SANDIA REPORT

SANDS9-8220
Unlimited Release
. Printed February 1999

wr‘“\\[ o \N\ N \‘;>
< g (
| Condensatlon Pressures in Small Pores:

5’ LAn“Analytic¢al Model Based on Density
al Funct|onal Z'I'he}:)r’v

A Y= AL
f\fn 'S /

Ve

i R. H.Nilson, S. K. Griffiths

'BECEIVED
ErEg 14 2000
OSTi

Prepared by
Sandia National Laboratories
Albuguerque, New Mexico 87185 and Livermore, California 84550

Sandia-is-a-miltiprogram laboratory operated by Sandia Corporation,
a Lockheed Martin Company;for the Uniited States Department of
Energy under Contract DE-AC04-94AL85000.

Approved for public release; further dissemination unlimited.

Sandia National Laboratories

‘}
|
L




Issued by Sandia National Laboratories, operated for the United States Depart-
ment of Energy by Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States Govern-
ment, nor any agency thereof, nor any of their employees, nor any of their
contractors, subcontractors, or their employees, make any warranty, express or
implied, or assume any legal liability or respomsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represent that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government, any agency thereof, or any of their contractors or
subcontractors. The views and opinions expressed herein do not necessarily
state or reflect those of the United States Government, any agency thereof, or
any of their contractors.

Printed in the United States of America. This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from
Office of Scientific and Technical Information
P.0.Box 62
Oak Ridge, TN 37831

Prices available from (615) 576-8401, FTS 626-8401

Available to the public from
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Rd
Springfield, VA 22161

NTIS price codes
Printed copy: A03
Microfiche copy: A01




DISCLAIMER

Pdrtions of this document may be illegible

in electronic image products. Images are
produced from the best available original

document.




SAND99-8220
Unlimited Release
Printed February 1999

Condensation Pressures in Small Pores: An Analytical
Model Based on Density Functional Theory

Robert H. Nilson and Stewart K. Griffiths
Sandia National Laboratories
Livermore, California 94551-0969

Abstract

Integral methods are used to derive an analytical expression describing fluid condensation pressures in slit pores
bounded by parallel plane walls. To obtain this result, the governing equations of Density Functional Theory
(DFT) are integrated across the pore width assuming that fluid densities within adsorbed layers are spatially
uniform. The thickness, density, and energy of these layers are expressed as composite functions constructed
from asymptotic limits applicable to small and large pores. By equating the total energy of the adsorbed layers
to that of a liquid-full pore, we arrive at a closed-form expression for the condensation pressure in terms of
the pore size, surface tension, and Lennard-Jones parameters of the adsorbent and adsorbate molecules. The
resulting equation reduces to the Kelvin equation in the large-pore limit. It further reproduces the condensation
pressures computed by means of the full DFT equations for all pore sizes in which phase transitions are abrupt.
Finally, in the limit of extremely small pores, for which phase transitions may be smooth and continuous, this
simple analytical expression provides a good approximation to the apparent condensation pressure indicated by

the steepest portion of the adsorption isotherm computed via DFT.

Introduction

Gas molecules in small pores condense to a liquid
at pressures far below the bulk condensation pressure.
This reduction in condensation pressure results from
attractive forces between gas molecules and surround-
ing pore walls. Beginning at very low pressures, thin
layers of closely packed molecules start to form on
pore walls. With increasing pressure these adsorbed
layers grow more dense and then thicker until reaching
a point where the remaining gas in the pore condenses
abruptly.

Adsorption and condensation are critical to many
applications of porous materials including filtration,
separation, and the storage of gases [1,2]. All of these
processes depend on large specific surface areas to at-
tract and store large quantities of gases in a relatively
small physical volume. Process performance can often
be enhanced by reducing pore sizes to near molecular
dimensions. This generally maximizes specific surface
area while also providing increased selectivity to gas

species of differing molecular size. Moreover, in suf-
ficiently small pores, attractive forces are doubled by
the overlapping potential fields of opposing pore walls.
The increased attraction further promotes adsorption
and reduces condensation pressures, permitting low
pressure storage of gases at near liquid densities.
Because adsorption and condensation depend
strongly on pore size, these processes are often used
to determine pore size distributions of microporous
materials [3-7]. The amount of gas adsorbed by a ma-
terial sample at a fixed temperature is first measured
as a function of the external pressure. This adsorp-
tion isotherm is then compared with known measured
or computed isotherms for various fixed pore sizes.
For materials having very large pores, the measured
isotherm should resemble the known isotherm of a flat
surface, particularly at low pressures [8]. However,
when smaller pores are present a large fraction of the
total gas uptake will occur abruptly at the conden-
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sation pressure corresponding to the most common
pore size, as illustrated by the computed single-pore
isotherms [7] displayed in Fig. 1. The measured gas
uptake as a function of pressure thus provides a strong
indication of pore size. This is true even for very
small pores, in which the phase transition is continu-
ous, since a small variation in pore size, say from 1.5
to 2.5 molecular diameters, shifts the phase transition
pressure by two orders of magnitude. Further, when
multiple pore sizes are present in a sample, the mea-
sured isotherm may be viewed as a weighted average
of a basis set of single-pore isotherms.

In the past several years, detailed numerical mod-
els have been used by some researchers to compute
single-pore isotherms and to deduce pore size distri-
butions from measured isotherms [4-7]. Most of this
computational work has been based on Density Func-
tional Theory (DFT). In this approach, the time-mean
density field within a pore is determined by solving
integral equations relating the local chemical poten-
tial to the van der Waals attractions and hard sphere
repulsions of surrounding material. DFT generally
yields the same results as alternative Molecular Dy-
namic simulations and Monte Carlo methods, but re-
quires much less computer time. Even so, computer
times for DFT are usually measured in hours or days,
and a considerable effort is required to develop a DFT
computer code. Thus, there remains a need for a sim-
ple but reliable means for predicting adsorption and
condensation based on analytical relationships involv-
ing only readily available material properties.

Here, we derive an analytical expression relating
the condensation pressure to the pore width, surface
tension, and Lennard-Jones parameters of the adsor-
bate and adsorbent molecules. This equation is ob-
tained by employing approximate fluid density pro-
files in the governing equations of DFT. From these
equations, the condensation pressure is determined by
equating integral expressions for the total fluid en-
ergy before and after condensation. The total energy
prior to condensation depends on the thickness, den-
sity and energy of adsorbed layers. These quantities
are approximated by analytical expressions that cor-
rectly describe the asymptotic behavior in the limits
of very small and very large pores and additionally
provide a smooth transition between these limits.

The present condensation equation is in good
agreement with detailed DFT calculations over the
full range of pore sizes. It reduces to the Kelvin equa-
tion [1,2] in the limit of very large pores. At interme-
diate pore sizes our formulation resembles previous
Modified Kelvin (MK) equations [4,9], but contains
additional terms. Finally, in the small pore limit, our
equation reduces to a form that is similar to those pro-
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Figure 1. Adsorption isotherms computed by means
of DF'T for slit pores of width w. The phase transition
from gas to liquid may be continuous in very small
pores, but is always abrupt when pores are large.

posed by Horvath and Kawazoe [10] and Saito and Fo-
ley [11] in that the condensation pressure is related to
the average intermolecular potential within the pore.

In contrast to this earlier analytical work, the
present equation provides very good estimates of the
condensation pressure over the full range of pore sizes.
Also, the present equation is derived from the rigor-
ous and general theory of DFT. This provides a fun-
damental basis for understanding the result and for
testing and improving the approximations made in
deriving this simple but remarkably accurate expres-
sion.

Governing Equations of DFT

The fluid density distribution in a region of uni-
form temperature, T, and chemical potential, peo,
may be determined by minimizing the grand potential
energy functional, Q [4,5,12-14}.

ap(e)] = [ (o] + b0V ) ~ o] )i (1)

Here, V is the external potential induced by surround-
ing solid material, and f is the Helmholtz free energy
consisting of an ideal gas component, a mean field at-
traction, U, and an excess hard sphere repulsion, Ap.

F=p(x) [kT(ln [A3p(r)] - 1) + %U(r)+A¢(r)] )




The logarithmic ideal gas component depends on
the temperature and the local density, p, measured
in molecular masses per unit volume, as well as
the Boltzmann constant, k, and the deBroglie wave
length, A.

The fluid attraction, U, is defined by a density
weighted integral of a molecular pair potential func-
tion, u, over the surrounding fluid.

U(r) = / p(") e —x'|) e’ 3)

Here we employ a Lennard-Jones 6-12 potential at
ranges between its cross over point, r = g, and an
arbitrary cutoff range, 7 =7max-

u(r) =4deg [(%)12— (g)ﬁ] , 0<T<Tmax (4)

r

The potential vanishes, u = 0, outside this interval
since it is presumed negligible at longer ranges, while
the shorter range repulsions are described by a sep-
arate hard-sphere model. The molecular diameter,
o, and depth of the potential well, €77, appearing in
Eq. (4) are known approximately for common gases.
The excess fluid repulsion, A1, is described by
Tarazona’s smoothed density model [5-7,13,14] de-
rived from the Carnahan-Starling equation of state.

ELIL ;2 where n=p 6d3 (5)

The normalized density, 7, represents the volume frac-
tion occupied by molecules having a hard sphere di-
ameter, d ~ o, and a smoothed density, p, obtained
by averaging of the surrounding density field

AY(p) = kT

A(r) = / P w(ir = x'l) dr’ ©)

using a linear weighting of densities within a sphere
of radius o.

w(r) = ;3(;-3 (1 - 1) (7)

g

This formulation of DFT provides good overall agree-
ment with macroscopic data and with Monte Carlo
simulations, including the formation and magnitude
of sharp density peaks.

The external potential, V', is obtained by inte-
grating the complete Lennard-Jones potential over the
solid walls bounding the fluid. The solid density is
usually assumed uniform over planar sheets of atoms
spaced A apart, as in Steele’s widely used formula [9].

o) = e 3(Z2) " (2) - 3A—(fT61‘/_\.—)3] ®)

Figure 2. Schematic of adsorption on the walls of 2
slit pore. Density peaks of the first layers result from
localization of molecular centers in the potential well
of adjacent solid material. Successive layers are pro-
gressively less ordered and have less prominent peaks.
Layer spacing is about one molecular-diameter.

Here, z is the distance from the center plane of the
surface layer of the solid atoms, o is the effective
fluid-solid intermolecular diameter, and €, contains
both the Lennard-Jones well depth, €, and the solid
density, ps.

= 2TPs€sf O, fA (9)
In a narrow slit bounded by two walls the external
potential is then

V(:n)=v(:c+—)+v(w—:z:+a—2’f) (10)

where the position, z, and the pore width, w, are both
measured from the surface of the first layer of atoms
in the solid. This is as shown in Fig. 2.

Minimization of the potential energy functional,
Q, can now be accomplished by inserting the above
definitions into Eq. (1), taking its variation with re-
spect to p(r), and equating the result to zero. The
resulting Euler-Lagrange equation may be written as

KTIn(A3p) + U + Ap(F) + AP’ +V = pioo (1)
where

Ap/(x) = / o) (e — ') Ap (")) dr’ (12)
and

8'(7) = 5 [00(P)] _ Ty 20,
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For a chosen value of the ambient chemical potential
and a specified external potential, V, the desired den-
sity distribution p(r) may be determined by solving
Eq.(11), usually by numerical means.

In numerical DFT, the region of interest is first
subdivided into discrete cells wherein the density pro-
file is either presumed to be uniform [4-6,13,14] or pre-
sumed to vary as an analytic function of position [7].
The integrals appearing in the Euler-Lagrange equa-~
tion are then replaced by summations to obtain a sys-
tem of coupled nonlinear equations that are solved
for the mean cell densities. Here, we will use these
numerical solutions {7] both to guide and to verify
our derivation of an analytical expression for the con-
densation pressure. All such calculations will ad-
dress nitrogen adsorption on graphite at 77 K with
o, A, 05, ps, €55, and €y taken as 3.57 A, 335 A,
3.48 A, 0.11 A—3, 1.86 x 10~!* erg/molecule and
0.78 x 10~ erg/molecule. Before reviewing those re-
sults, however, it is useful to explore the application
of DFT to fluids of uniform density.

Bulk Fluids

In regions where the fluid density is uniform, or
nearly so, the integrals defining U and Ay’ in Eq.(11)
can be evaluated explicitly to yield

KT In(A)+A%(0) +p(Ad + gy Cs) +V = oo (14)

in which Cy~—1103 is the integral of u/efs over an
infinite domain. For a given value of the chemical po-
tential, this equation generally has three roots, analo-
gous to the multiple roots of a van der Waals equation
of state. The smallest root is a gas density that differs
very little from that given by the ideal gas law. Thus
for simplicity, it is customary to describe the ambient
gas properties using the familiar equations

-2
kT

in which the subscript co indicates conditions far from
adsorptive surfaces.

The largest root of Eq. (14) describes the density
of a stable liquid. Its nominal or reference value, py, is
evaluated in the absence of an external potential field
at the bulk condensation pressure, pg where the bulk
gas and liquid phases have equal energy. The liquid
density, p, at any other pressure, p, in the presence of
an external potential V' must then satisfy

and oo = kT In(A3p,,) (15)

kT m(p—‘pmw(p)—Aw(po) + (A (p) + £7CL)

~p0(A(po) +e570) = ~[V = KT (2)] (16)
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Figure 3. Bulk density and volumetric energy con-
tent of gas and liquid nitrogen. Liquid energy is well
approximated by the linear approximation shown as
a dotted line. Gas energy and density are negligible.

Thus, the deviation of the liquid density from its nom-
inal value depends only on the difference between V'
and kT In(p/po).

Similarly, the fluid energy per unit mass, relative
o the same reference state, may be written as follows
based on the definitions given in Egs. (1) and (2).

e= len(p—’;)JrAw(p)—A«p(po)
+3eCulp = po) + [V — KT'n () an

Since the liquid density rarely differs substantially
from its nominal value, po, the liquid energy may be
well approximated by the following expression.

e=V —kTln (ﬁ) (18)

As seen in Fig. 3, this approximation is more than
adequate for present purposes, though it could be im-
proved easily by constructing a Taylor expansion of
the neglected terms about the reference state.

Figure 3 illustrates the calculated variation of the
normalized density and volumetric energy content of
liquid and gas nitrogen with pressure and external
potential. The normalized variables used in the plot
are defined as follows.

2 (19)

* p * 3 * i *
kT’ v kT

= — =—"0',6=
pr=oss p=p



From Egs. (16) and (17) it is clear that both p* and e*
depend only on the difference between V* and Inp*.
In keeping with expectations, Fig. 3 indicates that the
gas density and energy are much smaller than those
of the liquid and that the liquid density is relatively
constant. Most importantly, the approximate expres-
sion for the liquid energy, given by Eq. (18) and shown
by a dotted line in Fig. 3, differs only slightly from the
exact calculation indicated by a solid line. Thus, we
are well justified in using this approximation in sub-
sequent equations.

Bulk liquid and gas solutions exist only within
limited ranges of pressure and external potential. The
gas is, of course, favored by low pressure and by the
absence of an attractive (i.e., negative) external po-
tential field. Bulk liquids are favored by high pres-
sures and strongly attractive fields. As shown in
Fig. 3, both solutions exist within a relatively nar-
row central range where V* and Inp* are of compa-
rable magnitude. Bulk condensation occurs when V*
and Inp* are nearly equal because the liquid energy is
then very small and therefore comparable to that of
the gas.

When the external potential field is either ab-
sent or spatially uniform, phase transitions will oc-
cur simultaneously at all locations. However, in the
vicinity of solid surfaces or within small pores, varia-
tions in the potential field will cause liquid formation
on solid surfaces at pressures much lower than those
required for bulk condensation. These layers grow
with increasing pressure until reaching the conden-
sation pressure at which the fluid in the pore center
abruptly condenses.

Density Profiles in Small Pores

The density variation across a narrow slit is il-
lustrated in Fig. 4 for a pressure slightly less than the
bulk condensation pressure, pg. These profiles were
calculated by numerically solving Eq. (11) on a grid
having a spacing much smaller than molecular dimen-
sions [7]. The density is assumed uniform in directions
parallel to the pore walls, as appropriate when the
pore width is small compared to its depth and lat-
eral extent. The normalized variables appearing in
the plot are all scaled by the molecular diameter.

) 2

o o = pod, p*=po® (20

Also, since the density profiles are symmetric about
the pore center, only the left half of the field is plotted.
Two solutions are shown in Fig. 4, each represent-

ing a local minimum of . Although nearly identical

near the pore wall, they approach substantially dif-
ferent values in the pore center. In that region, one

*
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Figure 4. Density profile in the left half of a slit
pore. Liquid and gas-like solutions are indicated by
solid lines. Corresponding smoothed densities, shown
dotted, are averaged over one molecular diameter.

solution has a low density typical of a gas while the
other approaches a liquid density. Of these two so-
lutions, the one applicable at any given pressure is
that having the smaller value of the total energy {2,
obtained by cross-pore integration of the one dimen-
sional profiles.

w
Q =/ pe dx (21)
0

At pressures less than the condensation pressure, the
gas-like solution has the lesser 2, while at higher
pressures the liquid-like solution becomes applicable.
Thus, the condensation phase transition occurs when
the two solutions have equal energy. .
Strong oscillations of the local density are clearly
apparent in the solid curves of Fig.4. The prominent
peak adjacent to the pore wall is coincident with the
minimum point of the wall potential, V. As such, it is
situated a distance roughly og from the center plane
of the nearest atoms of the solid. Successive density
peaks are separated by about one molecular diameter.
With increasing distance from the wall, the width of
the peaks increases and their amplitude decreases.
Figure 4 further shows that there is an excluded
region immediately adjacent to the pore wall where
the repulsion of wall molecules prevents the intrusion
of adsorbate molecules. The outer edge of this exclu-
sion zone is nearly coincident with the point where the
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wall potential V' passes through zero. Based on this
criterion, the exclusion zone width, ¢, is found to be
nearly independent of the pore width, having a value
of € = 0.3238¢ for the Steele potential of Eq. (8) and
the carbon parameters given earlier.

The smoothed or locally averaged density, 7, de-
fined by Eq. (6) is also displayed in Fig. 4 by dashed
curves. In contrast to the extreme variations in the
local density, the smoothed density of the liquid-like
solution is relatively uniform, falling from about unity
at the pore walls to a value of p* = p§ = 0.8 at the pore
center. Similarly, the smoothed density of the gas-
like solution remains nearly uniform over the adsorbed
layers adjacent to the surface, but then falls to a much
smaller gas density in the pore center. With increas-
ing pressure, the thickness of the adsorbed layer in-
creases, but the mean layer density and structure of
the leading edge remain essentially the same.

Pore Condensation Equations

A closed-form expression for the condensation
pressure is now derived by integrating the governing
DFT equations across the pore, using approximate
analytical profiles to describe the fluid density dis-
tribution. As seen on the right side of Fig. 5, the
presumed density profile of the liquid-like solution is
simply uniform at a value pg, which without much
error may be taken as pg. Similarly, the step-like den-
sity profile of gas-like solution is presumed to have a
uniform value of p, within the adsorbed layers, while
the center density is assumed negligible. In keeping
with numerical DFT calculations, the adsorbed layer
density, py, must approach pg in large pores, but may
be much smaller in narrow pores. The thickness of
the adsorbed layers, denoted §, is measured from the
pore wall to the middle of the gas/liquid transition
zone.

Since condensation occurs when gas and liquid
solutions have equal energy, it is useful to express the
total pore energy ) in terms of the parameters that
characterize the density profiles: pg, pg, and 6. Based
on the definition of € in Eq. (21) and the approxima-
tion for e in Eq. (18), it follows that

Q= /pr[v — kTl (%)]dz (22)

Then, since the fluid density is assumed uniform in
regions occupied by liquid and adsorbed layers, but is
negligible elsewhere,

Qe = pe [Vw — @kTln (z%)] (23)
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Figure 5. Schematic showing fluid density profiles
just before condensation (left side of pore) and just
after condensation (right side of pore). Approximate
profiles, indicated by shading, represent average den-
sities in regions occupied by liquid or adsorbed layers.

and
= r

Qg = py [Vs — 28 KT n (p—o)] +o  (29)
in which the subscripts £ and g refer to the liquid-full
and partially gas-filled pores of Fig. 5. The symbols
# and 6 indicate respectively the portions of the pore
width and the adsorbed layer that are occupied by
high density fluid

G=w-2 and 6E=6-c¢ (25)
while V,, and Vs denote integrals of the wall potential
over these same regions.

w/2 8
Vw =2 Vdz and V=2 / Vdz (26)
€

€

These integrals can be evaluated in closed form for
any of the commonly used potentials {see Appendix).

The surface tension term, I, appearing in Q4 ac-
counts for the reduction in liquid energy at the inter-
faces between the adsorbed layers and the gas in the
pore center. When the adsorbed layers are thick and
have nominal liquid density, I" is simply the nominal
surface tension, v. However, the associated deficit of
attractive energy is roughly proportional to the den-
sity, pg, of the adsorbed fluid and further, this deficit



must shrink to zero when the adsorbed layers merge
in the pore center. We therefore make the following
approximation

rv 2 (2255

The last term above recognizes that the surface energy
resides mainly within the molecular layer nearest to
the liquid/vapor interface and that this layer shrinks
to zero as § — ¢ becomes small. No account is taken
of similar energy deficits occurring at the liquid/solid
contact, since these appear in both 2, and €, and
are offsetting under conditions where surface tension
is important.

By equating the energies of the liquid and gas
solutions, Q¢ and €y, we arrive at the following equa-
tion relating the condensation pressure to the pore
width, surface tension, fluid densities, and integrated
wall potential.

i (5)

This is the fundamental pore condensation equation
(hereafter, NG equation). It is central to all that fol-
lows. To make it useful, however, we must first derive
auxiliary relationships describing the thickness, §, and
density, pg, of the adsorbed layer in terms of the pres-
sure and pore width.

In wide pores, the adsorbed layer remains thin
compared to the pore width for pressure less than the
condensation pressure. Thus, the external potential,
V', within the adsorbed fluid is due almost entirely
to the field of the adjacent pore wall. Under these
conditions, the adsorbed layer thickness, §, can be
approximated by

(27)

_ eV — pgVs — 2T
KT (pe@ — 2p46)

(28)

€wO
3AKT

3 ___ 4
®  In(p/po)

This relationship places the leading edge of the
adsorbed fluid at roughly the point where V =
kT In(p/po), under a simplification of V' that retains
only the slowest decaying term in Eq. (8). This seems
intuitively correct, since Eq. (18) indicates that the
liquid energy vanishes at this point. Liquid situated
further from the pore wall would have greater energy
than the alternative zero-energy gas phase and thus
could not exist. A more rigorous justification is pro-
vided by Sullivan {12] who derives Eq. (29) by mini-
mizing Q for an adsorbed liquid layer having a uni-
form density. His formula includes an additional term
that accounts for changes in the self attractive energy

where A= (29)

of fluid in the central part of the adsorbed layer, an
effect that is suppressed by applying a cutoff to the
Lennard-Jones attraction of Eq. (4). Thus, for later
comparison with numerical DF'T results that apply a
cutoff at 30, we will exclude this secondary term. If
retained, this term would reduce the magnitude of A
in Eq. (29) by an amount 2me s /3po, leading to a 20%
reduction in calculated values of 6.

In narrow pores, the adsorbed layer thickness is
equal to half the pore width.

- B\ 3
i%=(3)
This limit clearly applies to all pores having a width of
two molecular diameters or less. In pores that small,
each of the adsorbed layers is barely wide enough to
accommodate a single molecule, so there is no op-
portunity for the layers to increase in thickness with
increasing pressure. Instead, the layer density, py,
increases with increasing pressure until reaching the
point of condensation.
A smooth transition between the small and large
pore asymptotes is constructed by forming the ratio
of their product and their sum.

~ [ 63 8371/

(30)

(31)

This composite always yields a value of 8 that is
smaller than either of the asymptotic values. The cu-
bic form of the composite is inspired by the form of the
upper asymptote and produces a sharper transition
than a linear interpolation between the asymptotes, in
keeping with numerical DFT results presented later.

The fluid density, pg, within the adsorbed layers
also appears in the condensation formula, Eq. (28),
and must therefore be specified. Again, it is useful
to examine the limits of large and small pores. As
seen earlier in Fig. 4, the fluid density in a thick layer
of adsorbed fluid is essentially equal to the nominal
liquid density, pp. However, Fig. 1 shows that the
mean density, pq, of the adsorbed layers in a pore of
normalized width w* = 2 is less than 0.1 just prior
to condensation. Moreover, in still smaller pores the
transition from gas to liquid occurs not as as a frue
discontinuity, but. instead appears as a smooth and
continuous transition. This is also apparent in Fig.1.
In this regime, the mean density at the onset of the
continuous transition is essentially zero. A smooth
transition between this limit of p;.— 0 for narrow
layers, and a density of py — po in thick layers is
provided by the approximation

23—-1)

" 26 (52

Pg=P0(
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with the understanding that p, =0 for layers thinner
than =1 /2. This cutoff is encountered when the cor-
responding pore width, @ =% = 1, is clearly too small
to accommodate a pair of layers. In slightly larger
pores, a pair of layers may exist with the centers of
adsorbed molecules on opposing walls staggered in a
manner that reduces repulsions. The form of Eq. (32)
is chosen mainly for simplicity and for consistency
with detailed DF'T simulations.

In closing this derivation, we emphasize that de-
tails of the approximate transition formulas for § and
pg are not critical. It is necessary only that they pre-
serve the correct asymptotic behavior in the limits of
small and large pores.

Asymptotic Behavior of NG Equation

To better understand the fundamental nature of
the NG equation, it is useful to examine its behav-
ior in the limits of very small and very large pores.
The small pore, or low pressure, asymptote of the an-
alytical model is readily obtained from the general
equation (28) by recalling that p, approaches zero as
the pore width and adsorbed layer thickness become
small. Further, the adsorbed layers on opposing pore
walls also merge in this limit, so the surface tension
term additionally vanishes. This leaves a simple re-
lationship between the condensation pressure and the
pore averaged potential field.

In (p%) V.

w T 7%
Prr Al
When these two quantities are equal, the energy of
the condensed liquid is nearly zero (see Fig. 3) and is
therefore approximately equal to the negligibly small
energy of the low density gas that occupied the pore
prior to condensation. This interpretation applies to
continuous phase transitions in pores smaller than two
molecular diameters, precisely the regime in which
the asymptotic approximation merges with the gen-
eral equation.

In large pores, or equivalently at high pressures,
the NG equation reduces to the well known Kelvin
relationship in which surface tension plays a dominant
role.

o~
~

(33)

n(£)~- L n
Po KT po (@ — 26) kT pow

(34)

The integrals of the wall potential, V,, and Vs, do not
appear here because they become equal and offsetting
when the adsorbed layers extend to ranges where the
wall potential becomes negligible. The other simplifi-
cations arise because py~pg and § << 1.
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Figure 6. Computed condensation pressures of the
present NG equation {solid line) are in good agree-
ment with those obtained by numerical solution of
the full DFT equations (symbols). Dotted line is the
small-pore asymptote of the NG equation.

Results: Implicit Analytical Model

Since the pressure appears in Eq. (29) describing
the adsorbed layer thickness, it is not yet possible to
simply select a value of the pore width and explic-
itly calculate the corresponding pore pressure from
Eq. (28). Instead, a root finder or iterative proce-
dure must be used to find the particular value of the
pressure for which the two sides of Eq. (28) are equal.
This shortcoming will be remedied later by combining
a pair of asymptotic expressions that apply to large
pores. However, before introducing that approxima-
tion, we will first explore the accuracy of the implicit
form of the equations given in the preceding section
by comparison with numerical DFT results.

An implicit calculation of the pore pressure pro-
ceeds as follows. First, select a pore width and eval-
uate V,,. Then, for a guessed value of the conden-
sation pressure calculate: § from (29)-(31), Vs from
(26), I" from (27), and p, from (32). Substitute all
of these results into the condensation equation, (28),
check for equality, and repeat to convergence. All of
the algebra is simple, and the iterations can be imple-
mented either by using standard root finding routines
or by simply substituting a guess into the right side
of Eq. (28) and using the resulting left hand side as
the next guess.



Figure 6 shows a comparison of the condensa-
tion pressures calculated by the implicit analytical
model with those computed numerically by DFT. The
full NG equation is represented by a solid curve; the
dashed curve represents the small-pore asymptote of
the model as given by Eq. (33). In the numerical ap-
proach, both the liquid and gas-like density and en-
ergy profiles are calculated for a large number of pres-
sures to accurately determine the particular pressure
at which the two solutions have equal energy. These
numerically calculated condensation pressures are in-
dicated by two types of symbols. The circles represent
solutions having a density jump at the condensation
point, whereas squares denote the point of steepest
density increase during continuous phase transitions.

The analytical model is clearly in good agreement
with the numerical calculations over the full range of
pore sizes. As seen in the upper left of Fig. 6, agree-
ment is best for larger pore widths, or equivalently, for
smaller values of the inverse pore width. Indeed, the
maximum relative deviation from the condensation
pressures computed by numerical DFT is less than 6%
for all pore widths greater than four (1/w* < 0.25).
This covers much of the range of practical interest.

In smaller pores the accuracy of the NG equation
is diminished somewhat by steric effects associated
with non-integer values of the normalized pore width.
For example, a sharp decrease in the condensation
pressure computed by DFT occurs when the pore can
no longer accommodate a pair of molecular layers at
their preferred spacing, o. This drop occurs at W*~2,
corresponding to w* =2.66 and 1/w* =0.38. In yet
smaller pores, the repulsion between confined molec-
ular layers becomes so great that only a single molec-
ular layer can fit between the pore walls. Condensa-
tion in these very small pores occurs by a continuous
transition, making it difficult even to define a distinct
condensation pressure. These things considered, the
analytical condensation formula still provides remark-
able agreement with detailed DFT calculations.

The curious rise in the condensation pressure seen
in Fig. 6 for very small pores is a consequence of the
overlapping energy minima of the Lennard-Jones wall
potentials. The minimum condensation pressure of
p* =~ 10710 occurs when the energy minima of both
wall potentials are exactly coincident in the pore cen-
ter. When the spacing is either larger or smaller, the
misalignment of the potential wells weakens the effec-
tive potential field. A weaker attractive field is un-
favorable to the formation of a liquid, so a greater
pressure is required to produce condensation.

Analytical and numerical calculations of the nor-
malized adsorbed layer thickness, §* = §/0, are com-
pared in Fig. 7. Symbols represent DFT results, the
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Figure 7. Adsorbed layer thicknesses given by com-
posite analytical formula (solid line) are consistent
with numerical DFT results (symbols). Dotted lines
indicate asymptotes of composite formula.

solid line is the composite analytical formula given by
Eq.(31), and the two dashed lines indicate the asymp-
totic expressions for small and large pores. The tran-
sition between asymptotes occurs at a relative pres-
sure of px ~ 104, corresponding to a pore size of
W*~2, in keeping with physical interpretations of the
small pore limit. Since § does not appear explicitly in
the numerical DFT calculations, it is determined by
equating the total mass of adsorbed gas, obtained by
integration of the DFT profiles, to twice the product
of the adsorbed layer thickness and the mean layer
density, p;. For consistency, p,, is evaluated using
the analytical expression given earlier.
w

/ pdz = 2pg§ where pg = po(% = 1) (35)

0 26
When combined, these two relations yield a simple
expression for the value of é corresponding to the gas-
like DFT solution at the condensation pressure. In
very small pores, this value of § is limited to be no
more than half the reduced pore width, .

These numerically calculated layer thicknesses,
shown by symbols in Fig. 7, generally lie above the
solid line representing the composite analytical model.
The agreement could be noticeably improved by sim-
ply adding about o/2 to the numerical value of the
large-pore asymptote. We hesitate to make this ad-
justment partly because the asymptote, as it stands, is
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in relatively good agreement with experimental mea-
surements of adsorption on flat surfaces. In addition,
the moderate disagreement in adsorbed layer thick-
ness, between analytical and numerical models, has
not significantly degraded the excellent agreement in
calculated condensation pressures.

Results: Explicit Analytical Model

The preceding system of equations is implicit in
the sense that the condensation pressure appears on
both sides of Eq. (28). This can be remedied by com-
bining our previous expression for the adsorbed layer
thickness in large pores, Eq. (29), with the Kelvin ex-
pression for the condensation pressure in large pores,
Eq. (34). Eliminating the pressure between these two
equations yields the following relationship between
the pore width and the adsorbed layer thickness just
prior to condensation.

_AkTpow _ po wewa;?f

3
2 2v 6vA

o0

(36)

The constant, A, appearing here was defined previ-
ously in Eq. (29). As before, this asymptotic expres-
sion for large pores is blended with the small pore
asymptote by introducing both into Eq. (31).

An explicit calculation of the condensation pres-
sure requires no iteration. For a chosen pore width,
0 is first determined from the preceding equation to-
gether with Egs. (30) and (31). V3, V4, T, and p, then
follow from Egs. (26), (27), and (32). Substitution
of these results into Eq. (28) yields the condensation
pressure. The entire procedure is easily performed,
even in a spread-sheet environment.

The condensation pressures computed in this ex-
plicit manner are nearly indistinguishable from those
obtained earlier using the implicit formulation. Thus,
there is no need to present another plot like Fig. 6.
The maximum deviation of the explicit model from
the numerically calculated condensation pressures is
about 10% for w* > 5, as compared with about 6%
for the implicit formulation. This close agreement
between the implicit and explicit models is not sur-
prising, since both versions must approach the same
asymptotes for both small and large pores.

Differences between the implicit and explicit an-
alytical models are most apparent in comparing cal-
culated values of the adsorbed layer thickness. As
shown in Fig. 8, the explicit model yields somewhat
larger values of the absorbed layer thickness, in bet-
ter agreement with the numerical DFT calculations.
Also, since the mean adsorbed layer density, pg, in-
creases with 4, the explicitly calculated density is
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Figure 8. Numerical calculations of adsorbed layer
thickness (symbols) are bounded by implicit and ex-
plicit forms of the present analytical model. Mean
layer density prior to condensation is also shown.

greater than that calculated implicitly. Values of the
layer density computed by DFT are not included in
Fig. 8 because of the ambiguity involved in separately
determining p, and § when only their product is con-
strained by the numerical solutions.

Comparison with Modified Kelvin Equation

Figure 9 shows a comparison between the present
explicit analytical model and two well known analyt-
ical approximations. The first of these is the Kelvin
equation [1,2]. Although exact for very large pores,
this relation becomes a very poor approximation for
the smaller pores of greatest practical interest in ap-
plications of microporous materials. The modified
Kelvin (MK) equation, also shown in Fig. 9, extends
the range of validity to smaller pore sizes by using an
apparent pore width obtained by reducing the nom-
inal width by the combined thickness of the two ad-
sorbed layers [4,9]. The physical motivation for this
is obvious and the resulting equation is simple.

i (2) = g

The value of 6 used in the effective pore width, w—24,
is usually obtained either from experimental data or
from analytical approximations like Eq. (29) describ-
ing adsorption on an external surface. Since either of

(37)




—
OO

— —t
e 9
~N —

Modified

*
(¥
1
5
172}
B 1073 b g pr=p . )
S el
.4 ==
é 107
& .5 |
@ 10
[0}
2 10 |
o
O 107 | DFT - ®
10'8 1 ] .l

00 02 04 06 08 1.0
Inverse Pore Width - 1/w*

Figure 9. Traditional Modified Kelvin (MK) equa-
tion severely over-predicts condensation pressures for
small pores. Upper and lower MK curves are respec-
tively based on experimental and DEFT values of §(p).

these approaches provides é as a function of pressure,
the MK equation becomes implicit in the pressure and
must generally be solved iteratively. However, the MK
equation can be inverted to the following form

2y
w=20 kT po In(p/po)) 38
which permits direct calculation of the pore width cor-
responding to a particular condensation pressure and
corresponding value of §(p).

The MK equation usually yields condensation
pressures somewhere between those of the Kelvin
equation and the correct values, as apparent in Fig.9.
Two different evaluations of the MK equation are in-
cluded in Fig. 9. The upper curve is based on a num-
ber of consistent data sets for adsorption of nitrogen
on a flat graphite surface [2,15,16]. The lower of the
two MK curves was constructed using values of §(p)
computed numerically by DFT. We see that the MK
equation is in error by a factor of two when the con-
densation pressure has been reduced by a factor of
five or ten, and that the error in pressure reaches one
or two orders of magnitude for pores smaller than
three or four molecular diameters. In contrast, the
NG equation remains accurate within a few percent
throughout this range.

The failure of the MK equation results from two
fundamental shortcomings. First and foremost, the
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MK equation does not directly account for the effect
of the wall potential, V* on the liquid energy. Yet, this
is the dominant physical considerations in small pores
where the condensation pressure is well approximated
by Inp* = V*. Thus, any MK equation that excludes
this effect is certain to fail in the small pore limit.

The second shortcoming of the conventional MK
equation is that the adsorbed layer thickness, §(p), is
generally based on measured or calculated values of
the amount of gas adsorbed on a flat external sur-
face. In small pores, however, the adsorbed layers
form at much lower pressures because of the super-
posed fields of both pore walls. Thus, the effective
pore width, w — 26, appearing in the denominator of
the MK equation is too large, resulting in a conden-
sation pressure which is far too great (i.e., magnitude
of logarithm too small). If instead, we use a bet-
ter estimate of the adsorbed layer thickness, like the
present composite Eq. (31), the denominator of the
MK equation will approach zero as § approaches w/2,
resulting in a condensation pressure that is far too
small. Thus, the MK equation is not readily salvaged
by a better choice of §. Instead, as apparent in deriv-
ing the NG equation, the denominator should contain
the group psw — 2p46, which approaches ppw rather
than pg(w — 26) as pg — 0.

Required Material Property Information

Use of the NG equation requires only a minimal
description of the interaction of fluid molecules with
one another and with the adsorbent surface. The
fluid-fluid interaction is most easily given in terms of
the nominal liquid density, pe=po, the Lennard-Jones
diameter, o, and the surface tension, here taken at the
textbook value of v = 8.88 mN/m for nitrogen at 77
K [2]. The parameter €f; does not appear explicitly in
the final equations, though it is implicit in the surface
tension. The fluid-solid interaction is described here
in terms of the Lennard-Jones parameters €4, 0sf, s
and A appearing in the constant, €, that scales the
wall potential function, V. The values of these param-
eters for nitrogen adsorption on graphite were given
above Eq. (14) and are available for many common
gas and solid pairs.

The material parameters listed above include a
mixture of macroscopic and microscopic properties
that are chosen mainly for ease of use. For exam-
ple, we have chosen to use the surface tension and
nominal liquid density to characterize the fluid, since
these macroscopic properties are widely available and
appear explicitly in our analytical model. However,
the density and surface energy can alternatively be
calculated from the Lennard-Jones parameters of the
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fluid using the equations of DFT, either approxi-
mately based on the simplified bulk fluid equations or
more exactly by performing a numerical calculation.
In this context, it should be noted that the value of
the Lennard-Jones energy, €y, used in our simulations
was chosen so that the bulk energy of the gas and the
liquid phases, given by Eq. (17), would be identical at
101 kPa and 77 K, in keeping with measured condi-
tions of phase equilibrium.

As a consistency check, DFT was used to com-
pute the surface energy associated with a one dimen-
sional density profile that transitions smoothly be-
tween liquid and vapor densities. The calculated sur-
face energy at the reference state (saturation pressure
at 77 K) was within a few percent of the accepted
value of v noted just above. Thus, a single value of
the Lennard-Jones energy, €7, yields correct and self-
consistent DFT results for both the bulk condensation
pressure and the surface tension as well as the liquid
density.

The fluid-solid interaction is described here in
terms of the Lennard-Jones parameters o, A;, and
€y appearing in the integrated wall potentials, V,, and
Vs, and in the asymptotic formula for the adsorbed
layer thickness, §(p). Although the effective molec~
ular diameters are usually known within reasonable
limits, the interaction energy, €, is not always avail-
able. However, this parameter can be deduced from
the adsorption isotherm measured on a flat surface.
The initial slope of the isotherm, known as Henry’s
constant, is related to ¢, through the following form
of Eg. (14)

dp 1 . vipr
dp KT (39)
which is applicable at low pressures where fluid-fluid
interactions are unimportant. Here, V' = V/e, =
—0.68 is the value of the wall potential function in the
first adsorbed layer. The numerical value of -0.68 cor-
responds to the minimum of V occurring at the center
of the first molecular layer. It is, however, prefer-
able to use the exponentially weighted average of V'
over the first molecular layer, roughly -0.58 for Steele’s
graphite potential. Either way, €, can be estimated
from the initial slope of the adsorption isotherm.
The measured adsorption isotherm of a flat sur-
face also provides a description of the adsorbed layer
thickness as a function of pressure, §(p), applicable
to wide pores. This data can be used in its primitive
tabular form or, alternatively, approximated by an an-
alytical function like Eq. (29). This data or function
is then combined with Egs. (30) and (31) to construct
a composite function representing §(w) at condensa-
tion. Further, for adsorbed layers thicker than two or
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three molecular diameters we earlier observed that
V*(z*) =~ Inp* z* = §*(p*) (40)

Thus, for a given pressure, the value of V* can be cal-
culated and the corresponding values of § can be read
from a measured adsorption isotherm. This process
may be used to construct the asymptotic form of the
wall potential, V*(z*).

Finally, it is important to recognize that the
interaction energy, €, affects both the initial slope
(Henry’s constant) and the asymptotic behavior of a
measured adsorption isotherm. Thus, experimental
observations of both quantities may be used to verify
or improve the functional form of the wall potential.
Once this function has been decided upon, in either
analytical or tabular form, it may be introduced into
the equations relating the condensation pressure to
the pore width. In deriving these equations we have
made no assumptions regarding the form of the wall
potential.

at

Summary

The governing equations of Density Functional
Theory (DFT) have been used to derive an analytical
expression for the fluid condensation pressure in slit
pores bounded by parallel plane walls. First, by in-
tegrating the DFT equations over a bulk fluid it was
shown that the fluid energy, averaged over molecular
scales, can be well approximated by a simple expres-
sion that depends only on the ambient temperature
and pressure and the external potential field. The
total energy within a slit pore was then written as
an integral of the local energy over the pore width,
assuming uniform density within regions occupied by
liquid or adsorbed layers.

Prior to condensation, virtually all of the fluid
energy resides within the adsorbed layers on the pore
walls; the energy of the gas in the pore center is neg-
ligible. After condensation, the pore is filled with lig-
uid. To define the condensation pressure, we equated
integral expressions describing the total pore energy
before and after condensation. At lower pressures,
the adsorbed layers have less energy than a liquid-full
pore, while at higher pressures the reverse is true. So,
the transition is defined by equality of energy.

The resulting analytical expression relates the
condensation pressure to all of the important phys-
ical parameters governing adsorption and condensa-
tion over the full range of pore sizes. Its most general
form is given by

()
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in which the eight parameters and functions on the
right-hand side are: the temperature, T', pore width,
i, nominal liquid density, pg, surface tension, T, two
integrals of the wall potential, V;, and V;, and the
thickness, 8, and density, pg, of the adsorbed layers
prior to condensation. These last two quantities are
replaced by composite functions of pressure and pore
width constructed from asymptotic expressions appli-
cable in the limits of small and large pores.

Use of this simple expression requires only a
knowledge of the nominal liquid density, surface ten-
sion, and molecular diameter of the fluid as well as
the Lennard-Jones parameters (energy and range) of
the interaction between fluid molecules and the pore
walls. If unavailable, the interaction energy can be
deduced from the measured adsorption isotherm for
a flat surface. Although our illustrative calculations
are for a Lennard-Jones wall potential, any alterna-

tive potential may also be used in conjunction with -

the fundamental condensation equation.

In the large pore limit, the condensation equa-
tion derived here is equivalent to the Kelvin equation
in which surface tension plays a dominant role. In the
small pore limit, our equation reduces to an equally
simple relationship between the condensation pressure
and the pore averaged potential field. The transi-
tion between these regimes is controlled by the tran-
sitional behavior of the composite functions describing
the density and thickness of the adsorbed layers.

Two different forms of our condensation equation
were presented. The implicit form contains the pres-
sure on both sides of the equation and must be solved
by iteration. The alternative explicit form was ob-
tained by using a pair of asymptotic expressions to
eliminate the pressure from the large-pore asymptote
of the adsorbed layer thickness. Both the implicit and
explicit equations agree with detailed DFT calcula-~
tions within a few percent for pores in which the phase
transition occurs abruptly at a distinct pressure. For
very small pores, the predicted condensation pressure
coincides with the steepest portion of the continuous
transition between gas and liquid densities.

The present analytical model differs from previ-
ous pore condensation equations in two primary re-
spects. First, a single equation provides very accurate
values of the condensation pressure over the full range
of pore sizes. Second, this equation is derived from
a general theory (DFT) that provides a fundamental
basis for understanding, testing, and improving the
approximations fundamental to its development.
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Nomenclature

molecular diameter used to calculate repulsions
Helmholtz free energy per unit volume
Boltzmann’s constant

pressure

position vector

temperature

Lennard-Jones pair potential

fluid-fluid attraction

external potential induced by solid walls
integral of V over reduced pore width
integral of V over reduced film thickness
pore width

reduced pore width, w — 2¢

distance from solid surface

distance from center plane of wall molecules
thickness of adsorbed film

reduced film thickness, § — €

asymptotic film thickness in small pores
asymptotic film thickness in large pores
basal plane spacing of wall molecules

excess hard sphere repulsion

width of excluded zone near pore wall (=o/3)
s energy well depth of fluid-fluid potential
energy well depth of fluid-solid potential
pre-multiplier of Steele’s graphite potential
volume fraction occupied by molecules

de Broglie wavelength

chemical potential

fluid density in molecular masses per unit volume
locally averaged density used in repulsion
molecular diameter

grand potential energy functional

PIIDT =I o0

Subscripts

g ges

¢ liquid

o  condensation point of bulk fluid

Superscripts

! derivative or integration variable

*  normalized quantity (length scaled by o)
averaged over pore width or layer thickness
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Appendix: Integrals of the External Potential

The integrals, V,, and Vj, defined by Eq. (26) can
be evaluated by analytically integrating the Steele po-
tential of Egs. (8)-(10). The result may be stated as
follows

Vs=1(8) and V, =I(w/2) (A1)
where each I includes contributions from both near
and far pore walls, shown below on separate lines.

I(z) = 2 €404 [ﬁ(x + %’f) —T(e+ %SL)
+o(w—e+ L) -Fw-z+ %sf)] (A2)

The function 7 (z) is simply the integral of v(z) given
in Eq. (8).

3
20)= | 2 (2) 3 (%) x|

In the last two equations, x is measured from the pore
wall while z is measured from the center of the out-
ermost wall molecules. Hence, z = z + o4/2 for the
near pore wall, and z = w — x4+ 04 /2 for the far pore
wall, as apparent in Fig. 2.
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