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Mesoporous inorganic membranes have significant potential for important small-molecule separations like carbon diox-
ide recovery from stack emissions. However, tailoring materials for a given separation remains an outstanding problem.
Preferential adsorption, layering and capillary effects, and surface flow are key mechanisms that determine permeation
rates and are ultimately linked to the mesopore characteristics. To further the understanding of these systems, a model-
ing approach based on dynamic mean field theory, which has previously been used to study the dynamics of adsorption
in mesoporous materials, is proposed. This theory describes both relaxation dynamics and nonequilibrium steady states
in membranes and is fully consistent with a mean field density functional theory of the thermodynamics. The capabilities
and promise of the approach by modeling a permporometry experiment, in which a light gas permeates through a meso-
pore in the presence of a condensable vapor at a controlled relative pressure, are demonstrated. © 2015 American

Institute of Chemical Engineers AIChE J, 61: 2958-2967, 2015
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Introduction

Mesoporous inorganic membranes have long been of inter-
est in the separations field'™ due to their technologically rel-
evant pore-size range (diameter 2-50 nm) and chemical and
thermal stability. Typically, these membranes comprise of a
mesoporous metal oxide (e.g., silica and alumina) layer with
thickness ~0.1-10 um, which provides the desired separation
functionality, deposited on a much thicker macroporous sub-
strate for mechanical support. In the earliest generation of
materials,* the mesoporous layer was made by slipcasting
colloidal suspensions of small alumina crystallites, which
resulted in disordered pore structures with a relatively wide
pore-size distribution (PSD). The current research frontier
for synthesis of mesoporous silica films involves the use of
organic molecular templates to grow highly uniform silica
mesopore structures in situ. Self-supporting mesoporous
silica thin films have been prepared at air/water interfaces.®™®
Mesoporous silica films on flat surfaces including mica,
graphite, silicon wafer, and glass substrate have been fabri-
cated by a combination of coating techniques with self-
assembly approaches.”'? The orientation of mesoporous
silica films can be controlled, using a continuous flow of
synthesis mixture parallel to the surface or additional high
magnetic fields. Maintaining pore connectivity normal to the
support interface and producing films that are sufficiently
thin, yet mechanically stable and defect-free, are still major
challenges.” However, the past 20 years have seen steady
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progress towards the goal of delivering a given mesoporous
material in the form of a practically useful separation
membrane.

Applications of mesoporous inorganic membranes are wide-
ranging; they include microfiltration and ultrafiltration for water
pulriﬁcation,13 removal of solids in beverage manufacture,'* and
concentration of cellular organisms in fermentation processes. '
More to the point of this article, these membranes are also
potentially useful in separations involving smaller molecular
species, such as carbon dioxide, alcohols, and hydrocarbons,
which are important in the energy and chemical industries. Spe-
cific examples include carbon dioxide recovery from stack
emissions,'®'® volatile organic compound (VOC) recovery and
recycle,lg’zo and ethanol/water separation for biofuel produc-
tion.?! Small-molecule separations with mesoporous mem-
branes typically utilize mechanisms like preferential adsorption
and surface diffusion because the mesopores are too large to
perform molecular sieving. In fact, the counterintuitive result of
preferential permeation of the larger, heavier molecular species
is often observed. Huang et al. showed that separation factors
of 10>—10? for acetone (a model VOC) over nitrogen could be
achieved with disordered mesoporous alumina membranes, pro-
vided that the operating conditions (temperature and partial
pressure) supported capillary condensation of the acetone in the
pores.” Pore size, and more generally pore geometry, is obvi-
ously an important material variable that can be tuned to pro-
mote desired adsorption and transport mechanisms. Surface
chemistry is another such variable. Ford and coworkers previ-
ously demonstrated that functionalizing disordered alumina or
ordered silica membranes with organosilanes enhanced their
selectivity for small hydrocarbons over air by as much as a fac-
tor of 10, presumably by promoting adsorption and surface flow
of the hydrocarbon in the pores.22—27 Sakamoto et al.'’
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synthesized MCM-48 membranes and evaluated them for car-
bon dioxide recovery; the membranes in their native state
exhibited a CO,/N, selectivity of 0.8 (consistent with a purely
Knudsen flow mechanism), but when functionalized with an
aminopropylsilane the selectivity increased to 50 or more
(albeit with a significant drop in overall permeance).

Mesoporous membrane separation research is at a stage
where synthesis of materials with finely controlled pore struc-
tures and surface chemistries is possible, but the “design rules”
for tailoring the properties to a specific separation are still
unclear because of the complexities of the separation mecha-
nisms. Availability of a permeation prediction method that
combines a sufficient level of molecular detail with computa-
tional efficiency would be a major step forward in the design
of mesoporous inorganic membranes for separations. Molecu-
lar modeling®®*~? provides atomistic detail but is not computa-
tionally efficient; the length of a typical pore model is only
~1% of the actual membrane thickness, and the dynamic tra-
jectories cover only ~10 ns of real time. Continuum modeling
is computationally efficient but has no atomistic detail and thus
requires the transport mechanisms as input, rather than predict-
ing them as emergent behavior. In this work, we deploy a lat-
tice model approach that strikes a balance between molecular
detail and efficiency. Our approach has its basis in the classical
density functional theory (DFT) of confined fluids that has
been extensively used to study the thermodynamics of fluids
confined in mesoporous materials.>* > DFT provides a theory
of both the free energy and the density distribution of confined
fluids. In addition to yielding enormous theoretical insights
into the behavior of these systems,33’36 DFT has become an
essential component of porous materials characterization meth-
ods based on adsorption. It is typically featured in the software
that accompanies commercial adsorption measurement equip-
ment for porous materials characterization. Although DFT is
much less computationally intensive than molecular simula-
tions, the computational effort grows substantially with dimen-
sionality. Under these circumstances, coarse-grained lattice
model approaches are finding considerable utility.*® In model-
ing membrane systems, we have to consider the transport as
well as the thermodynamics, as we are typically concerned
with a nonequilibrium steady state with a chemical potential
gradient across the membrane. To address this situation, we
can employ an adaptation of DFT to the case of nonequili-
brium states. We refer to this theory as dynamic mean field
theory (DMFT).*”*® DMFT has been previously used to study
the relaxation dynamics of fluids confined in model porous
materials,>’ ' for instance in condensation, evaporation, and
cavitation processes within the pores, but it has also been used
in some membrane studies.*”** In this article, we apply
DMEFT to study the nonequilibrium steady states encountered
in permporometry, a technique used in mesoporous membrane
characterization.*’

Characterization of mesoporous inorganic membranes has
always been a challenge because of their relatively small
pore sizes and the fact that they are used as supported thin
films. Eyraud et al.*> made a breakthrough in characteriza-
tion with the development of permporometry, which probes
the pores in a way that reflects their actual contribution to
membrane permeation. A permporometry experiment is
based on the copermeation of a lighter, noncondensable gas
and a heavier, condensable vapor through a porous mem-
brane at different values of the relative partial pressure of
the condensable component, p, = Jesntel A fixed p,, the

Pcondensable,sat
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condensable component is expected to fill all pores below a
certain size via capillary condensation and effectively block
the light gas from permeating through them. A plot of
steady-state permeability (or flux) through the membrane as
a function of p, therefore provides qualitative information
about the membrane PSD. The main challenge in permpor-
ometry is to extract information of a more quantitative
nature regarding the PSD. This task requires a model that
describes at least three elements: (1) geometry of the pores,
(2) adsorption of the condensable component, and (3) trans-
port mechanism of the light gas. Understandably, the first
implementations of permporometry*®~** employed models of
minimal complexity. The pores were assumed to be cylindri-
cal (with uniform diameter across the membrane thickness),
the Kelvin equation was used to model capillary condensa-
tion (with a modification to include the presence of an
adsorbed layer, or t-layer, of molecular dimension before full
capillary condensation), and the transport mechanism of the
light gas was assumed to be Knudsen diffusion through the
unblocked pores. There have been surprisingly few attempts
to improve these rather minimalist original models or chal-
lenge the assumptions therein; indeed, the model used by
Higgins et al. in 2006°° is essentially identical to that pro-
posed 30 years ago. However, weaknesses are starting to
emerge. Tsuru et al.”' found that different condensable spe-
cies gave different PSDs on the same membrane, especially
in the lower pore-size range, which was attributed to effects
in t-layer. Recently, Mottern et al.>? used permporometry to
probe for pinhole (macroporous) defects in a supported mes-
oporous membrane. They found that the light gas diffusion
through condensate-filled pores actually contributed to the
flux in a significant way, especially in the intermediate
regime of p, where the mesopores were largely filled but the
macropores of the support were not. In such cases, transport
of the light gas through the liquid-filled mesopores by a
solution-diffusion mechanism was appreciable and could eas-
ily be misattributed to pinhole defects.

Permporometry represents a very nice application of DMFT
because it involves membrane transport in the context of cap-
illary phase transitions. Using a simple slit pore geometry, we
demonstrate how DMFT gives a detailed description of the
qualitative features of a permporometry experiment. DMFT
yields important nanoscale information about the nonequili-
brium states including both the density distribution and the
flux distribution in the system. The theory includes a full
description of the solution thermodynamics and phase behav-
ior for the light/heavy binary mixture and allows for transport
of the light component through all regions of the system
including the condensed phase regions.

In the next section (Models and Methods Section), we
describe the details of our modeling approach, including lat-
tice models of fluid mixtures as well as the essential features
of both DFT and DMFT and the detailed implementation of
DMFT in the context of permporometry. Results and Discus-
sion Section presents our results for DMFT for a model slit
pore membrane and Summary and Conclusions Section gives
a summary of our results and conclusions.

Models and Methods
Lattice model and mean field DFT

Our approach starts with a single occupancy, nearest
neighbor lattice gas model for a fluid mixture for which the
Hamiltonian is written*®3
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where i is a set of lattice coordinates, a denotes the vector to
a nearest neighbor site for any site on the lattice, o and J
represent species labels. €5 is the interaction strength
between species o and o, 7;(*) is the occupancy of site i (0
for empty, 1 for occupied) for component «, and qbi(“) repre-
sents the external field acting on component o at site i. In
this work, the external field is a nearest neighbor attraction
of strength €,y between the wall (pore surface) and mole-
cules of species o occupying sites adjacent to it. In the mean
field approximation (mean field DFT or MFT), we can then
write the grand free energy of the system as
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is the chemical potential of component o and ,o.(“)

where u(* )
is the average occupancy of site i by component o. The nec-
essary condition for equilibrium (or metastable equilibrium

associated with hysteresis36) can be written as

Q
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where {y} and {¢} are the fixed set of chemical potentials
and external field. Using Eqgs. 2 and 3, we find a set of

coupled nonlinear equations
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o a o
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For a system with given geometry and set of chemical
potentials and external fields, these equations can be solved
by iteration to yield the density distributions for each species
and the grand free energy.”®

For the bulk mixture (no external field, uniform densities,
and uniform chemical potentials), we find that

Q = —kTIn( 1—2 o,V %szmdﬂh(x)f’b(é) 3)
o9

N2 ewpy®  (6)
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where P is the pressure, v, and M are physical volume equivalent
of a lattice site and number of sites in the lattice, respectively, p,(*)
is the density of species o in bulk and z is the coordination num-
ber of the lattice. We have used these equations to determine
the bulk vapor-liquid equilibrium for the mixture, solving the
phase equilibrium equations via a combination of Newton—
Raphson and pseudo arc length continuation methods.>*

Pv, =

1 = KT{Inp,® —In(1 _Z Py
5

Dynamic mean field theory

Our implementation of DMFT follows earlier work®’-?

and especially that of Edison and Monson.*® The time-
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dependent ensemble average density of a species o at a site i
can be considered by taking the mean of weighted average
occupancy of component o for site i over all possible config-
urations of the system in terms of occupancies. The weight
P({n},t) here is the probability associated with the occur-
rence of a specific configuration defined by a set of occupa-
tion numbers {7}

p() <nl > Zn,

{n}

P({n},1) @)

DMFT emerges by making a mean field approximation to
the master equation governing Kawasaki dynamics applied
to a binary mixture on a lattice gas model. In Kawasaki
dynamics, new states are created by molecules hopping to
vacant nearest neighbor sites. The evolution of the density
species o at any site i is then described by

(o)
a”‘ = —ZJM“ @®)

where Ji,,iﬂ,(“) is the flux of species o from site i to one of
its nearest neighbor sites i+a and in mean field is given by

1—ij )—wii™ ;' 1—Zpl ©)

where wij<°‘> is the probability for species o to jump from
site i to j calculated in accordance with the Metropolis
criterion

Iy =wy

E;i®)
wii® = wo®exp (_ kJ—T) (10)

where Eij(“) can be identified as the energy change associ-
ated with the jump of species o from site i to j and wy® is
the hopping frequency for species o. In this work, we have
assumed wy to be the same for all species. The energy
change is given by

0, E® < E;®
By = (11)
Ej(“)—Ei(“‘), Ej(“) > E;®

where E;® for a species o at a site i is the function of den-
sities at the neighboring sites and the external field (f)i(“)

E® = =33 copiea” + (12)
a 4

These expressions are the extension to mixtures of the
expressions for pure fluids.>®

Model system and implementation of DMFT for
permporometry

In this initial work, we model a single-slit pore with
geometry shown schematically in Figure 1. The system is
finite in x and z directions but infinite in y direction. There
are bulk fluid zones on the two ends with control volumes
for boundary conditions to be specified in the calculations.
The control volume 1 (CV1) and control volume 2 (CV2)
represent the inlet (feed) and outlet (permeate) conditions for
the pore, respectively. Our base case utilizes length (L) of 40
lattice constants, height (H) of 6 lattice constants, and bulk
regions that are 10 lattice constants in length including 2 lat-
tice constants of control volume (although only one is neces-
sary). We also vary L and H to study effects of those
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Figure 1. Geometry of the slit pore used to study
permporometry.

variables. Interaction parameter values chosen for this study,
listed in Table 1, are representative of a typical light/heavy
binary mixture that might be employed in permporometry,
such as nitrogen/cyclohexane. The light gas is denoted as A
while the heavy vapor is denoted as B. The ratio of self
interaction parameters (egg/ean) is taken to be 4. This ratio
corresponds to the ratio of critical temperatures T.g/T¢ A,
and 4 is a reasonable value for binary mixtures used in
permporometry experiments. The interaction strength
between components A and B is taken as the geometric
mean of their self interaction parameters, and in each case
ew = 3.0¢,, to give a fairly strong interaction with the sur-
face relative to the fluid interaction. The thermodynamic var-
iables are defined in dimensionless units using eaa as the
base energy unit and v, as the base volume unit.

Pvs o _ KT uzzua 13)
€EAA €EAA €EAA

P =

We study the system at a temperature 7* = 4.0. Note that
this 7* is well above the critical temperature of pure A in the
context of the mean field lattice model (T} ;. = 1.5) but is
2/3 of the critical temperature of pure B (T;_cmical =6.0).

The setup for the permporometry calculations starts with
the definition of thermodynamic quantities at the inlet and
outlet. We first define the feed (inlet) pressure, P}, and
mole fraction of light component ya inet. Using Eqgs. 5 and 6,
we can determine the associated bulk densities (pu e and
PB.inler) and bulk chemical potentials (4 ;e and HE inlet)
These are taken as conditions for the inlet control volume. A
driving force is necessary to simulate the process involved in
permporometry. The driving force is provided by setting the
chemical potentials at the outlet control volume. The chemi-
cal potential of A is set to be slightly lower at the outlet as
compared to the inlet, while the chemical potential of B is
set to be the same in both locations

luj\.outlet = :ui/k\,inlet - 5:“7\ ( 14)
Mg,oullet = :ug,inlet (1 5)

The outlet pressure and mole fraction, P .. and ya outlet,
are calculated using (& ;e and Uy o6 In Eqs. 5 and 6. The
density distribution in the pore and bulk is initialized by
solving the static MFT problem for the entire pore at the
thermodynamic conditions of inlet control volume. Once the
system has been initialized, the thermodynamic quantities at
the outlet are changed as described above and the system is
allowed to evolve with time, by solving Eq. 8 using Euler’s
method with a step size of woAr = 0.2, until the it reaches

Table 1. Interaction Parameters

Component [ EaW
A 1.0 3.0
B 4.0 12.0
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Table 2. Operating Conditions

Quantity Value
Plhtet 0.3001
I 4.0

YA inlet 0.1843-0.9843
Oty 0.005
Reduced Quantities

Pi*lﬂet/Pf\‘crilicul 1.0359
T:/T/:%,crilical 2.667

T /TB,criticnl 0.667

steady state. Then, the flux of component A at the middle
cross-section of the pore in the x direction (J3) is computed
by summing over the sites at x = L/2, while the midpore
averaged density is computed using pore sites between x = L/4
and x = 3L/4. We note that the flux is inherently dimension-
less as can be seen in Eq. 8. The density is essentially frac-
tional occupancy and thus dimensionless while the time is in
terms of wgt which again is dimensionless. The process is
repeated for different values of relative pressure of B in the
feed, Pgrel = VB intetP e /Pgo, where Pgo is the vapor pres-
sure for pure B; this is done by varying ya inlet- Pp, is deter-
mined using the static MFT for the bulk fluid.*’ In
this setup, we control the inlet pressure, inlet mole fraction
of A, and outlet chemical potentials of A and B. This corre-
sponds to an experiment where pressure and component
mole fractions are controlled for both sides of the membrane,
for example, using a sweep gas on the permeate side. We
take the inlet pressure to be P* = 0.3001, which corresponds

* * _
to a reduced pressure Pinlet/PA,cmical = 1.0359, so we are

slightly above the critical pressure of A (in addition to being
well above the critical temperature of A). The operating con-
ditions are specified in Table 2.

Results and Discussion

We begin this section by presenting the bulk vapor-liquid
phase behavior for the binary mixture considered, as calcu-
lated in MFT. This is shown in Figure 2a where we have
plotted the p—x—y phase diagram at the temperature where
our permporometry calculations were made. Vapor-liquid
coexistence does not occur across the composition range,
which reflects the large difference in critical points for the
two components in our model. Also shown on this plot is
the locus of inlet conditions for the states studied in the
permporometry calculations. The locus of inlet conditions
used in the permporometry calculations starts for low values
of yg where the mixture is mostly light gas. As yg increases,
we ultimately approach a dew point, and along that path we
should expect the appearance of a condensed phase in the
pore, rich in component B, due to the effect of confinement
in the pore upon the vapor-liquid equilibrium.

Figure 2b shows equilibrium adsorption/desorption iso-
therms for the mixture in the slit pore from static MFT with
the bulk state following the path of fixed pressure and vary-
ing bulk composition (path labeled inlet CV1) shown in Fig-
ure 2a. We see that except for low bulk mole fractions of B,
yg, the density of B in the pore is generally much high that
of A. The isotherm for B is very similar to that for a pure
component system at a similar temperature.37 This isotherm
shows two transition regions. One at low yg corresponds to
the filling of a monolayer near the pore wall. The density of
A, which is weakly attracted by the pore walls, remains low
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Figure 2. (a) P-x-y diagram for binary mixture at T* = 4.0 (blue solid) and the loci of inlet (red dotted) and outlet
(black dash-dot) conditions. (b) Midpore averaged density calculated from static MFT for A-B mixture in
aslitpore H=6,L =40at T" = 4.0 and P* = 0.3001.

The blue solid, red dashed, and black dotted curves are for the density of A, density of B, and total density, respectively. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

throughout and is highest when the bulk is mostly A and
decreases as A is displaced by the more strongly adsorbed
B. The other transition region at higher yp is associated with
condensation of a liquid phase within the pore and is accom-
panied by hysteresis. The nature of this hysteresis has been
discussed in detail in earlier work.>*>® The states on the lig-
uid branch of the hysteresis loop are equilibrium states while
those on the vapor branch are metastable equilibrium states.
The metastability on the vapor branch is due to the nuclea-
tion barrier to the formation of a liquid bridge. In contrast,
on the liquid branch there is no nucleation barrier because
the vapor-liquid interface required for evaporation is already
present near the pore entrance.

Figure 3a gives a magnification of the low pressure region
of the bulk phase diagram from Figure 2a showing the loci
of inlet and outlet states for the permporometry calculations.
The locus of inlet states is chosen by fixing T and P and
then varying y. For each outlet state, T and ug are fixed at
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the same values as for the inlet and iy guger = Ha inlet —OMa-
The outlet pressure can then be determined from bulk MFT.
The loci of inlet and outlet states are indistinguishable on
the scale of the phase diagram plot but the finer scale in Fig-
ure 3a shows that the outlet pressure decreases as the outlet
mole fraction of A increases. Figure 3b shows a plot of the
differences between the inlet and outlet pressures and com-
positions for the states in the permporometry calculations
versus y, in the feed. The fractional percentage pressure
drop relative to the inlet pressure ranges from 0.0294% to
0.1253%.

We now turn to the permporometry results. Figure 4a
shows the flux of A through the slit pore vs. the relative
partial pressure of B at the inlet. As expected, the flux of A
decreases with increasing amount of B in a way that is
strongly influenced by the density distributions of the two
species. The qualitative behavior seen here is quite similar
to that seen experimentally.”’ In parallel with the

_Pinh-l - Puullr_-l
==YAinlet — YA outlet |

Absolute Difference in
Inlet and Oulet Conditions
N

0 02 04 06 08 1
A,inlet

(b)

Figure 3. (a) The loci of inlet (red dotted) and outlet (black dot-dashed) conditions with the bulk P-x-y (blue solid)
for the binary mixture at T* = 4.0. (b) Variation of the difference in inlet and outlet conditions for pressure
(blue solid) and mole fraction of A (red dot-dashed) with the inlet mole fraction of A.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. (a) Variation in midpore flux of component A with relative pressure of component B at the inlet. (b) Varia-
tion in midpore averaged density with relative pressure of component B at the inlet. Pore length and

height are L =40, H = 6.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

adsorption behavior, there are two transition regions in the
plot. The first at low relative pressure of B is associated
with the formation of dense B-rich layers near the pore
walls. The second is associated with the capillary conden-
sation of B-rich liquid in the system, which causes a dra-
matic drop in the flux of A. The hysteresis seen here
parallels that seen in Figure 2b. In fact, when we plot the
midpore densities for the steady states obtained in the non-
equilibrium calculations, as shown in Figure 4b, we see
that they are very similar to those for the equilibrium
states shown in Figure 2b. Figure 5 shows visualizations
of density distribution of B in selected nonequilibrium
steady states. These distributions are very similar to those
from static MFT calculations for adsorption in slit pores

for a pure component®’ and mixtures.®® At low relative
pressures of B, we see some adsorption on the pore sur-
face followed by the formation of dense monolayers. At
higher relative pressures, we see multilayer adsorption and
then pore filling. As the relative pressure of B is lowered
from the filled state, we see the formation of a meniscus
which retreats into the pore. This is followed by evapora-
tion, leaving a state with adsorbed layers on the pore walls.
Further decrease in the relative pressure of B leads to states
with only slight adsorption on the pore walls. The flux is a
product of local density and velocity; the local density dom-
inates flux apart from the initial drop which is a result of
the velocity drop (see Supporting Information Figures S1
and S2).

(a) Pg e = 0.09734

(e) Pg.rer = 0.9332

(£)Pp rer = 0.8432

(g) Pp.ret = 0.8303

(d)Pp, e = 0.9332
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(h)Pp rer = 0.09734

Figure 5. (a)-(d) Visualizations of density of component B during pore filling. (e)-(h) Visualizations of density of
component B during pore emptying.
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Figure 6. (a) Variation of flux of A with relative pressure of component B at the inlet, for the three unique layers
within a slit pore with H =6, L =40. Layer 1 is adjacent to the wall, layer 2 is the next-closest to the wall,
and layer 3 is farthest from the wall. (b) Variation of density of A with relative pressure of component B
at the inlet, for the three unique layers described in (a).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

DMEFT calculations allow us to probe the flux at an even
finer level of detail, as illustrated in Figure 6. Figure 6a
shows the contributions to the flux of A from the different
layers in the pore while Figure 6b shows the density of A in
those layers. For H = 6, there are six layers but due to sym-
metry there are three pairs of layers, with each member of a
pair having identical properties. The contribution from the
layer nearest the wall is large at low relative pressure of B
but drops dramatically as the amount of B in that layer
increases. The decrease in flux of A in layer 1 (Figure 6a)
occurs in spite of an increase in density of A in layer 1 for
low values of relative pressure of B (Figure 6b). This is
because as the overall density in the layer 1 is increasing
greatly due to the higher density of B which restricts the
mobility of A. Interestingly, for higher pressures the largest
contribution to the flux comes from layer 2, where the
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density of A is greatest, rather than layer 3, which is farthest
from the walls. The enhanced density of A in layer 2 arises
from its attraction to layer 1, which is essentially a dense
layer of species B that is adsorbed to the pore wall.

The geometric parameters of the simple slit pore model
are the length L and height H. We varied these two parame-
ters independently, away from our base case of L =40 and
H = 6, and examined the effects on flux. We see from Figure
7a that the position of the hysteresis loop is independent of
the length of the pore as it is increased from 40 to 120. This
was expected because hysteresis is determined by nucleation
of a liquid bridge that is strongly dependent on pore height
but not on pore length. The overall magnitude of the flux
decreases with increasing pore length, which is again
expected because of the increased resistance to transport
associated with longer pores. We looked at the variation in
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Figure 7. (a) Variation in flux of A with relative pressure of component B at the inlet, for different pore lengths. The
plots correspond to pore lengths L = 40, 60, 80, 100, 120 in order from top to bottom. (b) Variation in flux
of A with length of pore, for three different values of relative pressure of component B at the inlet.

Plots markers (circles, squares, and triangles) correspond to data points from calculations. Plot lines (solid, dashed, and dot
dashed) correspond to constant/L fits to data points. The sets of data and fits correspond to Py = 0.0588, 0.5088, 0.9975 in order
from top to bottom. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. (a) Variation in flux of A with relative pressure of component B at the inlet, for different pore heights. The
plots correspond to pore heights H=6, 5, 4 in order from top to bottom. (b) Variation in flux of A with
height of pore, for three different values of relative pressure of component B at the inlet.

Plots markers (circles, squares, and triangles) correspond to data points from calculations. Plot lines (solid, dashed, and
dot dashed) correspond to constant; XH+constant, fits to data points. The sets of data and fits correspond to Py = 0.0588,
0.5088, 0.9975 in order from top to bottom. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

the flux with the length of pore more quantitatively by creat-
ing parametric plots at different values of the relative pres-
sure of B, as shown in Figure 7b. The values of relative
pressure were chosen to cover three distinct regions in Fig-
ure 7a: the initial region before Pg,s = 0.1, the region of
steady drop between Pp = 0.1 and 0.8, and the region of
lowest flux beyond Pgy = 0.9. Standard continuum models
of membrane transport, neglecting any end effects such as
concentration polarization or surface barriers, suggest that
the flux should scale as 1/L. The curves in Figure 7b show
the best fits to a constant/L model, which are quite good in
each case.

Pore height strongly affects the relative pressure for capil-
lary condensation, as mentioned above. Flux profiles for
H=4,5, and 6 are shown in Figure 8a. We see that the
location of the hysteresis loop moves to higher relative pres-
sure of B with increasing H as expected.’® Figure 8b shows
the flux as a function of pore height for the same three val-
ues of relative pressure considered in Figure 7b. At each
relative pressure, the dependence of flux on H is fit very
well by a linear model with positive slope. We would not
always expect such a linear relationship, due to the com-
plexity of the density distributions and transport mecha-
nisms, but such a relationship definitely exists for the cases
studied here.

Summary and Conclusions

In this article, we have presented an application of DMFT
to permporometry. This theory describes both relaxation
dynamics and nonequilibrium steady states in membranes
and is fully consistent with a mean field DFT of the thermo-
dynamics. The theory provides additional fundamental basis
for the use of permporometry as a characterization tool for
membrane pore structure. We have applied the theory to a
model membrane consisting of a slit pore in contact with
two bulk gas control volumes with different pressures and
compositions. As a model mixture, we chose a binary system

AIChE Journal September 2015 Vol. 61, No. 9
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with a 4:1 ratio of critical temperatures. We determined the
phase diagram for this system and then made constant-
temperature permporometry calculations along a path of
fixed pressure and changing composition (ranging from
nearly pure light gas to very near the mixture dew point) at
the inlet. The outlet conditions were set so that the chemical
potential of the light gas dropped slightly across the
pore, while the chemical potential of the heavy vapor was
uniform.

The permporometry calculations showed signatures of
changes in the species density distributions with relative
pressure of the heavy component. We observed the effects of
both monolayer formation of at the pore walls and capillary
condensation. DMFT also allowed us to study the detailed
distribution of flux in the system. We observed that the larg-
est contribution to the light-component flux, over most of
the relative pressure range, comes from the layer adjacent to
the strongly adsorbed layer of heavy component at the pore
wall. This adjacent layer has an enhanced density of the light
component due to its energetic affinity for the heavy compo-
nent. The chemical potential gradients employed in this
work were relatively small, and we see that the density dis-
tributions and density isotherms are similar to a system with
no gradients.

We have shown a relatively simple implementation of
DMEFT in order to demonstrate the principles involved. How-
ever, we emphasize that the approach can be applied to a
large variety of membrane structures with both three-
dimensional interconnected pore structures as well as sys-
tems with hierarchical pore structure. It can of course also
be applied to membrane processes other than permporome-
try. Applications to such systems will be the subject of our
ongoing research.
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