
Modeling Gas Flow Dynamics in Metal−Organic Frameworks
Jiaolong Jiang,† Anna M. Plonka,† Anatoly I. Frenkel,*,†,‡ and Dilip Gersappe*,†

†Department of Materials Science and Chemical Engineering, Stony Brook University, Stony Brook, New York 11794 United States
‡Division of Chemistry, Brookhaven National Laboratory, Upton, New York 11973 United States

*S Supporting Information

ABSTRACT: Modeling fluid flow dynamics in metal organic frame-
works (MOFs) is a required step toward understanding mechanisms of
their activity as novel catalysts, sensors, and filtration materials. We
adapted a lattice Boltzmann model, previously used for studying flow
dynamics in meso- and microporous media, to the nanoscale dimensions
of the MOF pores. Using this model, rapid screening of permeability of a
large number of MOF structures, in different crystallographic directions,
is possible. The method was illustrated here on the example of an
anisotropic MOF, for which we calculated permeability values in different flow directions. This method can be generalized to a
large class of MOFs and used to design MOFs with the desired gas flow permeabilities.

Metal organic frameworks (MOFs) are an emerging class
of crystalline materials, consisting of inorganic cores

connected by organic linkers to form extended networks with
hierarchical nanoscale pores and ultrahigh surface areas.1,2

These pore structures can be rigid or flexible, simple or
interconnected, with varying pore apertures allowing for
extraordinary tuning3 for applications ranging from catalysis,4,5

sensing,6,7 and adsorption-based gas separation to size-
determined gas separation through membranes.8−12 For such
applications as catalytic decontamination of chemical warfare
agents, MOFs have attracted intense research due to the
combination of their permeability and reactivity.13−16 While
molecular dynamics simulations of diffusive transport in MOFs
have been reported before,17,18 for many applications, such as
in pressure gradient driven flows, the kinetics of adsorption and
transport are coupled, and it is critical to develop theoretical
models of the transport in MOF in the presence of a flow field.
In all of these applications, the permeability of the MOF is key
to its performance because it affects both the adsorption
characteristics as well as the residence time distributions of the
transported components.
Transport mechanisms in porous media fall between two

limits: concentration-gradient-driven diffusion and pressure-
gradient-driven flows. The interaction between an analyte and
the medium can be considerably different depending on the
mode of transport. Diffusional transport is controlled by
random walk statistics, while pressure-gradient-driven transport
is governed by the flow streamlines, which can advect the
analyte through the medium. Modeling these streamlines,
however, cannot be done by models developed for diffusional
transport, such as molecular dynamics (MD), particularly at
experimentally valid flow rates due to their small time steps, nor
can they be done by using coarse-grained resistive networks
that have been developed to determine permeability in
nanoporous systems.19 Here we use a lattice Boltzmann
model (LBM), to follow the evolution of flow streamlines in

a nanostructured MOF catalyst. By analyzing the flow patterns
in different crystallographic directions, we show that there is a
persistent anisotropy in the permeability of the MOF. Our
findings show that such studies can be used to determine the
role of the structure of the MOF in determining its
permeability and possible interaction with a flowing analyte.
As a demonstration of the combined effect of gas flow and

adsorption on the crystal lattice of a MOF, we performed in situ
synchrotron powder X-ray diffraction (PXRD) measurements
under gas-flow conditions. For this purpose, we chose the NU-
1 0 0 0 , Z r - b a s e d M O F [ Z r 6 ( μ 3 − O ) 4 ( μ 3 −
OH)4(OH)4(H2O)4(tbapy)2; tbapy: tetratopic 1,3,6,8-tetrakis-
(p-benzoate) pyrene].20,21 NU-1000 is a nonisotropic frame-
work with the pores arranged in two distinct channels, the
larger one being 30 Å in size running along unit cell dimension
c and the smaller ones ∼9.8 Å in diameter,22 running along a
and b (Figure 1a). The gases were small molecules, namely, N2
and CO2, to better correspond to the theory and low Reynolds
numbers. The PXRD data were collected at the beamline 17-
BM of the Advanced Photon Source (APS) at Argonne
National Laboratory. The data were analyzed with LeBail fit,23

and corresponding unit-cell changes were extracted. Our results
show that adsorption of both N2 and CO2 affects the unit cell of
NU-1000, and the response is anisotropic. Upon gas adsorption
we observed the expansion of the lattice dimension c,
corresponding to the crystallographic [001] direction and
contraction of lattice dimensions a ([100]) (Figure 1b) with
the maximum change of ∼0.25% expansion of c during the CO2
adsorption at 200 K. The change is fully reversible upon the
desorption of N2/CO2 in He. To model theoretically the time
dependence of the structural changes in NU-1000 and other
anisotropic MOFs, a new approach is required that takes into
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account the gas-flow direction within the MOF and its effect on
permeability.
To model the permeability and its dependence on the

transport direction, we used the LBM.24 While the LBM has
been extensively used to study fluid flow in porous media25,26 in
those cases the pore sizes were micron-scale or larger. Once
pore sizes start approaching the nanoscale, the critical
parameter that needs to be considered is the Knudsen number,
which represents the ratio of the mean free path of the flowing
gas relative to the pore size of the system. Previous studies
using LBM to model flow through nanoporous membranes
have shown that LBM can be used to simulate a range of
Knudsen numbers by incorporating the appropriate boundary
conditions at the pore-wall surface.27 The choice of boundary
conditions can be determined by calibrating the model to
experiments. However, these studies also showed that for
moderate Knudsen numbers the role of the nanoporous
structure in modulating the flow showed qualitatively similar
behavior regardless of the details of the boundary condition. In
our simulations, we limited our studies to the low Knudsen
number limit because we are interested in establishing a
baseline for the interaction between the MOF and the flowing
gas. In practical terms, this means that our studies are limited to
small-molecule transport through the MOFs, and we can then
use the LBM by invoking no momentum transfer between the
nodes of the MOF and the gas.
The advantage of using the LBM is that it is a meshless

approach and thus can be highly parallelized. Here space is
discretized into regularly distributed nodes on a lattice and time
is divided into evenly spaced intervals. Particle positions are
confined to the nodes, and each node contains a particle
population distribution in different directions that connects
neighboring nodes.24 In this limit, and invoking Bhatnagar,
Gross, and Krook (BGK) dynamics,28 the discrete lattice
Boltzmann equation becomes
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where ti is the weight constant in direction i and cs is the speed
of sound in the lattice. The macroscopic density ρ and velocity

u can be obtained by ρ = ∑ fi i , and = ∑
ρ

u ef ii i
1 . Before

performing the simulation we approximated the structure with
a simple model, containing spheres with radii equal to the van
der Waals radii29 of the nodes and linkers (Supporting
Information (SI), Figures S1 and S2). The details of the
construction (Table S1) can be found in the SI. The first set of
simulations was run to investigate the flow pattern through the
NU-1000 structure. As shown in Figure 2, we calculated the

streamlines for the flow, for two cases, one in which the gas
flow was parallel to the largest channels (direction [001]; see
Figure 1) and the other when the flow was perpendicular to the
channels (direction [100]). In this, and in all of the results
presented, we scaled the local velocity by the inlet velocity to
better visualize the disturbance of flow caused by the structure
of the MOF. When the flow is parallel to the channels, we see
large relative flow velocities along the channels as expected and
low velocities elsewhere. When the flow is perpendicular to the
channels, however, while we do see variations in the velocities,
they appear not to be as severe as the previous case.
To further quantify the effect of the structural anisotropy of

the NU-1000, we calculated velocity distributions using a cross
section of the structure for both flow cases. The velocity
distributions for different flow directions are compared in
Figure 3. Figure 3a shows the distribution of velocities in [001]
when the flow is parallel to the channels, while Figure 3b shows
the distribution of velocities in [100] when the flow is
perpendicular to the channels. Two points should be noted

Figure 1. (a) Schematic of the NU-1000 structure. (b) Evolution of lattice parameters a and c during adsorption (gray area) and desorption of CO2
and N2 on NU-1000 at 200 K, as measured in the in situ PXRD experiment.

Figure 2. Streamlines for gas flow (a) parallel and (b) perpendicular to
the channels in NU-1000, with green spheres for MOF nodes. The
same streamlines are shown without MOF structure (c) parallel and
(d) perpendicular to the channels. The local velocity was scaled by the
inlet velocity to better visualize the disturbance of flow.
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from this Figure: First, the variations in velocity are much larger
in the case of [001] direction (Figure 3c). Second, if we assume
that any component that is introduced along with the carrier
gas will follow the streamlines, then there will be significantly
more interaction with the MOF in [100].
While these studies show how the anisotropy of NU-1000

manifests itself in the flow streamlines, we still needed to see if
this effect persists when we calculate transport properties, such
as the permeability. So, for the next set of simulations we set up
pressure gradients across the MOF and solved for the flux using
the same two flow cases: parallel and perpendicular to the
channels. According to Darcy’s law,30 if we plot the flux

= − ∇κ
μ

q P, where μ is the dynamic viscosity, against the

negative pressure gradient −∇P, then the effective permeability
κ should be proportional to the slope of the curve. As can be
seen in Figure 4, there is a clear effect of the anisotropy of the

MOF structure on the permeability. The permeability when the
flow is parallel to the channels in [001] is significantly higher
than the permeability when the flow is perpendicular to the
channels in [100].
At first glance, our results could be explained by a simple

geometric effect. For example, if we make a projection of all of

the positions of the atoms onto a single plane (Figure 5), when
the flow is parallel to the channels, the area occupied by the

nodes is 36% of the total area, whereas when the flow is
perpendicular to the channels, the area occupied is 53%. The
larger area occupied should therefore result in a lower
permeability. However, while the geometry of the structure is
important and does influence the flow pattern, there is not a
one-to-one correspondence between the two. To demonstrate
this, we ran a series of simulations in which we rotated the
structure of NU-1000 about the long axis of the parallel
channels such that the while orientation of the parallel channels
was unchanged we now changed the structure perpendicular to
the channels. For a 30° rotation, the projected occupied area
increases to 85% for flow perpendicular to the channels.
However, when we repeat the simulations using this rotated
structure, we do not see a large change in the permeability
(Figure 4). Thus our results cannot be explained by a simple
geometric effect, and to fully understand the permeability of
MOF structures, the detailed calculation of flow and residence
times is needed.
The results validate our initial hypothesis that the anisotropy

in the structure results in an anisotropic permeability of the
material. Furthermore, the observed anisotropy is not entirely a
result of a geometric effect and therefore cannot be simply
explained by invoking the relative size of the channels in the
different directions. Finally, we evaluate the relative change in
permeability due to realistic (as observed in the experiment)
changes in the lattice parameters of the MOF. Those changes
were observed in the presence of CO2 compared with the
pristine MOF (Figure 1). The results are shown in Table S2,
and, as can be seen, the permeability change qualitatively
follows the structural change.
On the basis of our results we propose that the internal

structure of the MOF, and its concomitant arrangement of
pores, will strongly affect the flow dynamics of gas molecules

Figure 3. Velocity distributions for gas flow (a) parallel and (b) perpendicular to the channels in a cross section of NU-1000. The velocity
distributions along the arrow for the two flow cases are compared in panel c. The local velocity was scaled by the inlet velocity to better visualize the
disturbance of flow.

Figure 4. Flux versus negative pressure gradient for flow parallel to the
channels (blue with triangle markers), perpendicular to the channels
(green with square markers), and perpendicular to the channels with a
30° rotation about the long axis of the parallel channels (red with
circle markers). In LBM, the units of mass, length, and time are mass
unit (mu), lattice unit (lu), and time step (ts), respectively.

Figure 5. Projections of NU-1000 onto a single plane for flow (a)
parallel, (b) perpendicular, and (c) perpendicular with 30° rotation
along the large channel axis, where S is the percentage of the area
occupied by the nodes.
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and, as a result, the kinetics of adsorption. We expect that as we
introduce larger molecules in the carrier gas, this effect could be
magnified. This could have a significant impact on applications
ranging from catalytic to sensing to filtration uses, where we
could have, in principle, a broad residence time distribution of
the adsorbents/reactants in the MOF resulting in possible
inhomogeneities in the final product stream. Understanding the
effect of the structure on the flow field and, consequently,
reaction kinetics will allow us to engineer around possible
bottlenecks and design MOFs with structures optimized for
specific applications. For example, this approach will allow us to
model possible pore blocking during transport and thus provide
guidelines to the design of a new generation of MOF’s, in
which a gradient of porosity31 can be engineered to mitigate
pore-blocking effects. We also note that we plan to extend this
model to study diffusive transport. Experimental studies on
MOFs have shown that diffusion can be often separated into
the two terms, one responsible for topology (that is the one
that we are taking into account in our model) and the other for
the interactions.32 The diffusion can be written as

= −( )D D exp E
RT0

a , where Ea is the activation energy of

diffusion and D0 is the diffusion in the infinite temperature
limit. Because our model can account for D0, we can then also
look at the effect of the structure on the diffusion of molecules.
Finally, in future work, we plan to develop a hybrid LBM/
Brownian Dynamics model in which the carrier gas hydro-
dynamics can be modeled by the LBM, and we can introduce
larger molecules of interest via the Brownian Dynamics
approach. This will allow us to add an addition level of
complexity into the model, allowing us to better approximate
real experimental conditions such as those measured in the in
situ XRD experiments.
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