalline powder. For Mn2(m-dobdc) and 
Fe2(m-dobdc), all manipulations involving the preparation and handling of Mn2(m-dobdc) 
and Fe2(m-dobdc) were performed under an N2 atmosphere in a VAC Atmospheres 
glovebox or using standard Schlenk techniques. A solution of MCl2 (2.5 equiv, 3.0 
mmol) in 12 mL of methanol was added to a 200-mL Schlenk flask charged with a 
magnetic stir bar and a solution of H4(m-dobdc) (240 mg, 1.0 equiv, 1.2 mmol) in 68 mL 
of DMF. The solution was stirred at 120 °C for 18 h. The resulting powder was collected 
by filtration, rinsed with DMF, and soaked in 20 mL of DMF at 120 °C for 24 h. The 
powder was collected by filtration, rinsed with methanol, and soaked in 20 mL of 
methanol at 60 °C for 12 h. The supernatant solution was decanted, and 10 mL of fresh 
methanol was added. This procedure was repeated four times, such that the total time 
washing with methanol was 2 days. This resulted in a ~54% yield Co2(m-dobdc) and 
Ni2(m-dobdc), and a ~75% yield for Mn2(m-dobdc) and a ~85% yield for Fe2(m-dobdc).  
The resulting powder was collected by filtration and heated at 180 °C under dynamic 
vacuum (<0.01 mbar) for 24 h. The resulting activated powders were light pink, light 
purple, purple, and brown for Mn2(m-dobdc), Fe2(m-dobdc), Co2(m-dobdc) and Ni2(m-
dobdc), respectively. 

5.3.2 Single-Component Equilibrium Adsorption Isotherms. Single-component 
equilibrium gas adsorption experiments in the pressure range of 0-1.1 bar were conducted 
on a Micromeritics 3Flex instrument, which uses a volumetric method to determine the 
amount adsorbed under an equilibrated gas pressure. Activated samples were transferred 
under a dry N2 atmosphere into pre-weighed sample tubes, and then capped with a 
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Micromiretics TranSeal. Samples were then evacuated at 180 °C under a dynamic 
vacuum of < 10−5 bar, until the off-gas rate was less than 10−7 bar/s. The mass of the 
activated sample was then recorded, typically in the range of 50-150 mg. Prior to 
collecting each adsorption isotherm, the free-space of the sample was measured using 
UHP (99.999%) He. Gas adsorption isotherms of ethylene, ethane, propylene, and 
propane were measured at 25, 35, and 45 °C using a water bath. Samples were reactivated 
in between each isotherm measurement by heating at 180 °C under dynamic vacuum for 
2 h. Oil-free vacuum pumps and oil-free pressure regulators were used for all 
measurements. 

5.3.3 Isotherm Fitting. The single-component gas adsorption isotherms were fit 
using a dual-site Langmuir–Freundlich equation, given by 
 
 
         𝑛 =  !!"#,!!!!

!!

!!!!!!!
+ !!"#,!!!!!!

!!!!!!!
         (1) 

 
where n is the amount adsorbed in mmol/g, qsat is the amount adsorbed when saturated 
with the gas in mmol/g, b is the Langmuir parameter in bar−1, P is the gas pressure in bar, 
v is the dimensionless Freundlich parameter, and subscripts a and b correspond to two 
different site identities. These parameters were determined using a least-squares method, 
and are given in Tables S1-S8. 

5.3.4 Differential Enthalpy Calculations. The differential enthalpy was extracted 
from the temperature dependence of the isotherms using the Clausius–Clapyron 
relationship.57 The adsorption isotherm fits were numerically inverted and solved as P(n). 
The differential enthalpy, h, can then be determined at a constant loading by   
 
                    ℎ = −𝑅 ! !"#

! !
!

               (2) 

 
where R is the ideal gas constant, P is the pressure at a given loading, and T is the 
temperature (298.15, 308.15, or 318.15 K) at which the isotherm data were collected. 

5.3.5 Ideal Adsorbed Solution Theory Calculations. The single-component 
equilibrium adsorption isotherms can be used to simulate adsorbed phase compositions in 
the presence of gas phases containing multiple species using Ideal Adsorbed Solution 
Theory (IAST).	58,59,60 In the simplest case, binary selectivities can be calculated by taking 
a ratio of the adsorbed phase mole fractions relative to the ratio of gas phase mole 
fractions of two components, given by 
 

          𝑆 =  
!! !!
!! !!

              (3) 

 
where S is the ideal selectivity for component 1 over component 2, x is the adsorbed 
phase mole fraction and y is the gas phase mole fraction. The adsorbed phase 
composition can be calculated as a function of gas phase composition, related by the 
saturation pressure of component i at that component’s spreading pressure, π  
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     𝑃𝑦! = 𝑃!!(𝜋)𝑥!             (4) 
 
where Pi

o(π) is the saturation pressure of component i and P is the total gas phase 
pressure. At equilibrium, the spreading pressures for each component are the same,  
 
                                                        𝜋!! = 𝜋!! = 𝜋!! = ⋯               (5) 

 
and each can be calculated by integrating the measured gas adsorption isotherm, 
 
                                                       𝜋 𝑃!! = !"

!
𝑛! 𝑡  𝑑 𝑙𝑛 𝑡!!

!

!!!                         (6) 
 
where ni is the amount adsorbed in mmol/g, A is the area, R is the ideal gas constant, and 
T is the temperature. The coefficients on the integral cancel when combining equations 
(5) and (6). Finally, the sum of the gas phase mole fractions and adsorbed phase mole 
fractions must sum to 1.  
 
            𝑦! = 1; 𝑥! = 1             (7) 
 
Given the equilibrium single component isotherms, ni(P), a set of gas phase compositions 
yi, and the total pressure P, xi  can be found by combining equations 4-7. This can be 
extended to an arbitrary number of gas species, which is particularly useful in this case 
where a complex mixture of gases is interacting with the adsorbent. 

5.3.6 Transient Breakthrough Experiments. Breakthrough experiments were 
performed using a custom-built breakthrough apparatus, composed of primarily 1/8″ 
copper tubing fitted with Swagelok fittings and valves to control the flow of the gas to 
either flow through the sample holder or bypass the sample holder and flow directly to a 
gas chromatograph (GC) used to monitor outflow composition. A premixed 1:1 
ethane:ethylene cylinder, a CO2 cylinder, and a CH4 cylinder were attached to the 
breakthrough manifold via an MRS mass flow controller to control gas flow from the 
cylinders. A coil of tubing was placed after the mass flow controllers to ensure mixing of 
the gases. The Mn2(m-dobdc) sample was pelletized and broken into pieces using a 20-40 
mesh sieve. Then, 1.33 g of the sample was loaded into one vertical component (13.335 
cm, inner diameter of 0.4572 cm) of a U-shaped sample holder comprised of ¼″ tubing 
and fitted with Swagelok VCR fittings with fritted (0.5 µm) gaskets to prevent the sample 
from escaping the bed. The U-shaped tubing was immersed in a water bath and connected 
to the breakthrough manifold. The Mn2(m-dobdc) sample was activated in the sample 
holder by heating it with heating tape at 180 °C under flowing He. The sample was then 
cooled to 25 °C for the breakthrough experiments. A total flow rate of 3-4 mL/min was 
employed. The mixture was tested without flowing to the packed Mn2(m-dobdc) bed to 
ensure proper composition and separation using the GC monitoring the outflow. The GC 
effluent was then fed into a flow meter to monitor the volumetric flow rate of the gas 
through the column instantaneously. The flow rate of each individual component was 
then calculated using 

 
    𝐹! 𝑡 = 𝑦! 𝑡 ∗ 𝐹!"!(𝑡)                      (8) 
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where Fi(t) is the flow rate of species i at time t in mL/min, yi is the fraction of 
component i measured from the peak areas in the GC, and Ftot(t) is the instantaneous total 
flow rate of gas at the time the sample was injected into the GC, in mL/min. 

 The mixture was then flowed through the packed bed of Mn2(m-dobdc) and the 
outflow was recorded by GC every 2.0 min for each gas mixture. The outflow 
composition was analyzed by gas chromatography using a SRI Instruments 8610V GC 
equipped with a 6′ HayeSep D column, which was kept at 90 °C. After all components 
for an experiment had broken through the packed Mn2(m-dobdc) bed, the flow was 
switched to He, or another purge gas, and heated to 180 ˚C using heating tape to fully 
desorb both adsorbed components from the column. The data were recorded and analyzed 
using PeakSimple software. 
 
5.4. Results & Discussion 

 
A mixture of equilibrium gas adsorption and transient breakthrough experiments were 

conducted, and the resulting data was analyzed to understand the separation capabilities 
of M2(m-dobdc) from kinetic and thermodynamic perspectives. 

5.4.1 Equilibrium, Single-Component Gas Adsorption Isotherms. Temperature 
dependent, equilibrium gas adsorption reveals a plethora of information about how gas 
species interact with the various frameworks. The raw adsorption data show relative 
binding strength and adsorption capacity for each gas (Figure 5.1). In all variants, 
ethylene binding is steep at low pressures (< 10 mbar). The ethylene capacity at these low 
pressures exceeds that of CH4, CO2, and ethane in all frameworks. The adsorption 
mechanism in this region is dominated by the gas molecule’s interaction with the metal 
site. Notably, the species that changes most across this metal series is CO. At 10 mbar, 
the adsorption of CO increases by more than an order of magnitude from 0.12 to 1.40, 
3.38, and 4.05 mmol/g in Mn, Fe, Co, and Ni, respectively. This drastic metal 
dependence on CO binding is likely caused by the nature of the M2+ ion interacting with 
CO, with the combined effect of increasing π-donation as well as increasing polarization 
of CO from harder metal cations across the series.61 Adsorption capacity at 1.1 bar 
remains relatively constant across the series, with ethylene ~ CO2 > ethane ~ CO > CH4, 
with the exception of CO in Mn2(m-dobdc), which binds at a significantly reduced 
capacity relative to ethane.  
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Figure 5.1. Equilibrium adsorption isotherms at 25 ˚C of CO, 
CO2, CH4, C2H4, and C2H6 in (a) Mn2(m-dobdc), (b) Fe2(m-
dobdc), (c) Co2(m-dobdc), and (d) Ni2(m-dobdc). 
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5.4.2 Differential Enthalpy. The differential enthalpy of adsorption can be used to 
understand the relative binding affinities of each gas in the various frameworks as a 
function of loading (Figure 5.2). At a loading of 1 mmol/g, which roughly corresponds to 
one gas molecule bound to every sixth metal site, differential enthalpy of ethylene 
binding follows the trend Fe ~ Ni > Mn > Co, with Fe2(m-dobdc) showing a binding 
affinity of -51.3 kJ/mol. The adsorption remains strong until nearly one molecule is 
bound at each metal site, and then drops off to a value that corresponds to subsequent 
binding sites being filled. One gas molecule bound per metal site corresponds to a 
loading of 6.6, 6.5, 6.4 and 6.4 mmol/g for M = Mn, Fe, Co, and Ni, respectively. The 
weakest binding gas in all variants is CH4, showing binding enthalpies in the range of 17-
21 kJ/mol. This large difference in binding enthalpy between ethylene and CH4 suggests 
any of the frameworks would sufficiently separate this gas pair. Similarly, ethane and 
CO2 bind more strongly than CH4, however each still binds at > 10 kJ/mole below 
ethylene. While CO2 and ethylene show a drop-off in binding enthalpy upon metal site 
saturation, there is a slight uptick in ethane binding enthalpy. This is likely caused by 
ethane-ethane interactions becoming significant as the pore begins to fill with the gas 
molecules. Finally, it is apparent that CO binding enthalpy varies broadly across the 
variants, similarly to what is seen at low pressures in the gas adsorption isotherms. The 
CO adsorption enthalpy is highest in Co2(m-dobdc) and Ni2(m-dobdc), binding at about 
the same strength as ethylene in the range of 45-55 kJ/mol. Fe2(m-dobdc) binds CO 
slightly more weakly, with a differential enthalpy of 42.9 kJ/mol at 1 mmol/g. The clear 
outlier is Mn2(m-dobdc), which binds CO far more weakly than any of the other variants 
at 33.8 kJ/mol, which is lower than even CO2. 
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5.4.3 Ideal Selectivities. Through fitting the equilibrium gas adsorption isotherms 
with a dual-site Langmuir-Freundlich equation and applying the IAST model, binary 
selectivities between ethylene and each additional species were calculated. These are 
presented as a function of ethylene mole fraction in the gas phase relative to the 
competing species, as the relevant selectivity will be dependent on the OCM gas 
composition. The ethylene/ethane ratio in the OCM gas is about 1.25:1, where Fe2(m-
dobdc) shows the highest selectivity of 24.6, followed by Mn2(m-dobdc) at a selectivity 
of 17.0 at 25 ˚C. Notably, these selectivities are much higher than any adsorbent that 
utilizes a fast, reversible, and physisorptive mechanism. A similar trend exists in 
comparing the ethylene/CO2 selectivities at a molar ratio of 1:1, as Fe2(m-dobdc) displays 
the highest selectivity at 11.0 followed by Mn2(m-dobdc) at 7.7 at 25 ˚C. As predicted 
from the adsorption isotherms and differential enthalpies of adsorption, all frameworks 
are highly selective for ethylene over CH4, binding only one molecule of CH4 for every 
500 or more ethylene bound. Finally and most importantly, this series of adsorbents 
varies most in their ability to separate ethylene from CO. We see that Ni2(m-dobdc) in 

Figure 5.2. Differential enthalpies of adsorption of CO, CO2, 
CH4, C2H4, and C2H6 in (a) Mn2(m-dobdc), (b) Fe2(m-dobdc), 
(c) Co2(m-dobdc), and (d) Ni2(m-dobdc). 
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fact binds CO selectively over ethylene, meaning that CO would be concentrated in the 
effluent if this material was used for OCM purification, a detrimental result if the 
ethylene is to be used later for polymerization. While Fe2(m-dobdc) has the highest 
ethylene/ethane selectivity across the series, it displays only a modest ethylene/CO 
selectivity of about 10, compared with Mn2(m-dobdc) which is an order of magnitude 
more selective with a selectivity of 125 at 25 ˚C under a mixture of 5:1 ethylene:CO. 

Beyond binary IAST calculations, the theory can be extended to include a more 
complex mixture of gases. Similar to distillation, the composition of the gas can be 
calculated under a series of equilibrium stages (Figure 5.4). Through this type of 
simulation, the number of theoretical equilibrium stages to obtain a 99.9% ethylene 
product was determined to be only 3. Using adsorption to vastly improve this purification 
becomes apparent when compared with conventional cryogenic distillation, in which 
greater than 50 stages are required for the ethylene/ethane split alone.6 

 
 

Figure 5.3. Ideal adsorbed solution theory (IAST) selectivities for 
binary (a) ethylene/ethane, (b) ethylene/CO2, (c) ethylene/CO, and (d) 
ethylene/methane in Mn2(m-dobdc), Fe2(m-dobdc), Co2(m-dobdc), 
and Ni2(m-dobdc). 
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5.4.4 Transient Breakthrough Experiments. Given the strong adsorption of CO in 

Co2(m-dobdc) and Ni2(m-dobdc), these frameworks are not optimal for OCM effluent 
purification. While Fe2(m-dobdc) is highly selective for ethylene over ethane, it is only 
modestly selective for ethylene over CO. Therefore, based on equilibrium adsorption and 
thermodynamic analysis, Mn2(m-dobdc) is the ideal material for the purification of OCM 
effluent gas.  

To understand how Mn2(m-dobdc) performs under more realistic process conditions, 
transient breakthrough experiments were conducted on the material. First measuring its 
breakthrough adsorptive capacity using single-component gas flow, Mn2(m-dobdc) shows 
breakthrough capacities that are in good agreement with the equilibrium adsorption 
measurements (Figures S9-S12). Breakthrough capacity for ethylene, ethane, CO2, and 
CH4 were 6.8, 6.3, 4.7, and 0.1 mmol/g, respectively. This shows that, under the 
conditions tested, gas transport is rapid enough to show adsorption that is close to 
equilibrium. Flowing a mixture of ethylene and ethane, Mn2(m-dobdc) shows steep 
breakthrough of ethane, followed by a steep breakthrough of ethylene (Figure 5.5). These 
sharp breakthrough curves suggest that the mass transfer zone is small relative to the size 
of the bed, implying that the majority of the adsorption bed is useful in conducting the 
separation. In adding a CO2 stream to the mixture, a breakthrough of ethane is once again 
observed first, followed by CO2 and then ethylene (Figure 5.S13). The breakthrough 
curves of each gas remains steep, indicating retention of fast adsorption kinetics.  

Finally, upon addition of CH4 to a mixture of ethylene, ethane, and CO2, a clean 
separation of ethylene is observed. Consistent with equilibrium adsorption isotherms, 
differential enthalpy trends, IAST calculations, and pure-component breakthrough 

Figure 5.4. Staged equilibrium compositions calculated from Ideal 
Adsorbed Solution Theory (IAST) in which the adsorbed phase 
composition of stage n+1 is in equilibrium with gas regenerated from the 
adsorbed phase of stage n. Equilibrium stage 0 corresponds to the OCM 
gas mixture composition, in which the molar fractions of ethylene, CO2, 
ethane, and CO are set to 0.05 and CH4 is 0.8.  
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measurements, CH4 breaks through first, followed by ethane, CO2, and finally ethylene 
(Figure 5.6). This shows the utility of Mn2(m-dobdc) for purifying ethylene from a 
simulated OCM effluent mixture. Indeed, this is the first adsorbent reported to cleanly 
separate ethylene from this complex mixture of gases. 

Figure 5.5. Binary breakthrough curves for an ethylene/ethane mixture  in 
Mn2(m-dobdc) at 25 ˚C. 

Figure 5.6. Breakthrough curves for a mixture of CH4, CO2, ethylene, and 
ethane in Mn2(m-dobdc). F/Fo corresponds to the volumetric flow of each 
component relative to the total gas flow. Bed volumes correspond to the 
flow rate and bed volume normalized time. 
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5.5 Conclusions 
 

The use of alternative feedstocks for chemical production is an important piece of 
creating a renewable future, and processes for obtaining sustainable materials is a major 
challenge. Ethylene, currently derived from naphtha and ethane cracking, is one of these 
important materials. Utilizing CH4 as a feedstock for ethylene production through the 
oxidative coupling of methane represents a major opportunity from an economic and 
environmental perspective, as it can serve as a both a cheap alternative to oil in the near 
term and can be produced renewably. One primary hurdle to implementing OCM on a 
large scale is the low ethylene mole fraction in the effluent, making separations costly. 
Here, we characterized a series of metal-organic frameworks for their ability to separate 
ethylene from a mixture including ethane, CO2, CO, and CH4. From this, we propose the 
use of Mn2(m-dobdc), a metal-organic framework adsorbent that is highly selective for 
ethylene over every gas in the mixture, awards high ethylene capacities, shows fast 
adsorption kinetics, and can be produced at low cost. This work also highlights the true 
value of the tunability of metal-organic frameworks, as the highly specific process 
parameters  
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Figure 5.S1. Equilibrium gas adsorption isotherms for CH4 (top), CO (middle), and CO2 
(bottom) in Mn2(m-dobdc) at 25, 35, and 45 ˚C. 
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Figure 5.S2. Equilibrium gas adsorption isotherms for CH4 (top), CO (middle), and CO2 
(bottom) in Fe2(m-dobdc) at 25, 35, and 45 ˚C. 
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Figure 5.S3. Equilibrium gas adsorption isotherms for CH4 (top), CO (middle), and CO2 
(bottom) in Co2(m-dobdc) at 25, 35, and 45 ˚C. 
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Figure 5.S4. Equilibrium gas adsorption isotherms for CH4 (top), CO (middle), and CO2 
(bottom) in Ni2(m-dobdc) at 25, 35, and 45 ˚C. 
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Table 5.S1. Dual-site Langmuir-Freundlich equation fits for CH4, CO, and CO2 in 
Mn2(m-dobdc) 
 

 CH4 CO2 CO 
T (°C) 25 35 45 25 35 45 25 35 45 
qsat,a (mmol/g) 4.513 6.498 5.555 7.019 6.527 6.232 5.565 5.264 5.103 
ba (1/bar) 0.342 0.188 0.157 5.772 4.322 2.883 1.610 1.228 0.912 
va  1.036 1.003 1.001 0.977 1.003 0.995 0.925 0.949 0.968 
qsat,b (mmol/g) 0 0 0 3.491 3.244 3.099 0 0 0 
bb (1/bar) n/a n/a n/a 0.280 0.274 0.281 n/a n/a n/a 
vb n/a n/a n/a 1.761 1.404 1.088 n/a n/a n/a 

 
 
Table 5.S2. Dual-site Langmuir-Freundlich equation fits for ethylene and ethane in 
Mn2(m-dobdc) 
 

 Ethylene Ethane 
T (°C) 25 35 45 25 35 45 
qsat,a (mmol/g) 5.603 5.451 5.421 6.854 7.727 6.700 
ba (1/bar) 73.02 48.25 30.43 6.228 4.080 2.606 
va  0.854 0.868 0.876 1.170 1.173 1.153 
qsat,b (mmol/g) 23.94 10.72 9.560 0 0 0 
bb (1/bar) 0.057 0.116 0.109 n/a n/a n/a 
vb 0.727 0.646 0.632 n/a n/a n/a 

 
Table 5.S3. Dual-site Langmuir-Freundlich equation fits for CH4, CO, and CO2 in Fe2(m-
dobdc) 
 

 CH4 CO2 CO 
T (°C) 25 35 45 25 35 45 25 35 45 
qsat,a (mmol/g) 4.812 14.00 14.90 10.06 7.126 6.921 5.656 5.749 5.435 
ba (1/bar) 0.235 0.083 0.022 0.324 4.227 2.825 0.207 10.65 7.912 
va  1.073 0.963 0.847 0.691 1.020 1.019 0.410 0.866 0.895 
qsat,b (mmol/g) 9.740 0 0 4.723 1.606 1.540 4.842 0.794 1.125 
bb (1/bar) 0.044 n/a n/a 11.25 0.336 0.342 29.03 0.233 0.343 
vb 0.843 n/a n/a 1.138 1.885 1.477 0.967 1.405 1.079 

 
 
Table 5.S4. Dual-site Langmuir-Freundlich equation fits for ethylene and ethane in 
Fe2(m-dobdc) 
 

 Ethylene Ethane 
T (°C) 25 35 45 25 35 45 
qsat,a (mmol/g) 5.657 5.288 5.479 4.907 4.250 3.485 
ba (1/bar) 59.52 48.99 28.01 9.727 6.895 4.924 
va  0.735 0.771 0.776 1.254 1.295 1.344 
qsat,b (mmol/g) 3.841 4.255 7.464 3.274 3.703 4.049 
bb (1/bar) 0.503 0.500 0.173 0.876 0.947 1.004 
vb 0.790 0.593 0.576 0.700 0.761 0.818 
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Table 5.S5. Dual-site Langmuir-Freundlich equation fits for CH4, CO, and CO2 in Co2(m-
dobdc) 
 

 CH4 CO2 CO 
T (°C) 25 35 45 25 35 45 25 35 45 
qsat,a (mmol/g) 9.874 9.035 8.270 7.162 3.286 2.354 6.078 3.614 3.324 
ba (1/bar) 0.182 0.157 0.137 10.21 14.20 9.258 71.42 94.97 85.06 
va  0.990 0.998 0.999 1.041 1.214 1.249 0.877 0.953 0.996 
qsat,b (mmol/g) 0 0 0 2.079 5.354 5.958 0.909 2.659 2.868 
bb (1/bar) n/a n/a n/a 0.370 1.822 1.816 0.207 13.46 10.94 
vb n/a n/a n/a 2.357 0.841 0.889 0.878 0.807 0.918 

 
 
Table 5.S6. Dual-site Langmuir-Freundlich equation fits for ethylene and ethane in 
Co2(m-dobdc) 
 

 Ethylene Ethane 
T (°C) 25 35 45 25 35 45 
qsat,a (mmol/g) 5.968 5.983 5.850 5.756 3.409 0.178 
ba (1/bar) 79.89 45.60 29.82 8.88 0.362 82.65 
va  0.869 0.866 0.876 1.133 0.707 2.270 
qsat,b (mmol/g) 4.917 9.454 3.615 3.724 5.561 6.697 
bb (1/bar) 0.293 0.108 0.321 0.362 5.767 2.725 
vb 0.838 0.760 0.719 0.684 1.130 1.033 

 
Table 5.S7. Dual-site Langmuir-Freundlich equation fits for CH4, CO, and CO2 in Ni2(m-
dobdc) 
 

 CH4 CO2 CO 
T (°C) 25 35 45 25 35 45 25 35 45 
qsat,a (mmol/g) 9.215 8.715 8.335 5.763 5.872 6.072 4.750 5.538 4.083 
ba (1/bar) 0.199 0.165 0.137 29.39 16.74 9.459 217.3 59.31 87.44 
va  0.996 1.011 1.010 1.036 1.024 1.017 0.879 0.784 0.869 
qsat,b (mmol/g) 0 0 0 3.796 1.706 1.679 1.084 0.224 1.577 
bb (1/bar) n/a n/a n/a 0.489 0.942 0.400 6.149 6.924 14.01 
vb n/a n/a n/a 1.357 1.692 2.037 0.617 2.105 0.910 

 
 
Table 5.S8. Dual-site Langmuir-Freundlich equation fits for ethylene and ethane in 
Ni2(m-dobdc) 
 

 Ethylene Ethane 
T (°C) 25 35 45 25 35 45 
qsat,a (mmol/g) 5.496 5.304 5.631 6.666 6.510 6.321 
ba (1/bar) 52.14 38.07 21.79 6.824 4.804 3.460 
va  0.755 0.777 0.776 1.046 1.063 1.075 
qsat,b (mmol/g) 5.558 6.990 1.003 0 0 0 
bb (1/bar) 0.267 0.192 1.784 n/a n/a n/a 
vb 0.866 0.727 1.774 n/a n/a n/a 
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Figure 5.S5. Ideal adsorbed solution theory selectivities for ethylene/CH4 (top), 
ethylene/CO (middle), and ethylene/CO2 (bottom) at 25, 35, and 45 ˚C in Mn2(m-dobdc). 
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Figure 5.S6. Ideal adsorbed solution theory selectivities for ethylene/CH4 (top), 
ethylene/CO (middle), and ethylene/CO2 (bottom) at 25, 35, and 45 ˚C in Fe2(m-dobdc). 
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Figure 5.S7. Ideal adsorbed solution theory selectivities for ethylene/CH4 (top), 
ethylene/CO (middle), and ethylene/CO2 (bottom) at 25, 35, and 45 ˚C in Co2(m-dobdc). 
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Figure 5.S8. Ideal adsorbed solution theory selectivities for ethylene/CH4 (top), 
ethylene/CO (middle), and ethylene/CO2 (bottom) at 25, 35, and 45 ˚C in Ni2(m-dobdc). 
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Figure 5.S9.  Single-component transient breakthrough curve of ethylene in Mn2(m-
dobdc). Breakthrough capacity was determined to be 6.81 mmol/g. 
 

                   
Figure 5.S10. Single-component transient breakthrough curve of ethane in Mn2(m-
dobdc). Breakthrough capacity was determined to be 6.31 mmol/g. 
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Figure 5.S11. Single-component transient breakthrough curve of CO2 in Mn2(m-dobdc). 
Breakthrough capacity was determined to be 4.67 mmol/g. 
 

     
Figure 5.S12. Single-component transient breakthrough curve of CH4 in Mn2(m-dobdc). 
Breakthrough capacity was determined to be 0.09 mmol/g. 
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Figure 5.S13. Transient breakthrough curve of a CO2/ethylene/ethane mixture in Mn2(m-
dobdc). 

                    
Figure 5.S14. Transient breakthrough curve of a propylene/propane mixture in Mn2(m-
dobdc). 
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Figure 5.S15. Transient desorption curve of ethylene desorbing from Mn2(m-dobdc). The 
bed, initially saturated in ethylene, was purged with 4 mL/min of CO2 to help regenerate 
the adsorbent.  
 

       
Figure 5.S16. Transient desorption curve of ethylene desorbing from Mn2(m-dobdc). The 
bed, initially saturated in ethylene, was purged with 4 mL/min of CO2 to help regenerate 
the adsorbent. 

111


	JB_Thesis
	Title
	Abstract
	preface

	Acknowledgements
	Acknowledgements
	JB_Thesis
	Chapters 1-5
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5





