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Gas separation technologies for carbon-free hydrogen and clean gaseous fuel production must
efficiently perform the following separations: (1) H,/CO, (and H,/N,) for pre-combustion coal
gasification, (2) CO,/N, for post-combustion of coal, (3) CO,/CH,4 for natural gas sweetening and
biofuel purification, and (4) O,/N, for oxy-combustion of coal. By utilizing a molecular simulation
approach, Monte Carlo procedures, free volume analysis, and continuum modeling, we predict the
intrinsic gas permeability and separation properties of several new Zeolitic Imidazolate Frameworks
(ZIFs), a family of the Metal-Organic Frameworks (MOFs). The well defined pore sizes in conjunction
with high surface areas make ZIFs prime candidates for molecular sieving. In this work, our calculated

intrinsic properties are compared with current experimental results where ZIFs are either grown in
dense layers to form pure inorganic membranes on porous supports or dispersed within a polymer
phase to form mixed matrix membranes. Consequently, this paper assesses current membrane
development according to industrial feasibility targets and highlights the achievable superior
separation results for ideal membrane configurations. For example, ZIF-11 is discovered to be capable
of sieving H, from all of its larger gas counterparts at a remarkable H,/CO, selectivity of 262 and H,
permeability of 5830 Barrer, well within the target area for efficient hydrogen production.
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Introduction

Gas separation technology is set to become a key enabling
technology in an economy where a cost is placed on carbon waste
emissions. Applications such as removal of CO, from pre- and
post-combustion flue gas streams at coal-fired power plants or
the isolation of clean fuels such as hydrogen or methane will be
the beneficiaries of the economic drivers in a low carbon envi-
ronment.’? Fig. 1 illustrates three approaches to carbon-
reducing power generation with their corresponding separation
challenges, including H,/CO, and H,/N, for hydrogen produc-
tion from gasified coal typically after a water—gas shift reac-
tion,** CO,/N, for decarbonization of coal combustion exhaust
streams,”® CO,/CH4 for natural gas sweetening and biofuel
purification,'®!* and O,/N, for oxy-combustion of coal that

Broader context

Small molecule transport cycles are critical for sustainable closed-loop energy-waste systems. Here we explore the role of materials
design in the efficient separation of gas molecules in the quest for clean energy from fossil fuels. Zeolitic Imidazolate Frameworks
(ZIFs) are highly porous, chemically functional and size-selective crystals that offer almost resistant-free gas separation properties.
ZIFs are predicted to be capable of satisfying industrial performance targets necessary for clean energy from fossil fuels as we
transition to renewable sources of clean energy.
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Fig. 1 Carbon-reducing power generation approaches with separation
technologies: (a) post-combustion separation for the removal of CO,
from flue streams, (b) pre-combustion separation for H, production after
gasification and reformation of coal or CHy4 production from natural gas
sources, and (c) oxygen separation from air for oxy-combustion of fossil
fuels.

produces high CO,-concentrated emissions for immediate
sequestration.®!?

Material-based separations can occur either as a membrane
system,'*'¢ where the material is chosen to selectively allow one
gas to pass through preferentially over another, or an adsorbent
system,'> where the material is chosen to selectively capture one
gas preferentially. Membranes have served the gas separation
industry for over 30 years, offering an efficient flow-through
system that is typically run at thermodynamic equilibrium.*!?
Adsorbents on the other-hand offer remarkable gas storage
capabilities which have translated to the field of gas separation.

However, absorbent-based separations require switching
adsorption and desorption environments such as vacuum and
pressure swing adsorption, thermal swing adsorption, electric
swing adsorption, simulated moving bed and purge displace-
ment, which pose engineering challenges that membranes do not
encounter.'®2! Further, the majority of membranes have utilized
the differences in gas diffusion rates to efficiently achieve high
selectivities which are yet to be matched by adsorbents that rely
on differences in adsorption uptakes.’>??* Overall, membranes
offer an efficient means of separating gases.®*!

Membrane materials have included polymers, inorganics and
mixed matrix membranes (MMM), Fig. 2. Polymer membranes,
though cheap, scalable and robust, have remained limited by
a separation property trade off performance, as pointed out
by Robeson.?** This trade off behaviour has been explained by
solution—diffusion theory.?® The wide pore size distributions and
the dynamic nature of the porosity within polymers are factors
that limit their size-sieving capabilities. Moreover, polymers
commonly suffer from thermal degradation and plasticization,
when exposed to service environments in clean energy applica-
tions.?6* Therefore, other materials which are comprised of
rigid and definable pores need to be developed in order to
overcome the upper bound and hence deliver superior perfor-
mance whilst minimizing costs related to pressurization and
multi-stage capital equipment.
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Membrane Membrane Membrane
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Fig. 2 Schematic of membrane configurations: (a) polymer only
membrane where separations are governed by the solution—diffusion
mechanism, (b) inorganic only membrane with elevated sieving and
sorption characteristics, and (c) mixed matrix membrane (MMM) where
inorganic particles are dispersed within a continuous polymer phase.

A particle (or material) with rigid pores of a size between two
target gases could exhibit close to a perfect selectivity.?**! Inor-
ganic materials are attractive candidates in this regard due to
their well defined, rigid pore sizes that offer greatly enhanced
selectivity.3>3? Zeolites in particular have found application as
they possess such well defined pore sizes in combination with
good surface areas of up to several hundred square metres per
gram.’>*38 However, there are inherent limitations to zeolites.
The low pore connectivity common in zeolites can often lead to
blockage by larger diameter gases, a problem not seen in flexible
polymer membranes.’ Another possible solution to this
“plumbing problem” is to find or design a pore network such that
there is a high degree of pore connectivity, providing alternate
routes for transport should a blockage develop.*

Metal-organic frameworks (MOFs) are an emerging class of
materials with exceptional porosity on the molecular and
mesoscale and represent a possibly disruptive technology in the
separations area.***! Consisting of metal atoms or clusters linked
in a periodic fashion via organic linker molecules, MOFs exhibit
pores of 0.3-5 nm diameter, walls of just one atom thickness, and
surface areas of several thousand square metres per gram.***?
Previously MOFs have been investigated for their exceptional
gas adsorption properties**¢ whereby gas molecules enter the
framework and adsorb upon the extremely large internal surface
with a tunable enthalpy. Use of nitrogen heterocycle imidazolate
organic linkers has been found to result in MOFs with points of
pore constriction due to the asymmetric connectivity of the
imidazolate ring.” The resultant framework commonly has
a zeolitic topology and as a result has become known as a Zeolitic
Imidazolate Framework (ZIF) which shows promise for gas
separation.’®*#-52 Typically these materials consist of high
volume cavities linked by points of constriction — ideal for gas
separation, with the points of constriction providing selectivity,
and the cavities provide a passing lane for small molecules to
overtake trapped gases of larger radii.

It is evident that certain inorganic materials, in particular
ZIFs, have attractive intrinsic properties though major chal-
lenges remain for the membrane configurations necessary to
utilize these advantages. In this instance, theory can guide
experimental work where ZIFs are screened and membrane
configurations are then designed to exploit the ZIF characteris-
tics.>*>* Therefore in this paper we determine the intrinsic
properties of a series of ZIFs (-7, -8, -11, -69, -71, -77 and -90),
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and compare our predictions with  experimental
results!33%-50-525556 in light of industrial feasibility targets. This
comparison offers insights and guidance for the development of
Z1F-based membranes focusing on applications in clean energy
generation. A remarkable discovery from this work is the super
H,-sieving characteristics of ZIF-11 that could significantly
revolutionize the hydrogen production industry if incorporated
within a cheap and robust membrane configuration that maxi-
mizes gas—ZIF contact.

Prediction and computational details

To predict the permeability and selectivity properties of the
membrane systems we follow the methodology outlined by
Krishna and van Baten® for predicting the intrinsic ZIF crystal
properties and Keskin and Sholl** for predicting the mixed
matrix membrane properties. Both methods have been tested
through comparison with numerous experimental results. It is
important to note that these predictions are based on ideal
situations within the limits of the model, though with rigorous
simulation-experiment examinations as presented in this study,
these models will continue to improve.

Permeability is commonly represented as the product of
solubility, a measure of gas concentration within the membrane,
and diffusivity, a measure of gas mobility within the membrane.
Recently, Krishna and van Baten®*° presented a simulation
methodology for screening zeolitic crystals for CO, capture
that utilized the following approximation for the intrinsic
permeability of a perfect ZIF crystal (Pzr),

Por = Durd (1)
J

where Dgyr is the self-diffusivity (m? s™'), ¢ is the void fraction, ¢
is the equilibrium gas concentration (mol m~?) at an operating
fugacity f (Pa). All permeability calculations were made at
a pressure of 10 bar (= 1 million Pa).” In this form, permeability
is in ST units of mol m m~2 s Pa, which is then converted to non-SI
units of Barrer according to the following relation, 1 Barrer =
3.35 x 107! mol m m~2 s Pa. In summary, with permeability as
a product of diffusivity and solubility, we perform Molecular
Dynamics (MD) simulations for predicting diffusivities and
Monte Carlo (MC) procedures for predicting solubilities, as
detailed below.

Equilibrium gas concentration is calculated from the Grand
Canonical Monte Carlo (GCMC) scheme with fixed atom
coordinates for each ZIF, downloaded from the Cambridge
Crystallographic Data Centre (CCDC).*%¢¢ GCMC simula-
tions were carried out with the RASPA package developed at the
Northwestern University, USA.% Forcefield (FF) values vary
throughout the literature with Quantum Mechanics (QM)-based
FFs from Han et al.,** modified Universal Forcefields (UFFs)
from Pérez-Pellitero er al* utilized by Battisti et al,*® and
charges from Xu and Zhong®® utilized by Krishna and van
Baten.’” A standard practice for FF development is to start with
a generic database and scale the FF values to fit experimental
isotherms for the framework of interest. In this work we are
interested in a variety of ZIFs, though in particular ZIF-11,
because of its promising H, sieving capability observed from
selective adsorption isotherms by Park ez al*” Consequently we

modify the Dreiding FF according to a parameterization algo-
rithm developed by Dubbeldam er al®® Fig. 3a shows the
resulting isotherm which agrees well with experimental results
and is also close to the results obtained by using modified UFF.*
All FF values are summarized in Table S1 of ESIT. No electro-
static charges were included as the accuracy at high pressures is
sufficient and it has been shown that charges are not necessary
for room temperature calculations which is the region of interest
for this work.” The number of gas molecules per cell at 10 bar
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Fig. 3 Verification of Forcefield (FF) parameter values for hydrogen
within ZIF-11. (a) Adsorption isotherm at 77 K with experimental results*’
(solid circles) versus Monte Carlo predictions (lines) with QM calculated
FF,** Dreiding FF with charges,®*”® Dreiding FF with no charges,™
modified UFF** and modified Dreiding FF determined in this present
work (emphasized in solid blue) following the FF parameterization tech-
nique.®® Solubility is predicted as the ratio of gas concentration over
pressure at 10 bar and 298 K. (b) Molecular dynamics results represented
as the mean squared displacement (MSD) using Dreiding FF at 10 bar and
298 K. Diffusivity is calculated from MSD according to eqn (2).
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were then packed into each ZIF structure for MD simulations
described below.

Self-diffusivity is estimated from MD simulations where
molecular motion is determined by solving Newton’s laws of
motion for each atom, hence gas mobility can be monitored and
quantified as the diffusivity coefficient defined below.%* Previous
simulations have treated the ZIF crystals as either a rigid
framework, by Krishna and van Baten,*” or a flexible framework,
by Battisti et al® For ZIF-8, the rigid framework simulation
estimated a H, permeability of 5000 Barrer and a H,/CO,
selectivity of 2, while the flexible framework simulation estimated
a H, permeability of 29 000 Barrer and a H,/CO, selectivity of
1.04. The order of magnitude difference in permeability is a result
of higher diffusivity within the flexible framework for both gases,
as the fluctuating constriction (or window) size within the
structure offers a higher acceptance rate for gas transport. It was
further shown that a rigid model for ZIF-7 depicted no diffusion
for any gas, which is in contradiction to experimental observa-
tions.®® Therefore the windows critically control gas transport in
a gating fashion” which we also have observed in a copper-based
MOF.”? With these considerations in mind, we believe it is
important to incorporate framework flexibility into the simula-
tion especially for predicting the sieving effect of light gas
molecules of similar dimension. Therefore we have adopted the
Dreiding force field for bond stretching, angle bending and
dihedral torsions, and due to the approximate nature of the force
fields we have fixed the cell geometry to that obtained by X-ray
diffraction to minimize deviation from the actual structure.®®
Each structure was subject to geometrical optimization steps
until the following convergence tolerances were reached, 1.0 x
10-* keal mol™" for energy, 5.0 x 103 kcal mol~' A~! for forces
and 5.0 x 105 A for displacement, followed by MD steps within
the NVT ensemble, Nosé thermostat and a step size of 1 fs up to
a total of 4 ns. The Forcite module within Materials Studio,
a product from Accelrys,” was used for all MD calculations.
Finally, the diffusion coefficients were calculated from the mean
squared displacement (MSD) over an average of three simula-
tions, providing a reliable estimate of self-diffusivity according to
the following Einstein relationship,

N
Dar = gy fim > ~(1n(0) (O e
where N is the number of gas molecules and r,(¢) is the vector
position at time 7 for gas molecule i. Fig. 3b demonstrates normal
diffusion of hydrogen within ZIF-11 at 298 K and 10 bar where
the slope at large times is translated to diffusivity according
to eqn (2).

Accessible surface area, pore volume, and helium void fraction
calculations were performed on the ZIF structures. Accessible
surface area calculations using a probe of similar size to
a nitrogen molecule have been shown to match experimental
surface areas via BET adsorption described by Duren et al.”®
Void fraction calculated according to the Widom insertion
method is known to provide good estimates to the experimentally
determined helium void fraction.”””” The framework atomic
coordinates are fixed during these calculations. By probing the
accessible free volume with various probe sizes we have deter-
mined window sizes and cavity sizes.

Keskin and Sholl** recently verified a modeling framework for
predicting mixed matrix membrane (MMM) properties by
incorporating the intrinsic permeability properties of MOFs
from molecular simulation within either Maxwell’s model®
(accurate up to 20% volume fraction) or Bruggeman’s model®!
(accurate up to 40% volume fraction). In this paper we will
compare predictions against experimental work up to a volume
fraction of 60%, hence the Bruggeman theory is adopted as
follows,

Puun)

Py
where Pyvv 1S the total permeability within the mixed matrix
membrane, Pyzr is the simulated permeability within the ZIF
crystals according to eqn (1), ¢zr is the volumetric fraction of

ZIF crystals dispersed within the continuous polymer phase and
P, is the experimental permeability of the polymer phase.

(PMMM/PP) - (PZIF/PP)
1~ (Pzir/Pp)

= (1 - ¢ZIF) (3)

Results and discussion

The utility of a gas separation material possessing points of
constriction joined by sizeable cavities, a pseudo hour-glass
morphology, has been demonstrated previously to be a superior
utilization of structure both synthetically and biologically.3*33
The cavities allow for smaller, permeating molecules to bypass
larger species and hence avoid pore blockage.?® Very recently
there has been some demonstration of this efficient transport
within ZIF gas membranes.***' Here we show that many ZIFs
possess an hour-glass pore architecture with a systematic varia-
tion in window sizes (2.90-3.74 A depicted in Fig. 4 and quan-
tified in ESIt). ZIF-11 has the most promising pore dimensions
with window cut-offs ranging between 3.08 and 3.10 A, which are
ideal hydrogen sieving dimensions. In this section we discuss our
predicted intrinsic ZIF properties within the framework of
current technologies needed for carbon-free energy production.

Hydrogen production from coal gasification (H,/CO, and H,/N,)

There have been a number of studies demonstrating the feasi-
bility of hydrogen production from gasified coal streams for
direct combustion or use in electro-chemical fuel cells.*6-12:86:87
This process involves the gasification of coal into hydrogen (H,)
and carbon monoxide (CO) which is then converted by a water—
gas shift reaction into hydrogen (H,) and carbon dioxide (CO,),
and separated into fuel and waste respectively. This separation
via conventional liquid solvents is projected to increase the cost
of electricity by 30-40%,%®® hence there is a commercial driven
development of more efficient separation technologies.
Membrane-based gas separation is one of the most efficient
technologies.?! Recently, Ku et al® calculated the membrane
performance requirements for the feasible use of hydrogen-
selective membranes in integrated gasification combined cycle
power plants. These requirements include a H, permeance of
1000 GPU (= 1000 Barrer assuming a 1 um selective layer), a
H,/CO; selectivity greater than 20 and a H,/N, selectivity greater
than 290 (as N, is commonly used as a sweep gas for the H,/CO,
separation). Here we indicate these target areas in Fig. 5a and 6,
and compare our predictions for ZIF-based membranes (filled
symbols) and the experimental results (empty symbols) achieved
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Fig. 4 ZIF structures with building blocks, topology and accessible
surface area for a probe diameter of 2 A. Images generated with Materials
Studio, Accelrys.

to date along with the Robeson polymer upperbound
representing the current limit for polymer membranes.**

At first observation, all results demonstrate excellent hydrogen
sieving capabilities for both the predicted and experimental data,
utilizing either a pure inorganic layer or a MMM configuration.
Our predicted intrinsic results for perfect ZIF crystals all surpass
the performance achieved experimentally to date. In many cases
the discrepancy between prediction and measurement is one or
greater order of magnitude in permeability and selectivity. For
example, in Fig. 5, ZIF-7 shows about an order of magnitude
difference in the predicted properties and properties measured on
ZIF-only inorganic membrane. With careful consideration we
conclude that this difference is due to membrane configuration

3
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Fig. 5 (a) Our predicted intrinsic H,/CO, properties (filled symbols)
with experimental results (empty symbols) for ZIF membranes. Matrimid
(cross) with connecting lines for our Mixed-Matrix Membranes (MMM)
predictions (dotted lines) and experiment (solid line). Superscripts are
used for experimental references, (a) Li et al.,”* (b) Li et al.,’* (c) Bux
et al.,* (d) Ordonez et al.,” () Huang et al.*® and (f) Liu ef al.*® Target
area for industrial feasibility by Ku et al.® (b) Closer comparison of our
predicted intrinsic results (filled symbols) with experimental results
(empty symbols). Arrowed lines emphasize the transition from the
intrinsic predictions for the material to the experimental results for the
membrane configurations, indicating a trend towards Knudsen separa-
tion properties in the membranes.

effects. See Fig. 5b for a closer examination that reveals that all
experimental results tend towards Knudsen separation proper-
ties from their intrinsic predictions, indicative of non-selective
transport through inter-crystal gaps or grain boundaries. Further
logic for this difference is as follows, experimental adsorption
results confirm that ZIF-7 (ref. 89) (and ZIF-11 (ref. 47)) are size
selective. Size selective permeability should increase with
temperature;**°  predicted permeability increases  with
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Fig. 6 Our predicted intrinsic Ho/N, properties (filled symbols) with
experimental results (empty symbols) for ZIF membranes. Matrimid
(cross) with connecting lines for our MMM predictions (dotted lines) and
experiment (solid line). Superscripts are used for experimental references,
(a) Li et al.,** (b) Li et al.,’* (c) Bux et al.,*® (d) Ordonez ef al.>* and (e)
Huang et al.* Target area for industrial feasibility by Ku er al.®

temperature while experimental permeability does not increase
with temperature. Therefore the ZIF-only results (experimental
adsorption and simulated predictions) agree, while the experi-
mental ZIF membrane, that is subject to many other factors such
as imperfect crystallization, remaining solvent or grain bound-
aries, shows inferior properties. Indeed the ability to examine the
difference between ideal prediction and experimental results
gives additional guidance for membrane design.

The MMM samples of ZIF-8 embedded within Matrimid
reported by Ordonez et al.,** show interesting behavior as ZIF
volume fraction increases. Up to a volume fraction of 40%, the
results are consistent with theory, though possessing a lower H,
permeability than our prediction according to the Bruggeman
model. However, at volume fractions of 50 and 60% the experi-
mental results significantly deviate from the theory which
predicts consecutive steps towards the intrinsic ZIF-8 results.>*
This deviation is consistent with the disruption of polymer chain
packing at the ZIF-polymer interface. In previous work on
nanocomposite MMM, the comparison of predicted and exper-
imental transport results suggested the actual mechanism of
transport which was shown to be due to the particles causing
a disruption of polymer packing near the interface.®® This
comparison of experiment and theory and elucidation of the
transport mechanism in nanocomposite MMM has stimulated
a multitude of subsequent research activity in the field. Ordonez
et al. performed experiments with impermeable ZIF crystals
(non-activated ZIF-8 filled with solvent) to isolate the effect of
the polymer—ZIF interface. We have plotted this data in Fig. 5a
(empty square) which is almost identical to that for activated
ZIF-8, illustrating that polymer—ZIF interface effects govern the
separation performance of this membrane configuration. Efforts
to overcome this interfacial transport include the strengthening

of polymer-particle interactions.®® Alternatively, Bux et al*®
have grown dense ZIF-8 layers on a porous support, conse-
quently achieving superior results. With further optimization
these results will improve towards our predicted intrinsic prop-
erties though falling short of application targets. Similar results
are observed for the other pure ZIF membranes including ZIF-
7,°2 ZIF-69 (ref. 93) and ZIF-90.5

Most importantly our calculations indicate that ZIF-11 rea-
ches the industrial feasibility targets with ZIF-7 not far behind.
Our molecular dynamics study reveals that over a total of 5 ns of
simulation time not a single gas molecule, other than hydrogen,
exhibit self-diffusion. As demonstrated in Fig. S1 in ESIt,
completely confined motion is observed for CO,, O,, N, and CHy
from the calculated mean squared displacements, while H; freely
diffuses throughout the framework. As MD simulations are
performed over a timescale of nanoseconds, it is possible that
jump diffusion of the confined gases may occur over larger
timescales. Therefore from the current study, it is reasonable to
conclude that the diffusivities of these gases are less than 10~'> m?
s~ resulting in a Hy/CO, selectivity of 262. Therefore we predict
that ZIF-11 is capable of achieving the greatest sieving of
hydrogen. Moreover, the hydrogen diffusivity predicted by the
mixed gas simulations compared to the single gas simulations are
equal (see Table S3t). This demonstrates that the fast transport
of hydrogen is not hindered by the presence of slow and con-
stricted gases, an advantageous effect also observed experimen-
tally.3*2 Additionally, ab initio calculations by Han ez al.%*
estimate a heat of adsorption for H, of 15 kJ mol~!, which
translates to a favorable hydrogen solubility,'® another advan-
tage of this ZIF, also verified by Assfour ez al.®* In the applica-
tion of hydrogen production and purification technologies, these
results place ZIF-11 as a promising candidate for membrane-
based hydrogen separation.

Post-combustion carbon capture from coal flue streams (CO,/N;)

Coal power plants generate around 20% of the worlds energy. It
is estimated that in 2009 approximately 43% of carbon dioxide
emissions from fuel combustion were produced from coal.®® The
impact of these emissions on the rising atmospheric carbon
dioxide levels, and the subsequent environmental effects have
made technologies that prevent these emissions highly sought
after. 227 Without replacing plant infrastructure, carbon
capture units are being added at post-combustion stages, mainly
by means of chemisorption through amine liquid columns.?
Membrane technologies offer a lower energy and higher effi-
ciency means of capture, though with a 30% increase in cost with
current membrane properties.” The major cost components
include gas compression equipment for achieving the driving-
force for separation.® This cost can be reduced by developing
more favorable membrane properties such as permeability and
selectivity. Here in Fig. 7, we indicate the target areas for
these membrane properties according to industrial feasibility
calculated by considering two sources of driving-force, namely,
feed-side compression by Merkel er al® and permeate-side
vacuum by Ho et al”

Our simulated ZIF properties fall outside of the target areas
and do not exceed the upperbound for polymers. High perme-
ability has often been held as a more important property for
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Fig. 7 Our predicted intrinsic CO,/N, properties (filled symbols) with
experimental results (empty symbols) for ZIF membranes. Matrimid
(cross) with connecting line for MMM experiments (solid line). Super-
scripts are used for experimental references, (a) Li et al.,** (b) Li et al.,*
(c) Bux et al.,* (d) Ordonez et al.,* (e¢) Huang et al.> and (g) Bae et al.*®
Target area for industrial feasibility with feed compression by Merkel
et al.? and permeate vacuum by Ku ez al.®

operation than selectivity, and most of the ZIFs in this study
satisfy the criterion of high CO, permeability.® According to our
feasibility studies for post-combustion capture with feed
compression, a selectivity of at least 20 remains unachieved by
the ZIFs. The Polaris™ membrane recently developed at
Membrane Technology and Research Ltd. meets these require-
ments, though it is unclear what separation mechanism this
membrane utilizes.® With a closer look at the components of
permeability from our simulations (ESIt), it is evident that all
ZIFs have a higher affinity for CO, over N, from the concen-
tration component but show no significant diffusion rate differ-
ences. CO, is found to exceed N, diffusivity only within ZIF-7, -8
and -11 which possess tight constrictions where size sieving
occurs. Without size-sieving regions, CO, and N, compete by
means of surface diffusion (sorption or solubility), where strong
adsorption translates to slow diffusion, and Knudsen diffusion
(at high temperatures), where heavy molecular mass translates to
slow diffusion.”* Therefore a ZIF adsorbent-based system
utilizing differences in affinity may be more achievable for this
application, currently an active area of research.”0-8%100

An alternative approach is to combine the favourable ZIF
characteristics with other materials that have complimentary
characteristics, hence combining mechanisms. Bae et al
demonstrated this by incorporating ZIF-90 particles within
various polymers." The most impressive results for this separa-
tion using 6FDA-DAM, a glassy polymer, are shown in Fig. 7.
With the intrinsic properties of ZIF-90 now predicted, we can
interpret the behaviour observed experimentally. According to
the mixed matrix model of Bruggeman, adding 15% of ZIF-90 to
6FDA-DAM should increase permeability though with a loss in
selectivity, therefore we conclude that additional mechanisms are
at work in the experimental MMM configuration. The observed

permeability increase suggests interfacial diffusion routes, due to
a disruption of chain packing around the polymer—ZIF interface,
which we comment further on in the next separation section for
CO, over CHy,.

Natural gas sweetening and biofuel purification (CO,/CH,)

Natural gas purification has been an active industrial operation
since the 1980’s with separations involving removal of N, and
CO, from CH4 for natural gas enrichment (or sweetening).'*'” In
2005 natural gas provided 17% of the worlds energy and is
growing.”> With CO, emissions as an environmental concern,
next generation technologies for efficient CO,/CH, separations
are critical for clean gaseous fuel production. If successful, this
technology will become a critical component of the Power
Generation Vision for 2050, generating 5% of the world’s clean
energy.'®" Additionally, there has arisen interest in biofuel gas
production from microalgae requiring H, and CO, separation
from CH,4.'® Here we consider ZIF-based membranes for
advanced CO,/CH,4 separation technology, Fig. 8.

Our intrinsic predictions reveal promising results for ZIF-8
and ZIF-77 which exceed the polymer upperbound. This result
has been confirmed experimentally as Venna and Carreon have
successfully synthesized pure dense ZIF-8 layers that perform
CO,/CH, separations and are close to our intrinsic predictions.>®
This is a promising result as the superior ZIF properties can be
exploited within a membrane configuration.

Further, ZIF-90 is predicted to have promising separation
properties, which has also been confirmed experimentally by Bae
et al. by incorporating ZIF-90 within a MMM configuration.'®
Three polymers namely Matrimid, Ultem and 6FDA-DAM were
investigated by Bae ef al. as the continuous matrix and here we
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Fig. 8 Our predicted intrinsic CO,/CH,4 properties (filled symbols) with
experimental results (empty symbols) for ZIF membranes. Polymers
(crosses) with connecting lines for our MMM predictions (dotted lines)
and experiment (solid line). Superscripts are used for experimental
references, (a) Li et al.,* (b) Li et al.,** (c) Bux et al.,* (e) Huang et al.,**
(f) Liu et al.,”® (g) Bae et al."® and (h) Venna and Carreon.*®
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predict this outcome, Fig. 8. Our results match well with exper-
iment for the Ultem and Matrimid MMM at 15 wt% of ZIF-90,
although a fundamental deviation occurs for the high free
volume polymer 6FDA-DAM. Similar to the case discussed
previously for Ordonez et al., it is likely that the polymer chain
packing is frustrated nearby the ZIF particles consequently
offering gas transport pathways that significantly differ from
those within the ZIF. This effect has been shown to be enhanced
within polymers composed of rigid chains®' as is the case for this
glassy polymer 6FDA-DAM.

This conclusion relies on the accuracy of our intrinsic predic-
tions for ZIF-90 which in future will be tested as alternative
methodologies are developed by the research community.
Indeed, according to Bae et al. an extrapolation of the experi-
ment using the Maxwell model predicts an intrinsic CO,/CHy4
selectivity of 250, compared to our intrinsic CO,/CHy selectivity
of 4. By considering the molecular structure and our simulation
results we are in doubt as to whether ZIF-90 can achieve such
a high selectivity, though further modelling that includes elec-
trostatic charges could be used to test this hypothesis.

Interestingly, ZIF-77 is found to separate CO,/CH,4 the most
efficiently (highest permeability) whilst still achieving a selectivity
above that of polymer only membranes. With similar equilibrium
gas concentrations, see Table S3 and S4t, ZIF-77 appears to
exploit diffusivity differences to separate the mixture. Fig. 4
reveals the 2-D channels within ZIF-77 which are from 3.6 to
47 A in size, listed in Table S21, capable of inhibiting CHy
transport by means of constriction. Another point worth noting
is that these 2-D channels do not connect in the normal (90°)
direction, hence if the crystals were oriented uniformly, barrier
properties could be observed. Overall our study has shown that
ZIF-8, -77 and -90 are the most promising candidates for clean
gaseous fuel production with both membrane configurations
achieving remarkable results.

Air separation for oxy-combustion of coal (0,/N,)

Separating air has proved a useful operation since 1881 for metal
manufacturing and has now grown to meet demands in many
other industries such as healthcare, chemicals, environment,
electronics and more importantly energy production and
conservation.'®® In the interest of this study, coal and gas are
found to combust more efficiently within pure O, than air (21%
0,, 78% N,, etc.) and further produce emissions of high CO,
concentration for direct sequestration, avoiding the difficult CO,
separations required via other routes, as shown Fig. 1.2 In Fig. 9,
we depict the intrinsic O,/N, separation properties for ZIFs
calculated in this study.

Once again, ZIFs are predicted to be capable of efficiently
separating small molecules, in particular ZIF-8, -90 and -71.
There has been little experimental work for this separation,
although according to these results this is an area worth
pursuing. Compared with the conventional Matrimid polymer,
our model predicts that four orders of magnitude improvement
in efficiency may be achieved by utilizing ZIF particles in an ideal
membrane configuration. As illustrated by previous examples in
this work, membrane configuration will be of critical importance
to achieve experimental performance matching our predictions.

102 ULRLLL BRLELLLLL. DR LN LLLL. BRI BELELRLLL, DR

Y B I

T T
Ll

o
Z 0-60% 0 ZIF-8¢ ‘ZIF-s
)’ ~-ZF-90 gzIF-71
= I ZIF-8¢y 7179 |
3 Z.lk‘-l 1 (498K)
10° ZIF-70.ZIF_7 oZIF-69
(498 K) ®7IF-77

T T T T

]0-1 pond vl - FETITY EERSRRRTTT EENARTT
10" 10° 10" 10° 10° 10 10° 10°
O, Permeability (Barrers)

Fig. 9 Our predicted intrinsic O,/N, properties (filled symbols) with
experimental results (empty symbols) for ZIF membranes. Matrimid
(cross) with connecting line for MMM experiments (solid line). Super-
scripts are used for experimental references, (a) Bux et al®* and (b)
Ordonez et al.**

Conclusions

To summarize, we have investigated a systematic series of ZIF
membranes for their gas separation properties in the interest of
carbon-free energy generation. By utilizing free volume algo-
rithms, molecular dynamics simulation, Monte Carlo schemes
and transport theory, we have demonstrated that all of these
Z1Fs achieve remarkable H, selectivity, with ZIF-11 and ZIF-7
achieving the highest predicted separation factors of 487 and
245 (Hy/N») at room temperature, respectively. Further, we show
that ZIF-11 meets industrial feasibility targets for H,/CO, and
H,/N, separations, a critical operation for pre-combustion
carbon capture. Our predictions also suggest that ZIF-8, -90
and -77 are attractive candidates for natural gas purification
(CO,/CHy) and that ZIF-8, -90 and -71 are attractive candidates
for air separation for oxy-combustion (O,/N,). This method-
ology has proved to be an effective method for screening and
exploring the separation outcomes within ZIF membranes. We
have established the accuracy of the model and shown that the
ideal prediction can be used to guide the design of new MOF
materials, and we have shown that differences between the ideal
prediction and the experimental results provide insight that can
assist in the translation from material synthesis to membrane
fabrication and application. Further work will include predicting
performance based only on structural and chemical consider-
ations. It is hoped that future development of ZIF membranes,
with the guidelines and insights of this study, will accelerate the
production of low carbon energy.
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