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I. Introduction

Characterization of the pore structure of amorphous adsorbents and dis-
ordered porous catalysts remains an important chemical engineering re-
search problem. Pore structure characterization requires both an effective
experimental probe of the porous solid and an appropriate theoretical or
numerical model to interpret the experimental measurement. Gas adsorp-
tion porosimetry [1] is the principal experimental technique used to probe
the structure of the porous material, although various experimental alterna-
tives have been proposed including immersion calorimetry [2-4], positron
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annihilation [5], transmission electron microscopy [6, 7], and small-angle X-
ray [7, 8] or neutron [9] scattering. Consequently, most pore structure anal-
ysis methods attempt to address the question of how properly to interpret
gas sorption uptake measurements on porous solids to obtain an accurate
picture of the porous material structure.

Two approaches may be taken in devising a pore structure model to ap-
ply to experimental measurements. In one approach, a disordered model
microstructure is assembled that explicitly incorporates the amorphous na-
ture of the adsorbent into the theoretical model. For example, an activated
carbon might be represented as a randomly oriented assemblage of graphitic
disks of uniform size and composition [10]. In the other approach, a simple
geometric model of the adsorbent pore structure is utilized, and the amor-
phous character of the porous solid is implicitly represented through struc-
ture distribution functions. In this case, the pore volume of the aforemen-
tioned activated carbon might be modeled as an array of slit-shaped pores
with a distribution of slit widths [11]. Not surprisingly, the substitution of a
simplified geometric model for the actual structure of a disordered adsorbent
invokes major assumptions regarding pore shape, connectivity, and chemical
composition. At best, these assumptions will introduce a degree of uncer-
tainty into the characterization results, and in some instances, the simple
pore geometries may be altogether unsuitable for describing the adsorbent
structure. However, analysis methods that are based upon simple geomet-
ric models generally lend themselves to convenient and efficient numerical
solution, whereas fitting the structure parameters of a model disordered ad-
sorbent can be quite difficult and computationally intensive to carry out.
For this reason, a great majority of the thermodynamic models for interpret-
ing experimental gas adsorption isotherms are based upon simple geometric
representations of pore structure that, for the most part, do not directly in-
corporate the effects of pore shape variation, pore connectivity, or chemical
heterogeneity.

The thermodynamic models used to represent adsorption in either the
disordered or the simple geometric description of the pore volume may be
classified into four categories, presented in decreasing order of computa-
tional intensiveness.

1. Molecular simulation calculations of the theoretical adsorption
isotherm for a model pore structure under the experimental condi-
tions: This involves principally either grand canonical Monte Carlo
(GCMC) [12] or Gibbs ensemble Monte Carlo (GEMC) [13] simula-
tion of adsorption in regular pore geometries but also includes reverse
Monte Carlo (RMC) [14] simulation methods for the interpretation of
pore morphologies from scattering data.
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2. Statistical thermodynamic theories such as atomistic density functional
theory (DFT) for the computation of adsorption isotherms in simple
pore geometries such as slits [15] or cylindrical capillaries [16]: This
category also includes integral equation methods for porous matrices
[17] and templated porous materials [18].

3. Semiempirical models such as the Horvath-Kawazoe (HK) method
[19] and the Dubinin model [20] and their derivatives: These models
generally make specific assumptions regarding the shape of the pores
and/or the distribution function that describes the pore sizes within the
adsorbent. To varying degrees, the semiempirical methods incorporate
adsorbate—adsorbent interaction energies into the calculation of the
theoretical isotherm.

4. Classical thermodynamic models of adsorption based upon the Kelvin
equation [21] and its modified forms: These models are constructed
from a balance of mechanical forces at the interface between the lig-
uid and the vapor phases in a pore filled with condensate and, again,
presume a specific pore shape. The Kelvin-derived analysis methods
generate model isotherms from a continuum-level interpretation of the
adsorbate surface tension, rather than from the atomistic-level calcula-
tions of molecular interaction energies that are predominantly utilized
in the other categories.

As ageneral rule, the more sophisticated and computationally demanding
thermodynamic models yield a more realistic description of the adsorption
process and, consequently, a more accurate characterization of the pore
structure when used to analyze experimental adsorption data. However,
even numerically intensive analysis methods such as GCMC simulation and
DFT will yield erroneous pore structure results if the model is not prop-
erly posed. For example, large errors may result in the pore size distribution
interpreted from nitrogen adsorption of an activated carbon using DFT if
unrealistic values are selected for the nitrogen—carbon potential parameters
[22]. Thus, accurate characterization of the pore volume of an adsorbent
requires both a realistic adsorption model, obtained from one of the four
previously noted categories, and a method of fitting the key adjustable pa-
rameters of the adsorption model (in most cases, the intermolecular potential
parameters). A third complicating factor, one that may introduce additional
uncertainty into the characterization results, is the numerical technique used
to interpret the experimental isotherm in terms of the designated adsorption
model. Regularization methods, for example, may have a profound effect on
the computed physical properties of a porous adsorbent [23].

In the remainder of this paper, adsorption models for adsorbent charac-
terization based upon both amorphous (disordered) and idealized (simple
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geometric) pore structures are reviewed. A description of the principal
structure analysis methods in each of the four thermodynamic model cate-
gories is also provided, and applications of these methods are highlighted.
In Section II, amorphous porous microstructure models are discussed; in
Section III, idealized pore geometric models are surveyed. Finally, in
Section IV a summary of the state of the art in porous material charac-
terization is presented, with an assessment of the relative merits of the cur-
rently available analysis methods and a set of recommendations for future
improvements to these adsorption models.

Il. Disordered Structure Models

Pore structure analysis methods based upon realistic disordered micro-
structures may be classified into two types. In one approach, the experimen-
tal procedures used to fabricate the material are reproduced, to the greatest
extent possible, via molecular simulation, and the resulting amorphous ma-
terial structure is then statistically analyzed to obtain the desired structural
information. In the other approach, adsorbent structural data (e.g., small-
angle neutron scattering) is used to construct a model disordered porous
structure that is statistically consistent with the experimental measurements.
As in the first approach, molecular simulations can then be carried out using
the derived model structure to obtain the structural characteristics of the
original adsorbent.

Several examples follow of recent efforts to describe explicitly porous
adsorbent materials using disordered structure models.

A. Porous GLASSES

An illustration of the first type of amorphous material modeling is the
use of quench molecular dynamics (MD) methods to mimic the spinodal
decomposition of a liquid mixture of oxides, producing model porous sil-
ica glasses that are topologically similar to controlled pore glasses (CPGs)
or Vycor glasses [24, 25]. In the quench MD simulations, a homogeneous
binary mixture of a large number (10° to 10°) of spherical atomic particles at
an elevated temperature is subjected to a sudden decrease in temperature,
causing phase segregation to occur as shown in Fig. 1. As the quenching
time increases, the extent of phase segregation also increases. By removing
the atoms associated with the discontinuous phase (i.e., the atomic species
with the smaller mole fraction), an irregularly shaped, highly interconnected

Textures 2.0



08/18/2001

12:49 PM Chemical Engineering-v28 PS069-06.tex PS069-06.xml APserialsv2(2000/12/19)

CHARACTERIZATION OF POROUS MATERIALS 207

quench time
0T

f t t —
3.3 nm "A" 3.9 nm "B" 5.0 nm "D"
average pore size
Fic. 1. Generation of model porous glasses using quench MD simulation of a binary mixture
with a mole fraction of 0.70. Quenching produces a series of phase-separated structures, which
may be converted at any time into a porous network (shown in cutaway view at the bottom) by
removing the component with the smaller mole fraction [25].

network of pores is fashioned. For longer quenching times, larger phase seg-
regated domains are formed as the binary mixture progresses toward the
equilibrium phase-separated condition. This results in a larger average pore
size in the porous network when the discontinuous phase is removed. By
changing the quench time, the pore structure of the model adsorbent can
therefore be tailored to some extent.

The quench MD procedure simulates the preparation of CPGs and Vycor
glasses [26], in which the near-critical phase separation of a mixture of SiO,,
Na,O, and B,O;, or a similar oxide mixture, is carried out, followed by etching
to remove the borosilicate phase. The etching treatment produces a CPG
silica matrix with a porosity ranging between 50 and 75% and an average
pore size that is adjustable anywhere between 4.5 and 400 nm by varying
the duration of the quenching stage. Vycor glasses prepared by a similar
procedure have a porosity near 28% and an average pore diameter between
4 and 7 nm [27].

Once the model porous glass structures have been assembled using
quench MD simulation, their geometric pore size distributions can be
determined by sampling the pore volume accessible to probe molecules
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[25]. Point Z may be overlapped by all three circles of differing radii, whereas point Y is
accessible only to the two smaller circles and point X is excluded from all but the smallest
circle. The geometric pore size distribution is obtained by determining the size of the largest
circle that can overlap each point in the pore volume. (Reproduced with permission from
S. Ramalingam, D. Maroudas, and E. S. Aydil. Interactions of SiH radicals with silicon surfaces:
An atomic-scale simulation study. Journal of Applied Physics, 1998;84:3895-3911. Copyright ©
1998, American Institute of Physics.)

of different radii, as illustrated in Fig. 2. For each point in the pore vol-
ume, the radius of the largest spherical molecule is found which overlaps the
given point but does not overlap any atoms of the solid matrix. For spherical
probe molecules of radius r, there is a pore volume V(r) that is accessible to
the molecules. The pore volume function V(r) is a monotonically decreas-
ing function of r and is directly analogous to the cumulative pore volume
curves commonly reported from interpretation of experimental adsorption
isotherms [28]. The derivative —dV/(r)/dr is the fraction of the pore vol-
ume accessible to spheres of radius r but not accessible to spheres of radius
r + dr. This derivative is a direct definition of the pore size distribution
function and it can be calculated by Monte Carlo volume integration [29].

Using this technique, it has been shown that the model disordered ad-
sorbents created using quench MD simulation have pore size distributions,
porosities, and specific surface areas that closely resemble those of actual
porous glasses. An advantage of the geometric pore size definition, as pre-
sented in Fig. 2, is that for irregularly shaped pore volumes this definition is
fully applicable. In contrast, most analytic methods for obtaining the cumu-
lative pore volume distribution from the experimental isotherm are based
upon simple geometric pore models that bear little resemblance to the com-
plex porous glass structures shown in Fig. 1.

To develop amorphous structure model for the direct interpretation of
adsorption isotherms measured on CPGs and porous glasses, one could in
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principle assemble a sequential array of disordered structures from quench
MD using different quenching times for each model structure. By carrying
out GCMC molecular simulations (described in Section IIT) to construct the
adsorption isotherm of each candidate structure, a representative porous
glass model structure could then be selected as the one that gives the best
agreement with the experimentally measured probe gas isotherm. This pro-
cedure may be computationally expensive and time-consuming, however,
because of the large number of atoms required to generate realistic pore
structures from the quench MD simulations. An alternative method that has
been suggested for interpreting porous glass structures is to use off-lattice
reconstruction methods [30, 31] to build realistic models of porous glasses. In
this method, a model microstructure is identified based upon the volume au-
tocorrelation function obtained from TEM data. A method similar in theme
is the reverse Monte Carlo (RMC) technique of matching the structures of
model disordered porous carbons to data obtained from small-angle X-ray
or neutron scattering [32]. This method is an example of the second approach
to molecular modeling of amorphous solids, and it is described in more detail
in the next section.

B. Micrororous CARBONS

Experimental radial distribution functions (RDFs) for the atoms in a
porous solid may be obtained from the Fourier transform of the structure
factor measured using small-angle X-ray or neutron scattering [33]. The RDF
for carbon—carbon atomic pairs in a microporous carbon provides the ex-
perimental input for developing a model disordered carbon microstructure
using RMC simulation. The RMC method follows the procedure of tradi-
tional Monte Carlo methods in that an initial atomic configuration is system-
atically changed through a well-defined stochastic procedure. The principal
distinction between various Monte Carlo techniques is in the criteria used to
accept or reject trial configurations. Rather than basing configuration accep-
tance on ensemble probability functions, as in the well-known Metropolis
algorithm [34], new configurations are accepted in the RMC method based
upon whether they improve the agreement of simulated structure correlation
functions with experimental inputs.

A morphological model for microporous carbons has recently been re-
ported [32] in which rigid aromatic sheets of sp? bonded carbon are randomly
placed in a three-dimensional cubic simulation cell with periodic bound-
aries. A typical carbon plate has the structure shown in Fig. 3a. The plates
are roughly aligned in the simulation cell, as illustrated in Fig. 3b, but with
random variations in their angles of tilt. RMC simulation is carried out by
sampling three types of changes to the carbon structure: (i) translation and
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(a) (b)
Fic. 3. Structural representation of (a) a typical carbon plate and (b) a three-dimensional
disordered carbon microstructure obtained from RMC simulation of a collection of carbon
plates [32].

rotation of the plate centers of mass, (ii) addition or removal of aromatic
rings from the edges of the carbon plates, and (iii) creation or annihilation of
whole carbon plates. Sampled configurations are accepted if they bring the
carbon—carbon radial distribution function g(r) of the simulated structure
into closer agreement with the experimental target distribution ge,, (). The
objective acceptance criterion x? is given as

X = 3 M)  geg )T 0

where the range of separation distances over which RDF matching is to be
carried out has been divided into n equally spaced intervals. A trial structure
is accepted if 2, < x4

The RMC procedure has been used to study the structural morphology
of microporous carbons. Porous carbons such as activated carbons, carbon
fibers, carbon blacks, and vitreous carbons are often envisioned as disor-
dered arrangements of defective crystallites of graphite [35]. The size and
shape of the graphite crystallites are known to vary according to the abil-
ity of the material to transform to graphite under severe heat treatment.
Domains of orientational order are usually observed in which microcrystal-
lites align in similar direction [36]. A variety of models has been suggested
to try to account for the deviations of activated carbon morphologies from
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Fic. 4. Experimental (target) and simulated carbon—carbon radial distribution function
for an activated mesocarbon microbead adsorbent [32]. The RDFs are reported in the form
4 r?p[g(r) — 1], where p is the average carbon density and 7 is the carbon pair separation dis-
tance noted on the horizontal axis. The simulated RDFs for the initial and converged (dashed
line) model structures are shown, with numbered peaks referenced in the text.

ideal slit-shaped pore geometries [10, 37-40]; none of these models, how-
ever, provides a method for constructing the model carbon microstructure
from the experimental isotherm or scattering data. The RMC method, on
the other hand, generates disordered structures that realistically simulate
the structure correlation functions of carbon adsorbents.

Figure 4 shows a comparison between the simulated and the experi-
mentally measured carbon—carbon RDFs for an activated mesocarbon mi-
crobead (MCMB) [32]. Using the RMC algorithm, the RDF of the initial
adsorbent structure is brought into nearly exact agreement with the exper-
imental RDF of the MCMB, determined from small-angle X-ray scattering
(SAXS), for C—C distances greater than 7 A. The differences between the
best-fit simulated RDF and the experimental RDF below 5 A are attributed
to inaccuracies in the SAXS resolution of the structure factor. The RDFs
in Fig. 4 combine both the intraplate and the interplate contributions to the
C—C radial distribution function, the former comprising carbon atom pairs
on the same plate and the latter from pairs located on different plates. The
RDF for separation distances less than 5 A corresponds almost exclusively
to intraplate contributions, and SAXS experiment tends to undercount the
carbon density in this portion of the measurement. The first RDF peak
(labeled 1) represents the direct intraplate C—C distance along sp? bonds.
Peaks 2 and 3 correspond to C—C distances for atom pairs in the same
aromatic ring and in neighboring rings. Peak 3 also contains a contribution
due to interplate separations between neighboring plates that are aligned
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Fic. 5. (a) Geometric pore size distribution calculated for the disordered carbon plate
model of an activated MCMB adsorbent. (b) Comparison of experimental (circles) and simu-
lated (squares) nitrogen adsorption isotherms at 77 K on activated MCMB [32].

nearly in parallel (i.e., stacked layers of graphitic crystallites). Peaks at
larger separation distances correspond to specific interplate C—C distances;
e.g., Peak 6, at 8.2 A, is due primarily to second-nearest-neighbor interplate
distances.

The geometric pore size distribution (PSD) can be found for the dis-
ordered porous carbon model structures using the same procedure as de-
scribed for CPGs in Section II.A. The PSD so obtained for the converged
simulated MCMB structure is shown in Fig. 5a. There is a direct correspon-
dence between certain peaks in the PSD and peaks in the adsorbent RDFE.
For example, the PSD peak at ~5 A arises from a staggered configuration
of three stacked plates, in which the two outer plates extend beyond the end
of the middle plate. This plate configuration yields a pore space approxi-
mately 5 A in width and is observed throughout the MCMB structure shown
in Fig. 3b.

The porosity, specific surface area, and micropore size distributions of
the simulated model carbon structures are in good agreement with the phys-
ical properties of the target structures fitted using RMC simulation [32].
Another test of the RMC-derived structure is to calculate the nitrogen ad-
sorption isotherm of the model structure at 77 K using grand canonical
Monte Carlo simulation [41] (see Section ITI.A) and compare it with the ex-
perimental nitrogen isotherm. The result for the MCMB adsorbent is shown
in Fig. 5b. It can be seen that the experimental and simulated isotherms are
in excellent agreement for relative pressure P/ P, below ~10733, At higher
relative pressures, the simulated isotherm predicts a lower nitrogen uptake
than the experimental result. This is due to the absence of mesopores in
the simulated model structure, which condense nitrogen at relative pres-
sures P/ P, > 1073, There is no direct means of incorporating mesoporous
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structures into the RMC model because the structure correlation function
g(r) of the adsorbent material has a weak sensitivity to long-range correla-
tions (see Fig. 4 for r > 15A). One possible route for incorporate mesopore-
sized void regions in the disordered model structure would be to include
correlation functions in the RMC optimization that are specifically sensitive
to long-range structure, such as those obtained from TEM micrographs. It
should also be recognized that the optimized structure for MCMB shown
in Fig. 3b, while consistent with the experimental structure and adsorption
measurements, is by no means a unique solution to the adsorbent structure.
Other carbon microstructures may be generated using the RMC technique,
and these alternative structures will be equally consistent with the model-
ing constraints. In the case of purely graphitic crystalline models, variations
among the plausible microstructures may not significantly effect the calcu-
lated adsorption properties. However, this may not necessarily be the case
for more sophisticated models that incorporate plate defects or that include
heteroatoms, such as oxygen-, nitrogen-, sulfur-containing surface functional
groups that bridge between carbon plates. In the latter case, these factors
may be expected to have significant effects on the pore morphology and
adsorption properties.

C. XEROGELS

Capillary condensation and hysteresis have been investigated in disor-
dered porous materials that resemble silica xerogels using GCMC molecu-
lar simulation [42-44]. In GCMC simulation of adsorption, configurational
sampling of the adsorbate is carried out at a fixed chemical potential, tem-
perature, and volume using three types of perturbations: (i) displacement
of molecules to new positions, (ii) insertion of new molecules into the pore
volume, and (iii) deletion of molecules from the pore volume. The displace-
ment trial moves provide thermal equilibration of the fluid and are accepted
with a probability py; given as

Pais = Min |:1, exp (#)} , (2)

where k is the Boltzmann constant and 7 is the temperature. The config-
urational energy change AU associated with the molecular displacement
includes both adsorbate—adsorbate and adsorbate—adsorbent potential in-
teractions. The insertion and deletion trial configurations provide mate-
rial equilibration at imposed chemical potential ;1 and are accepted with

Textures 2.0



08/18/2001

12:49 PM Chemical Engineering-v28 PS069-06.tex PS069-06.xml APserialsv2(2000/12/19)

214 CHRISTIAN M. LASTOSKIE AND KEITH E. GUBBINS

respective probabilities p;,s and py. that depend on the current number of
molecules N in the simulated pore volume according to the equations

e min 1 (1 Y (2] o
e Q)

‘= <2n]:;kT> Xp (%) )

and 4 and m are the Planck constant and the adsorbate molecular weight, re-
spectively. The adsorption isotherm is constructed from GCMC simulation
by statistically sampling the density of the equilibrated confined fluid for a
sequence of chemical potential values, which can be related to the relative
pressure through the appropriate bulk fluid equation of state (e.g., Ref. 45).
By increasing the chemical potential in increments and computing the adsor-
bate density at each potential value, the adsorption branch of the isotherm
is obtained; similarly, the desorption branch of the isotherm is recovered by
computing the adsorbate density for a decreasing series of input chemical
potential values.

The GCMC simulation method has been applied to the study of adsorp-
tion in model silica gels, in which the material is represented as a disordered
collection of solid spherical particles [46, 47]. Figure 6a shows visualizations
of the coexisting liquid and vapor phases of a Lennard—Jones fluid in a disor-
dered array of spherical particles of uniform size [44]. The disordered model
silica structure was obtained by equilibrating an ordered face-centered cubic
array of spherical particles with the desired porosity (shown at the right in
Fig. 6a) using molecular dynamics simulation. The effects of disorder may
be discerned by comparing the isotherms obtained for the ordered and the
amorphous structures. Figure 6b shows subcritical methane adsorption and
desorption isotherms for two values of the methane-silica potential interac-
tion strength. A hysteresis loop is seen that bears a resemblance to the cat-
egory H2 loop in the IUPAC classification of type IV and type V isotherms
observed for mesoporous solids [48]. This hysteresis is purely thermody-
namic in nature; another manifestation of sorption hysteresis, arising from
pore blocking effects in porous networks, may be investigated using the
grand canonical molecular dynamics simulation technique [44, 49, 50].

The GCMC adsorption simulation method, when applied to model dis-
ordered assemblies of spherical silica particles, yields isotherms that are
similar to the experimental isotherms of silica xerogels [51]. In principle,

where
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structure correlation data from scattering experiments could be used in
conjunction with the adsorption isotherm to construct model disordered
structures for specific silica gel adsorbents, using the methodologies de-
scribed in Section I1.B for activated microporous carbons.

D. TeEMPLATED POROUS MATERIALS

Another variation on the theme of quenched disordered structures noted
in Section II.A is to employ a removable template such as an organic mo-
lecule, colloid, or metal ion during the synthesis of a porous material [52-54].
Following formation of the quenched material structure, as shown in Fig. 7,
the template is removed, leaving behind a matrix of particles with a pore
space that mimics, to some extent, the original template. Because tem-
plates of diverse size and shape are available, templating offers the prospect
of designing porous materials whose architectures are tailored for specific
applications.

Model templated structures can be assembled from Monte Carlo simu-
lations of binary mixtures of matrix and template particles [55-57]. Upon
removal of the template from the quenched equilibrated structure, a porous
matrix is recovered with an enhanced accessible void volume for adsorption.
GCMC simulation studies have established that the largest enhancement of
adsorption uptake occurs when the template particles used to fashion the
porous matrix are the same size as the adsorbate molecules for which the ad-
sorbent is intended [55]. The enhanced adsorption capacity of the templated
material relative to a nontemplated matrix is noticeable even for modest
template particle densities [55].

A adsorption model for a templated porous material may be posed in
terms of seven replica Ornstein—Zernicke (ROZ) integral equations [58-60]
that relate the direct and total correlation functions, ¢;;(r) and k;;(r), respec-
tively, of the matrix—adsorbate system

hoo = coo + Pocoo @ hoo + poconr ® oo (6)
hoo' = coor + Pocoo @ hoo + porcoor ® hoor (7
hoo = coor + pocoor @ hoo + porcorr @ horor ®)

hor = co1 + pocoo @ hor + pocor ® hor + p1cor @ he )

ho1 = co1 + pocoor ® hor + porcoo @ hor + picon @ he (10)

hi1 = c11 + pocor ® hot + porcon @ hor + prce ® hiy + picy @ he  (11)
he = ¢ + pree  he. (12)
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Fic. 7. Illustration of porous matrix formed via templating. The initial configuration of
particles shown in a is equilibrated at a high temperature without a template and then quenched
to yield the structure shown in b. The initial configuration in a’ has the same density of matrix
particles (small circles) as in a, but template particles (large circles) are also present in this
system. The template particles are removed from the quenched equilibrated matrix + template
system (a’’) to yield the structure shownin b’. Itis clear to the eye that the structure in b’ possesses
a more “open” pore structure with more available void volume than the structure in b [55].
(Reproduced with permission from S. Ramalingam, D. Maroudas, and E. S. Aydil. Atomistic
simulation study of the interactions of SiHj radicals with silicon surfaces. Journal of Applied
Physics, 1999;86:2872-2888. Copyright © 1999, American Institute of Physics.)

In Egs. (6)—(12), p; is the density of component i; ® denotes a convolution in
r-space; and the subscripts 0,0, and 1 refer to the matrix, template, and adsor-
bate, respectively. The subscript ¢ denotes the correlation function between
a pair of fluid particles whose graphical expansion results in diagrams that
all possess at least one path involving only fluid particles. The subscript b, in
contrast, refers to diagrams containing only paths that pass through at least
one matrix particle. Solving the integral equations requires specification of
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(i) a pairwise additive potential u;;(r), e.g., the hard-sphere potential, and
(ii) a set of closures, such as the well-known Percus—Yevick closure [61],

¢ij(r) = [1—exp (ui;(r)/ kT)] [;;(r) +1]. (13)
Once the correlation functions have been solved, adsorption isotherms can
be obtained from the Fourier transform of the direct correlation function
c.(r) [55]. The ROZ integral equation approach is noteworthy in that it
yields model adsorption isotherms for disordered porous materials that have
irregular pore geometries without resort to molecular simulation. In con-
trast, most other disordered structural models of porous solids implement
GCMC or other simulation techniques to compute the adsorption isothem.
However, no method has yet been demonstrated for determining the pore
structure of model disordered or templated structures from experimental
isotherm measurements using integral equation theory.

lll. Simple Geometric Pore Structure Models

The severe computational burden associated with assembling and car-
rying out adsorption calculations on disordered model microstructures for
porous solids, such as those discussed in Sections II.A and II.B, has until
recently limited the development of pore volume characterization methods
in this direction. While the realism of these models is highly appealing, their
application to experimental isotherm or scattering data for interpretation of
adsorbent pore structure remains cumbersome due to the structural com-
plexity of the models and the computational resources that must be brought
to bear in their utilization. Consequently, approximate pore structure mod-
els, based upon simple pore shapes such as slits or cylinders, have been
retained in popular use for pore volume characterization.

The most commonly used approximate model for pore topology is to
represent the pore volume of the adsorbent as an array of independent,
chemical homogeneous, noninterconnected pores of some simple geometry;
usually, these are slit-shaped for activated carbons and cylindrical-shaped
for glasses, silicas, and other porous oxides. Usually, the heterogeneity is
approximated by a distribution of pore sizes, it being implicitly assumed that
all pores have the same shape and the same surface chemistry. In this case,
the excess adsorption, I'(P), at bulk gas pressure P can be represented by
the adsorption integral equation

r(P) = /H " P, H) f(HYE, (14)

‘min

where the local isotherm I'(P, H) is the specific excess adsorption for an
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adsorbent in which all the pores are of size H; and f(H) is the pore size
distribution (PSD), such that f(H) dH is the fraction of pores with sizes
between H and H + dH. The integration is taken over all pore sizes be-
tween the minimum and the maximum pore sizes, Hy,;, and Hp,x, present in
the adsorbent. Equation (14) assumes either that geometric and chemical
heterogeneity are entirely absent or that they can be treated as effectively
equivalent to pore size heterogeneity with regard to adsorption. An alter-
native approach [62] is to approximate the heterogeneity as due exclusively
to chemical heterogeneity, with a distribution of adsorbate—adsorbent inter-
action energies f(¢) such that Eq. (14) is replaced by

r(P) = / (P, ¢)f(e)de, (15)
where I'(P, ¢) is the local isotherm for pores with a uniform surface interac-
tion energy ¢.

Atthelevel of approximation invoked by the simple geometric model, the
mathematical problem becomes one of inverting Eq. (14), a linear
Fredholm integral equation of the first kind, to obtain the PSD. The ker-
nel (P, ¢) represents the thermodynamic adsorption model, I'(P) is the
experimental function, and the pore size distribution f(H) is the unknown
function. The usual method of determining f(H) is to solve Eq. (14) numer-
ically via discretization into a system of linear equations,

S TP, H)AH, f(H,) = T(P), 16)

j=1

where the interval of pore sizes between Hpi, and Hp,x has been partitioned
into m intervals, and f(H;) is a histogram coefficient that represents the
fraction of pores with sizes ranging between H; — AH;/2 and H; + AH; /2.
If the experimental isotherm is fitted at » different bulk gas pressures, then
Eq. (16) yields a system of n linear equations in m unknowns. Such a system
can be solved by minimizing the residual error, e.g., by a least-squares match
to the experimental isotherm,

E= 2": |:F(Pi) - iF(P,-, H;)AH, f(Hj)i| : (17)

with the solution vector of coefficients f(H;) sought that minimizes the
value of E. Alternatively, one may assign a nonnegative functional form to
the PSD, such as a Gaussian distribution or a multimodal I'" distribution,
and then fit the shape I parameters of the distribution so as to minimize
the residual error given by Eq. (17). A variety of numerical minimization
techniques may be used to carry out this task [63].
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Fredholm integral equations are by nature numerically ill posed [64]. This
means that experimental errors in the measurement of I'(P) may be trans-
mitted to the unknown result f(H) in such a way that the PSD is completely
distorted. Application of the least-squares minimization method of Eq. (17)
may in some cases lead to strong oscillations in the function f(H), obscuring
the true adsorbent PSD. The ill-posed nature of Eq. (14) is of mathemati-
cal origin and is not due to incorrect formulation of the physical problem.
To circumvent the problems caused by the ill-posedness of the Fredholm
integral equation, one may either (i) postulate an analytical form of the un-
known function f(H), as noted earlier, and find its parameter values via
least-squares fitting [15]; (ii) fit an analytical equation to the experimental
isotherm I'(P) that gives an analytical solution of integral equation and fit
the coefficients of f(H) via least squares; or (iii) use a regularization method
to introduce an additional set of constraints into the solution of the adsorp-
tion integral equation, thus stabilizing the PSD with respect to perturbations
in the experimental data [65-67]. The latter method involves the selection
of constraints that are physically consistent with the expected form of the
PSD. The most commonly adopted regularization procedure [68, 69] is to
modify the objective function of Eq. (17) by adding a term that is propor-
tional to the square of the second derivative of the pore size distribution
function f(H),

E = i: |:F(P,-) - i (P, H))AH; f(HJ-)j| + iAH}. [f”(Hj)]27
i=1 j=1
(18)

j=1

where the proportionality coefficient o > 0 is referred to as the smoothing
parameter. Essentially, regularization forces a slightly worse fit to the exper-
imental isotherm I'(P) to generate a smoother PSD, under the presumption
that the adsorbent is most likely to exhibit a relatively smooth distribution
of pore sizes, centered around a few dominant pore sizes [68]. Figure 8 shows
the effect of regularization for a range of smoothing parameter values em-
ployed in fitting the PSD of activated carbon to methane adsorption data
using the objective function given by Eq. (18) [69]. It can be seen that as the
calculated PSD becomes smoother, as expected, as the value of the smooth-
ing parameter increases. The PSD progresses from a tetramodal distribution
for « = 1to aunimodal distribution for « > 100. To select which PSD is the
“correct” PSD, one must consider the error bounds associated with the ex-
perimental measurements. If the experimental error is small, the tetramodal
PSD shown in Fig. 8 may indeed be the correct PSD. However, if there is
a greater uncertainty in the measured values of the experimental isotherm,
then it is equally plausible that the PSD is unimodal, bimodal (e.g., @ = 10)
or tetramodal in shape. One criterion that has been suggested for selecting
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Fic. 8. PSDs obtained for methane adsorption in square model carbon pores using molec-
ular simulation to interpret an activated carbon isotherm. PSD results are shown for regular-
ization smoothing parameter values of 1 (solid line), 10 (open circles), 100 (open diamonds),
600 (filled circles), and 800 (filled diamonds) [69].

the proper PSD is to accept the smoothest distribution (i.e., largest value
of &) to within the experimental error of the isotherm measurement [69].

A consequence of the ill-posed nature of Eq. (14), therefore, is that differ-
ent PSD results can be obtained for the same material if different methods
are applied to solve the adsorption integral equation, even if the same exper-
imental data and adsorption model are used in both cases. A standard pro-
tocol has not yet been agreed upon for the use of regularization in pore size
characterization. To avoid confusion in comparing PSD results, therefore, the
numerical method employed to solve for the PSD and the type of regulariza-
tion, if any, implemented to smooth the PSD should both be clearly identified.

Duly recognizing the potential pitfalls associated with inversion of the
adsorption integral equation, the determination of the PSD reduces to the
problem of selecting an adsorption model that represents the uptake of
adsorbate in pores of different sizes that have the same shape and surface
composition. This is a critical choice because the PSD results obtained from
the inversion of Eq. (14) are highly sensitive to the selected adsorption
model. As noted in Section I, adsorption models for simple geometric pore
shapes can be categorized into four classes, based on the computational
method used to generate the local adsorption isotherm for the model pore
geometry. In the remainder of this section, selected examples from the four
principal types of adsorption models are reviewed and discussed.
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A. MOLECULAR SIMULATION ADSORPTION MODELS

GCMC simulation has been used to generate model isotherms for the ad-
sorption of methane at supercritical temperatures [70] and the adsorption of
carbon dioxide at subcritical temperatures [71] in slit-shaped carbon pores.
The methane adsorbate is typically represented as a spherical Lennard—
Jones molecule, whereas a three-center Lennard-Jones model is frequently
used to represent the potential interactions of carbon dioxide [71, 72], with
electrostatic point charges on the atoms to account for the CO, quadrupole.
Adsorbate interactions with the carbon slit pore surfaces are most often
modeled using the 10-4-3 potential in which the adsorbent is treated as
stacked graphitic planes of Lennard-Jones atoms [73]. To determine acti-
vated carbon pore size distributions, GCMC model isotherms must usually
be calculated for a set of one or two dozen slit pore widths spanning the
micropore and mesopore size range between 7 and 50 A. At the cryogenic
temperatures used for nitrogen or argon porosimetry (77 or 87 K), adsorbate
diffusion may be slow in carbon micropores, and long equilibration times
may thus be required to measure the experimental adsorption isotherm. In
such cases, the use of carbon dioxide or methane model isotherms at ele-
vated temperatures (e.g., 195.5 or 273 K for CO,, 308 K for methane) is an
effective means of reducing mass transfer resistances in the adsorbent mi-
crostructure. For supercritical methane, however, the GCMC model can be
used to determine only micropore PSDs, because the excess isotherms for
methane adsorption are indistinguishable for pores larger than 20 A [70].

A method of using GCMC simulation in conjunction with percolation the-
ory [74, 75] has been suggested for simultaneous determination of the PSD
and network connectivity of a porous solid [76]. In this method, isotherms
are measured for a battery of adsorbate probe molecules of different sizes,
e.g., CHy, CF,, and SF;. Asillustrated in Fig. 9a, the smaller probe molecules
are able to access regions of the pore volume that exclude the larger ad-
sorbates. Consequently, each adsorbate samples a different portion of the
adsorbent PSD, as shown in Fig. 9b. By combining the PSD results for the
individual probe gases with a percolation model, an estimate of the mean
connectivity number of the network can be obtained [76].

An alternative molecular simulation technique for obtaining model
adsorption isotherms for simple geometric pore structures is the Gibbs
ensemble Monte Carlo (GEMC) simulation method [13, 22]. In GEMC
simulation, configurational sampling is carried out between two simulation
cells, (I) and (II), that represent regions of the pore volume. A schematic
of the GEMC methodology for a slit-shaped pore geometry is shown in
Fig. 10. Three types of sampling moves are performed in GEMC simulation:
(a) displacement of molecules in each pore region; (b) interchange of
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Fic. 9. (a) Schematic illustration of the connection between adsorption and percolation
in a porous network. Some pores large enough to accommodate large adsorbate molecules
(e.g., SF¢) remain unfilled because they cannot be accessed through smaller connecting pore
channels. (b) PSD results obtained using GCMC simulation to interpret CHy, CF,4, and SFg
isotherms measured on an activated carbon at 296 K. The smaller probe molecules sample
regions of the pore volume that are inaccessible to the large adsorbate molecules [76].
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Fic. 10. Schematic of the Gibbs ensemble Monte Carlo simulation method for calculation
of phase equilibria of confined fluids [22].

molecules between the two regions; and (c) exchange of pore volume be-
tween the two regions, with the total pore volume and the slit pore width held
constant. The acceptance probabilities for the sampling moves are given as

p = min |:1,exp(— %)], (19)

where the change in total energy AU depends on the type of perturbation.
For molecular displacements,

AUgs = AU + AUp, (20)
where AU; is the energy change that occurs in simulation cell i. For
interchange steps,

1)

N+ 1)V,
AUy = AU; + AUy + kT In [M}

N Wi
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where N; and V; are the number of molecules and volume, respectively, of
simulation cell i. For volume exchange steps,

Vi — AV Vii+ AV
AmdzAm+Amrmme<i77—)—NMTm<JL——)
1 11

(22)

where AV is the amount of volume exchanged between the two simulation
cells. Configurational sampling brings the two regions into thermal, material,
and mechanical equilibrium, thus yielding the densities of the coexisting lig-
uid and vapor states in the pore. GEMC simulations can also be carried out
to obtain coexistence properties for an adsorbed fluid in equilibrium with
a bulk vapor [13, 22]. By performing a series of GEMC simulations start-
ing from different initial densities in the two simulation cells, the isotherm
for a pore of prescribed width can be constructed. A distinct advantage of
GEMC over GCMC simulation is that in the GEMC method, the chemi-
cal potential of the bulk vapor phase need not be specified as an input to
the computer simulation. When the GEMC simulations are performed cor-
rectly, the pressures and chemical potentials of regions I and II will be the
same at equilibrium. Thus, in GEMC the adsorption isotherm can be calcu-
lated without direct knowledge of the chemical potential. This is particularly
useful for situations in which the bulk fluid equation of state is not known.
GEMC model isotherms have been constructed for nitrogen adsorption
in slit-shaped carbon pores [22] and cylindrical oxide pores [11]. The filling
pressure at which capillary condensation is expected to occur in a pore of
given size can be extracted in a straightforward manner from GEMC calcula-
tions and the correlation is shown for the nitrogen—carbon system in Fig. 11.
The pore filling correlations predicted by several other adsorption models
for slit-shaped pores are also shown in Fig. 11. These models, and the reasons
for the differences evident in Fig. 11, are discussed in the sections that follow.

B. DEeNsITY FuncTiIONAL THEORY ADSORPTION MODELS

The DFT method [15, 77-79] is derived from statistical thermodynam-
ics and offers an efficient means of computing model isotherms for simple
pore geometries. The accuracy of the DFT model isotherms rivals that of
the isotherms obtained from molecular simulation, but the computational
time required by DFT is typically about 1% of the CPU time needed to
complete GCMC or GEMC isotherm calculations for a comparable system.
The DFT method retains its computational advantage over molecular sim-
ulation only for pore shapes of low dimensionality, such as slits, spheres, or
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Fic. 11. Relationship between the pore filling pressure and the pore width predicted by
the modified Kelvin equation (MK), the Horvath-Kawazoe method (HK), density functional
theory (DFT), and Gibbs ensemble Monte Carlo simulation (points) for nitrogen adsorption
in carbon slit pores at 77 K [11].

cylinders, so DFT is not applicable to realistic disordered structures such as
those considered in Section II.

In the DFT method [80], each individual pore has a fixed geometry and is
in open contact with the bulk vapor-phase adsorbate at a fixed temperature.
For this system, the grand canonical ensemble provides the appropriate de-
scription of the thermodynamics. In this ensemble, the chemical potential p,
temperature 7, and pore volume V are specified. In the presence of a spa-
tially varying external potential V., the grand potential functional €2 of the
fluid is [15]

Qo()] = Flp(r)] - f dep®) [ — Veu(D)], (23)

where F is the intrinsic Helmholtz free energy functional, p(r) is the local
fluid density at position r, and the integration is carried out over the entire
pore volume. The free energy functional is expanded to first order about a
reference system of hard-sphere adsorbate molecules, with the temperature-
dependent diameter d given by the Barker—Henderson prescription [81]

Flp®) = Rlo@:d] + 5 [ [arar p@p@ute—r. @1

where F, is the hard-sphere Helmholtz free energy functional and ¢, is the
attractive part of the adsorbate—adsorbate potential. Equation (24) invokes
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the mean field approximation, wherein pair correlations between molecules
due to attractive forces are neglected. The attractive part of the adsorbate
pair potential is represented using the WCA division of the Lennard—Jones
potential [82],

Gare(Ir — ¥'|) = ¢e(Ir — 1']), [r—r|>rm

—&it, [r—r| <rm,

(25)

where r, = 2/%0¢ is the location of the minimum of the Lennard-Jones
potential ¢, and &g and oy are the Lennard-Jones well depth and molecular
diameter, respectively. The hard-sphere free energy functional F}, can be
written as the sum of two terms,

Fulp(r):d] = kT / dxp@[In(A*p(r) — 1] + KT / dxp(x) fulp():d]. (26)

where A = h/(2rmkT)'? is the thermal de Broglie wavelength, m is the
molecular mass, & and k are the Planck and Boltzmann constants, respec-
tively, and f.x is the excess molar Helmholtz free energy, i.e., the total molar
free energy less the ideal gas contribution. The excess molar free energy of
the hard-sphere fluid is calculated from the Carnahan-Starling equation of
state [83]. The first term on the right-hand side of Eq. (26) is the ideal-gas
contribution, which is exactly local; i.e., its value at r depends only on p(r).
The second term on the right-hand side of Eq. (26) is the excess contribu-
tion, which is nonlocal and is calculated using a smoothed density, p(r), that
represents a suitable weighted average of the local density p(r)

50 = [ aro@pulie — 5] 27)

The choice of the weighting function w depends on the version of DFT
used. If the § function is assigned for w, the smoothed density reverts to
the local density and the so-called local DFT method is obtained [77]. The
local DFT model correctly describes many of the structural features of in-
homogeneous fluids but becomes inaccurate for fluids confined in small
pores because of the strong short-ranged correlations present in such fluids.
For highly inhomogeneous confined fluids, a smoothed or nonlocal density
approximation is needed that gives a good description of the direct correla-
tion function for the hard-sphere fluid over a wide range of fluid densities.
Among the several weighting function sets that have been proposed [84-88],
Tarazona’s model [86—88] is the one most commonly used for the nonlo-
cal version of DFT. This model has been shown to give very good agree-
ment with simulation results for the density profile and surface tension of
Lennard-Jones fluids near attractive surfaces. The Tarazona prescription
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for the weighting functions uses a power series expansion in the smoothed
density, truncating at the second-order term

wlle = v )] = 3 w;(r =¥ Da(r). (28)

The effect of the weighting is to flatten the sharp oscillations of the local
density profile into a smoothed density profile that is input into the equation
of state for the excess hard-sphere free energy. The nonlocal DFT method
thus avoids difficulties associated with applying the equation of state to
unrealistically large values of the local density, as is the case with the local
DFT method.

The equilibrium density profile is determined by minimizing the grand
potential functional with respect to the local density,

32[p(r)]
3p(r)

An iteration scheme is used to numerically solve this minimization con-
dition to obtain p.y(r) at the selected temperature, pore width, and chemical
potential. For simple geometric pore shapes such as slits or cylinders, the
local density is a function of one spatial coordinate only (the coordinate nor-
mal to the adsorbent surface) and an efficient solution of Eq. (29) is possible.
The adsorption and desorption branches of the isotherm can be constructed
in a manner analogous to that used for GCMC simulation. The chemical
potential is increased or decreased sequentially, and the solution for the
local density profile at previous value of p is used as the initial guess for
the density profile at the next value of . The chemical potential at which
the equilibrium phase transition occurs is identified as the value of u for
which the liquid and vapor states have the same grand potential.

The DFT excess isotherm is found by taking the volume average of the
local adsorbate density profile, e.g., for a slit-shaped pore of width H,

=0 at P = Pegq- (29)

rp.H) = / [0(2) — poldz. (30)

where z is the spatial coordinate normal to the pore walls and py, is the bulk
vapor phase density at pressure P. The pressure may be obtained from the
chemical potential using the bulk fluid equation of state [89].

DFT model isotherms have been reported for adsorption of nitrogen
[15,22,77,79,90-93], argon [90-92], methane [93, 94], helium [93], and car-
bon dioxide [72, 92, 95] in slit-shaped graphitic carbon pores and adsorption
of nitrogen [8, 11,78, 96] and argon [8, 78] in cylindrical capillaries with oxide
surfaces. Most of the DFT models are developed at cryogenic temperatures,
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FiG. 12. Comparison of DFT (lines) and GEMC (points) model isotherms p* = po;} ob-
tained for nitrogen adsorption at 77 K in slit-shaped carbon pores of width (reading from left
to right) H = 7.1,8.0,8.9,10.7, 13.4, 17.9,28.6, and 42.9 A [22].

where capillary condensation provides a distinct experimental “fingerprint”
of the PSD. As noted in Section III.A, isotherm databases may also be con-
structed to interpret uptake measurements at elevated temperatures in cases
where slow mass transfer is a concern.

Theoretical isotherms obtained using DFT method rival the accuracy of
model isotherms constructed from molecular simulation, as shown in the
comparison in Fig. 12 for N, adsorption results in model graphitic slit pores
at 77 K [22]. The DFT model correctly predicts the capillary condensation
pressure, the most prominent feature of the subcritical isotherm, relative to
the exact computer simulation results shown in Fig. 11. DFT also provides a
good description of the secondary structure of the mesopore isotherm (e.g.,
H = 42.9 A in Fig. 12), in which capillary condensation may be preceded by
one or more wetting transitions.

A test of the robustness of the DFT method is the consistency of the
adsorbent PSDs calculated from adsorption experiments using different ad-
sorbate molecules to probe the pore volume. Figure 13 shows a compar-
ison of porosimetry results obtained using nitrogen and argon to probe
the pore structures of activated carbons [90]. The specific pore volume,
mean pore diameter, and PSD maximum obtained from nitrogen and ar-
gon porosimetry were all found to agree to within 8% for the two probe
gases using DFT to interpret the adsorption isotherms measured for both
species. The differences, where noted, may be ascribed in part to the het-
erogeneity of the carbon samples, which all possess an appreciable mass
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Fic. 13. Adsorption isotherms (left) and pore size distributions (right) computed from
nitrogen (open squares) and argon (filled squares) adsorption at 77 K on a porous Saran
char (top) and a granular activated carbon (bottom) [90]. (Reproduced with permission from
S. Ramalingam. Plasma-surface interactions in deposition of silicon thin films: An atomic-scale
analysis. PhD Thesis, University of California, Santa Barbara; 2000.)

fraction (9 to 13%) of hydrogen-, nitrogen-, oxygen-, and sulfur-containing
surface functional groups [90]. These heteroatoms can interact with the ni-
trogen quadrupole and adsorb nitrogen at pressures lower than for N, ad-
sorption on bare graphitic surfaces. Another study [94] reported similar
findings for PSD differences between quadrupolar nitrogen and nonpolar
methane on microporous carbons. For adsorbents that exhibit substantial
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chemical heterogeneity, the use of a probe molecule (e.g., argon) that has
no permanent electrostatic moments is therefore recommended.
DFT-based pore size distribution results have also been reported for the
family of templated siliceous mesoporous molecular sieves first synthesized
by Mobil researchers [97] and designated M41S. The most well-known mem-
bers of this family are MCM-41, which has a hexagonal array of unidirec-
tional pores [98], and MCM-48, which has a cubic pore system [99]. The
pore diameters of these adsorbents typically range between 30 and 40 A.
The PSDs of MCM-41 and MCM-48 adsorbents have been calculated to
a high degree of consistency using a cylindrical oxide pore DFT model to
interpret experimental nitrogen and argon isotherms, as shown in Fig. 14a
for a MCM-41-type adsorbent [8]. By subtracting the DFT result for the in-
ternal pore diameter from X- ray diffraction measurement of the pore spac-
ing, the pore wall thickness of an MCM-class adsorbent can be estimated.
Figure 14b shows the wall thickness calculated for five MCM-41 adsorbents
using the diffraction data in combination with the adsorption isotherm. The
wall thicknesses, were found to be between 6 and 8 A for four of the five ad-
sorbents, consistent with other independent estimates of the wall thickness
of MCM-41 materials obtained from transmission electron microscopy [100].

C. SEMIEMPIRICAL ADSORPTION MODELS

Two principal semiempirical adsorption models have enjoyed widespread
use for adsorbent PSD characterization: the Horvath-Kawazoe (HK)
method [19] and its derivatives, and approaches based upon the ideas of
Dubinin [20] for modeling micropore distributions. Each of these method-
ologies is considered in turn.

1. The Horvath—-Kawazoe Method

In the original HK method [19], an analytic pore filling correlation is
obtained by calculating the mean free energy change of adsorption ¢ that
occurs when an adsorbate molecule is transferred from the bulk vapor phase
to the condensed phase in a slit pore of width H

In(Pe/Po) = ¢(H)/kT. (1)

In Eq. (31), Pyis the saturation pressure and P, is the pore condensation pres-
sure. The assumed exponential dependence of the condensation pressure on
the adsorption free energy change is similar in basis to the Polanyi potential
theory [101] and the Frenkel-Halsey—-Hill (FHH) theory [102-104]. In the
HK method, the mean free energy change due to adsorption is calculated
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from an unweighted average of the adsorbate interaction potential ¢, mea-
sured over the slit pore volume between z = ogyandz = H — o

[ g)dz [0 g(2)dz
[Tog; T H =20y

Osf

¢Z=

: (32)

where z is the distance of the adsorbate center of mass from the surface
layer plane of atomic nuclei, and o is the arithmetic mean of the adsorbate
and adsorbent diameters. The interaction energy of the adsorbate molecule
and the pore wall is represented by the sum of two 10—4 potentials, one that
represents the adsorbate—adsorbent potential ¢ and the other representing
an effective adsorbate—adsorbate interaction ¢

¢@)=:@«zy+¢ﬁ&)==ﬁk&%ggﬁég[<g)m'_(g)4

+<H{a>w_(gizf} (33)

In Eq. (33), Nis the molecular density (i.e., molecules per unit surface area);
A is the dispersion coefficient; the subscripts s and f refer to the adsorbent
and adsorbate, respectively; and d = (2/5)"¢ 0. The 10-4 potential is ob-
tained by integrating the Lennard—Jones potential over an unbounded planar
surface [105]. The dispersion coefficients are calculated using the Kirkwood—
Muller equations (as reported in Ref. 19)

6mclo,o
Aj= ————— 34
' (as/Xs) + (Olf/Xf) ( )
3
Ay = §m6‘20lf)(f- (35)

In Egs. (34) and (35), m is the mass of an electron, c is the velocity of light, and
« and x are the polarizability and the magnetic susceptibility, respectively.
Substitution of Egs. (32) and (33) into Eq. (31) and integration yields the
HK correlation between the pore condensation pressure and the slit pore

width
(B - NeAs+ NeAw T1Od Y 17dY
P() _de3(H_ZUSf) 9 Osf 3 Ot

S SES) e

Correlations similar to Eq. (36) have been derived for cylindrical [106] and
spherical [107] pore geometries and for adsorbates other than nitrogen, such
asargon [108] and methyl chloride [109]. The analytic HK correlation may be
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conveniently applied to adsorbent PSD analysis using a simple spreadsheet,
whereas a computer algorithm is required to obtain theoretical isotherms
via DFT or molecular simulation.

In Fig. 11, the pore filling correlation predicted by Eq. (36) is shown for
nitrogen adsorption in carbon slit pores at 77 K, using dispersion parameters
reported in the original HK paper [19]. The HK method correctly predicts a
sharp decrease in the pore filling pressure as the pore width decreases into the
micropore range. This dramatic decrease occurs because of enhancement of
the gas—solid potential in narrow slit pores, and the HK method qualitatively
accounts for this effect. It is evident from Fig. 11, however, that the HK
adsorption model, as originally posed, does not agree with the pore filling
correlations obtained from DFT or GEMC simulation for the nitrogen—
carbon system. The differences in the model results can be attributed to
three causes.

(i) The HK model uses the 10-4 potential in the calculation of the ad-
sorption free energy change, whereas DFT and molecular simulation
models routinely represent the gas—solid potential using the 10-4-3
potential [73], which contains an additional attractive term for ad-
sorbate interactions with the subsurface layers of adsorbent atoms.

(ii) The adsorbate—adsorbent dispersion parameter calculated using Eq.
(34) in the original HK paper is considerably smaller than the com-
parable parameter obtained in the DFT and simulation models by
fitting the model isotherm to a nonporous graphitized carbon refer-
ence adsorbent [22].

(iii) The adsorbate potential representation given by Eq. (33) is posed
incorrectly. As noted in two recent publications [110, 111], in the
FHH formulation, the adsorbate—adsorbate interaction is subtracted
from the adsorbate—adsorbent interaction, rather than added to it as
shown in Eq. (33). The theoretical construct of FHH theory is that a
slab of adsorbate is removed and replaced with a slab of adsorbent
atoms [102]. In the original HK treatment, the adsorbate—adsorbate
interactions are, without justification, directly superimposed onto the
adsorbate—adsorbent interactions in a physically implausible man-
ner [110, 111]. Additionally, a factor of two error appears in the
Kirkwood-Muller formula for the adsorbate dispersion coefficient
Ay reported in the original HK method [19]. As noted by Muller
[112], the leading coefficient on the right-hand side of Eq. (34) should
be 3 rather than 3/2.

It has been shown that much better agreement between the HK and the
DFT pore filling pressure correlations is obtained if the same form of the
gas—solid potential and the same potential parameter values are used in
comparing the two models [111].
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2. Modified Horvath—-Kawazoe Models

Several modifications of the original HK method have been suggested to
bring the semiempirical model into better agreement with DFT and GEMC
results [110, 111, 113, 114]. One approach is to use weighting functions (e.g.,
a multimodal Gaussian distribution) to represent the spatial variations in
the local density due to fluid layering near the pore walls [111, 113]. In this
representation, the mean free energy change of adsorption is calculated as

S ez

where the integration is now weighted with respect to the local density p(z).
This approach yields lower pore filling pressures than are obtained from
Eq. (32) because of the additional weighting toward the regions of the pore
volume where the gas-solid potential is the most attractive (i.e., the mono-
layer well adjacent to each pore wall).

Another modification that has been suggested is a geometric approxima-
tion [110] in which different potentials are used to calculate the interaction
energy of the adsorbate layer adjacent to the pore wall (molecules marked
“A” in Fig. 15a) and adsorbate layers in the interior of the pore (molecules
marked “B”). Type A molecules are assumed to interact with the surface
adsorbent atoms on one side and with adsorbate molecules on the other
side, whereas Type B molecules interact only with the two adjacent layers
of adsorbate. This method of averaging does away with the integration of
Eq. (32) and replaces it with a summation of the energies of molecules sited
at discrete positions. The PSD results obtained from this modified HK model
for molecular sieve carbons, aluminophosphates and zeolites were in better
agreement with crystallographic data for these adsorbents than PSD results
obtained from the original HK model.

A major limitation of the original HK method is that it does not account
for monolayer formation and film growth in mesopores prior to the capillary
condensation transition (see Fig. 12). The model isotherm given by the orig-
inal HK model is essentially a step-function isotherm in which the pore is
either completely empty (if the pressure is below the pore condensation pres-
sure) or completely filled (if P > P.). The wetting of mesopore surfaces can
constitute a substantial contribution to the overall experimental isotherm at
low pressures, and hence models that omit such contributions will generate
erroneous PSD results. To remedy this deficiency, a two-stage HK adsorption
model [114] has been proposed in which the capillary condensation step in
the mesopore isotherm is preceded by a step that corresponds to the forma-
tion of a monolayer on the pore surface, as shown in Fig. 15b. The two-stage
HK model provides a better fit than the original HK model to experimental
isotherm data for mesoporous adsorbents.

¢= (37)

Textures 2.0



08/18/2001

12:49 PM Chemical Engineering-v28 PS069-06.tex PS069-06.xml APserialsv2(2000/12/19)

236 CHRISTIAN M. LASTOSKIE AND KEITH E. GUBBINS

Sorbent
surface

Adsorbate layers

2—p
c
]
=
]
(7]
©
<
?
3 5
; X
w 3 ?
i‘ 1
Pressure
Free space
(a) (b)

Fic. 15. Illustrations of modified HK adsorption models. (a) Geometric representation slit
pore filled with adsorbate [110]. (b) Two-stage HK mesopore isotherm model [114] in which
capillary condensation (1) to the filled state (2) is preceded by a wetting transition (3) from
an empty state (4) to an intermediate condition characterized by film growth on the pore
walls (5). (Reproduced with permission from S. Ramalingam, E. S. Aydil, and D. Maroudas.
Molecular dynamics study of the interactions of small thermal and energetic silicon clusters
with crystalline and amorphous silicon surfaces. Journal of Vacuum Science and Technology B,
2000;19:634—644. Copyright © 2001, AVS.)

3. Dubinin Adsorption Models

In the Dubinin—Radushkevitch (DR) equation [115], an adsorption model
derived from a concept of Dubinin [20] based on Polanyi potential theory,
the fluid volume V adsorbed in micropores at pressure P is represented
empirically as

V/ Vo = exp{—[RT In(Py/ P)I/(BEy)*} = exp[-(A/E)’],  (38)

where Vjis the micropore volume, and Eyand j are characteristic parameters
of the adsorbent surface energy and the adsorbate affinity, respectively. A
plot of In(V) vs In?(P,/P) is thus expected to yield a linear relationship. This
has been found to be the case over a wide range of relative pressures for
some microporous carbons [116], but for many other adsorbents the linear
DR relationship does not hold [1]. If a linear plot is obtained, the micropore
volume can be determined from the intercept at P = P,
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Dubinin and Astakhov [117] put forward a more general form of Eq. (38),
termed the DA equation, in which the square exponent is replaced with an
empirical constant with a value between 2 and 6. No physical basis was
identified, however, for selecting the value of the exponent. To cast the
DR equation into a form more suitable for PSD analysis of heterogeneous
microporous solids, Stoeckli [118] suggested an integral form of Eq. (38)
involving a structure distribution function J(B) for the micropore PSD,

VYo = / " exp[-B(A/B)"1J (B)dB. (39)

In the Dubinin-Stoeckli (DS) method, a Gaussian pore size distribution is as-
sumed for J(B) in Eq. (39), based on the premise that for heterogeneous car-
bons, the original DR equation holds only for those carbons that have a nar-
row distribution of micropore sizes. This assumption enables Eq. (39) to be
integrated into an analytical form involving the error function [119] that re-
lates the structure parameter B to the relative pressure A = —RT In(P/P).
The structure parameter B is proportional to the square of the pore half-
width, for carbon adsorbents that have slit-shaped micropores.

In recent work along similar lines [120], the DS approach was used to
calculate PSDs for a set of activated carbons, with a I" distribution function
used to represent the PSD in Eq. (39). The activated carbons were subjected
to different activation times, so that the microporosity was more fully de-
veloped in the samples with longer activation periods. The pore size results
obtained from the DS, HK, and DFT methods were compared. It was found
that the HK and DFT methods correctly predicted an increase in the micro-
pore PSD for samples prepared with longer activation times, whereas the
DS method did not predict this trend correctly. In another evaluation of the
adsorption models, a mock isotherm was generated via GCMC simulation
for a hypothetical graphitic carbon with a Gaussian pore size distribution
(Fig. 16). The DS, HK, and DFT models were then applied to this hypothet-
ical isotherm to see if the original PSD could be recovered. In general, the
shape of the original Gaussian PSD was not reproduced by any of the analy-
sis routines. However, the large amount of “noise” in the unregularized DFT
pore size distributions in Fig. 16 strongly suggests that experimental errors
have been transmitted into these PSD results and that additional smoothing
constraints are needed to interpret the experimental data properly. The DFT
model did perform the best in recovering the PSD maxima for hypothetical
Gaussian distributions that were centered in the micropore range [120].

Dubinin adsorption models have been used to calculate carbon micropore
distributions from experimental isotherm measurements of a number of ad-
sorbates, including nitrogen [120-122], carbon dioxide [122, 123], methane
[123], and several other organic molecules [124]. It is has generally been
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observed that the Dubinin-class adsorption models have a tendency to over-
constrain the shape of the PSD, so that the true PSD function is not obtained
in many cases. Also, the values of the empirical parameters E, and g that ap-
pear in the DR and DS equations vary according to the adsorbent—-adsorbate
pair, but a consistent method for selecting the parameters has not been
reported.

D. CLAsSICAL ADSORPTION MODELS

The classical model for describing adsorption in simple geometric pores
is based on the Kelvin equation [125], which is derived from the condition
of mechanical equilibrium for a curved interface between coexisting vapor
and liquid phases in a pore. If the adsorbed liquid completely wets the pore
walls, as shown in Fig. 17a, and the vapor phase is assumed to be an ideal
gas, then mechanical equilibrium requires that

ll’l(Pc/Po) = —2y1/RT,o](rk — [), (40)

where y) is the surface tension, p, is the liquid density, and ¢ is the equi-
librium thickness of the film adsorbed on the pore wall. Equation (40) is
actually a modified Kelvin (MK) equation in which the pore radius, r,, is
calculated as the sum of the core radius of the vapor-liquid interface, ry,
and the adsorbed film thickness ¢. The latter quantity is obtained from an
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Fic. 17. (a) Schematic of vapor-liquid equilibrium in a wetted pore used in the Kelvin
equation model [2]. (b) Comparison of PSD results obtained using the BJH Kelvin equation
model to interpret the PSDs of two mesoporous MCM-41 structures, C16 (circles) and C12
(squares) [130]. The open and filled symbols denote PSD results obtained from the adsorption
and desorption branches of the isotherm, respectively.
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experimental isotherm measured upon a nonporous substrate of the same
material as the porous solid [126]. The analytic form of the MK equation can
be applied to PSD analysis of mesoporous solids; various prescriptions have
been suggested for interpreting the experimental isotherm using this model
[28, 127, 128]. For mesoporous materials that exhibit adsorption/desorption
hysteresis, the PSD that is obtained will depend on whether the adsorption
or desorption branch of the experimental isotherm is selected for the PSD
analysis. For capillary condensation in cylindrical pores, the meniscus of the
adsorbate is usually assumed to be cylindrical in shape during adsorption but
hemispherical during desorption [129]. This results in forms of Eq. (40) for
adsorption and desorption that differ by a factor of two on the right-hand
side. In general, smaller mean pore sizes are obtained when the adsorption
branch is used to interpret the PSD rather than the desorption branch, as
shown in Fig. 17b [130] for the PSDs of two MCM-41 samples calculated
using the Barrett-Joyner—Halenda (BJH) method [28], the most popular
Kelvin-based analysis method.

It has been known for about two decades that the classical Kelvin and
MK equation methods underestimate the mean pore sizes of adsorbents
that have pores smaller than 75 A [131, 132]. The error becomes very large
for microporous adsorbents, as shown in Fig. 11 [11]. The continuum de-
scription of a vapor-liquid interface in a filled capillary breaks down for
micropores, in which the adsorbed fluid has a coarse-grained structure and
the construct of the surface tension cannot be applied. Also, the Kelvin
equation altogether neglects interactions between adsorbate molecules and
the pore surface, a significant omission since these interactions are greatly
enhanced in micropores. Various studies have established that traditional
Kelvin-based adsorption models consistently underestimate the mean pore
sizes and PSD maxima of microporous solids. Figure 18, for example, demon-
strates that the mean pore sizes obtained for model controlled pore glasses
(see Fig. 1) using the BJH method [28] are found to be approximately 1 nm
smaller [25] than the pore sizes obtained from the exact geometric calcula-
tion as noted in Fig. 2.

The shortcomings of the classical Kelvin-based adsorption models have
spurred efforts to modify the Kelvin equation method further so that it
may be applied to the characterization of microporous adsorbents. In recent
studies of MCM-41 adsorbents [129, 133, 134], it was noted that the MK pore
filling correlation can be brought into close agreement with experimental
measurements of capillary condensation (Fig. 19) by subtracting a constant
value from the (7, — ¢) term on the right-hand side of Eq. (40). The value of
the adjustment factor was found to be 0.3 nm for nitrogen adsorption at 77 K
[129] and 0.438 nm for argon adsorption at 87 K in MCM-41 samples [134].
Although the corrections reproduce the experimental pore filling pressures
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geometric PSD results for the model adsorbents; the dashed lines are the PSDs predicted from
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Fic. 19. Comparison of pore filling correlations developed to interpret experimental mea-
surements of the nitrogen condensation pressure at 77 K in MCM-41 samples that have differ-
ent pore diameters [129]. The dotted and short-dashed lines denote the results for the original
Kelvin equation, i.e., t = 01in Eq. (40), with a cylindrical and hemispherical meniscus assumed
respectively for the adsorption and desorption cases. The long-dashed line shows the pore filling
correlation for the MK model of Eq. (40), and the solid line shows the result when the pore
width is adjusted by an additional factor of 0.3 nm.
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of MCM-41 materials with reasonable accuracy, no physical justification has
been put forth to rationalize this modified form of the Kelvin equation. Con-
sequently, there is no a priori method to predict the correction factor needed
for other probe gases and other temperatures, nor is it known whether the
empirical correlation will hold for materials other than MCM-41.

Another pore filling model based upon capillary equilibrium in cylin-
drical pores has recently been proposed in which the condition of thermo-
dynamic equilibrium is modified to include the effects of surface layering
and adsorbate—adsorbent interactions [135-137]. Assuming that the vapor—
liquid interface is represented by a cylindrical meniscus during adsorp-
tion and by a hemispherical meniscus during desorption, and invoking the
Defay-Prigogene expression for a curvature-dependent surface tension [21],
the equilibrium condition for capillary coexistence in a cylindrical pore is
obtained as

d(AG) P ~ VYoo(R — 1)
aN ‘0‘/&, P ol R) = R Sy
_ (" > _ 2nys(R — 1)
_/Pg v d P + ¢(R, R) (R DR 1= %)+ o AR =T= )

(41)

where d(AG)/dN is the Gibbs free energy change per mole adsorbed, v, and
v; are the respective gas and liquid molar volumes at the saturation pres-
sure Py, y is the surface tension of the vapor—-condensate interface, o is the
adsorbate molecular diameter, R is the pore radius, and A = (3)"0y [135].
The potential field ¢(r, R) represents the net interaction of an adsorbate
molecule at radial coordinate r with the surrounding condensate and solid.
This field is given as the difference between the adsorbate—adsorbent and
the adsorbate—adsorbate potentials, and it is represented using the 9-3 po-
tential for an adsorbate confined within a cylindrical pore of a structureless
Lennard—-Jones solid. The adsorbed layer thickness # can be determined for a
given pore radius and potential field by solving the equality given by Eq. (41).
The capillary coexistence curve can then be constructed by calculating the
condensation pressure P, from Eq. (41) using the known values of film thick-
ness and pore radius. This method was shown to give good agreement with
the capillary coexistence curve and pore criticality predicted by DFT for
adsorption of nitrogen [135-137] and other probe gases [136] on MCM-41
materials. The method also qualitatively predicts some wetting features of
the isotherm below the capillary condensation pressure [135, 136].
Another suggested MK method incorporates an improved model of the
statistical adsorbed film thickness into Eq. (40) [138, 139]. In this approach,
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the film thickness ¢ is calculated using a modified BET equation to account
for molecular layering in pores of finite dimension, with the BET shape pa-
rameter calculated from the heat of adsorption of the adsorbate molecule in
the micropore. The modified BET equation is also used to represent the
amount adsorbed below the capillary condensation pressure, as shown in
the model isotherms in Fig. 20a. The MK-BET method is computationally
efficient, and as shown in Fig. 20b, it yields a nitrogen pore filling correla-
tion that is in good agreement with DFT results [138, 139]. The MK-BET
method assumes that the surface tension and molar volume of the confined
fluid do not depend on the pore size. Although there is no physical justifi-
cation in support of this assumption, the empirical combination of Eq. (40)
with a modified BET model for the film thickness gives a surprisingly accu-
rate pore filling correlation for the case of subcritical nitrogen adsorption in
slit-shaped carbon pores.

IV. Conclusions

At the present time, the pore filling models that are most frequently
used to interpret pore structure from gas adsorption measurements are
those based upon simple geometric pore models: density functional the-
ory, the Horvath-Kawazoe method, and variations of the Kelvin equation.
It should be recognized that these models are all limited by similar assump-
tions regarding the pore shape, the chemical homogeneity of the adsorbent
surface, and the neglect of pore connectivity. Among the computationally
efficient adsorption models that assume a simple pore geometry, DFT is the
best model for the determination of the adsorbent pore size distribution
[140]. Validation against molecular simulation results has established that
DFT provides a realistic model of pore filling for chemically homogeneous
porous solids that have simple pore geometries. Molecular simulation meth-
ods such as GCMC and GEMC can also be directly employed in simple
geometric pore models for PSD characterization, but the molecular simu-
lation approach is considerably more computer-intensive than the analytic
pore filling models (i.e., HK, Kelvin equation) or DFT.

DFT and molecular simulation adsorption models give good results over a
wide range of temperatures, both subcritical and supercritical, and over the
full range of pressures sampled in the experimental adsorption isotherm.
The DFT and molecular simulation methods may be used for PSD anal-
ysis in both the micropore and the mesopore size range. In contrast, the
Kelvin and HK pore filling models are computationally convenient but are
more limited in their range of application, although recent modifications
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of these methods have significantly extended their capabilities. For microp-
orous solids, it is particularly important that the adsorption model includes
the effects of gas—solid interactions in the calculation of the theoretical
isotherms. This is best accomplished using DFT or a molecular simulation
technique.

The accuracy and realism of the pore filling model are the principal consid-
eration in obtaining the correct PSD from inversion of Eq. (14). It should be
noted, however, that experimental and numerical considerations also factor
into the range and accuracy of the calculated PSD results. Using commer-
cially available gas porosimeters, for example, one can measure the experi-
mental isotherm of the adsorbent to a minimum pressure of approximately
10~% atm. For microporous carbon adsorbents with slit-shaped pores, theo-
retical results indicate that nitrogen condensation at 77 K occurs at pressures
below 10~° atm in pores narrower than 9 A (Fig. 11). Thus, conventional ni-
trogen porosimetry cannot access the ultramicropore size distribution and
the PSDs of materials such as molecular sieve carbons must be determined
by other methods, e.g., size exclusion porosimetry. Another potential source
of uncertainty in the PSD result, as noted in Section III, is the extent to
which regularization is applied for the inversion of the ill-posed integral of
Eq. (14). There is presently no consensus on the form of the regularization
constraint that should be used in obtaining the PSD, nor is there an estab-
lished procedure for selecting the proper value of the smoothing parameter
that appears in the objective function. It is important to recognize that reg-
ularization can have a profound effect on the shape of the computed pore
size distribution and that highly dissimilar PSD results can be obtained from
the same experimental isotherm and the same theoretical adsorption model
if different regularization techniques are applied.

Although DFT is computationally more efficient than molecular simula-
tion for simple geometric pore models, molecular simulation methods will
become progressively more desirable for carrying out pore structure analysis
as computer hardware capabilities steadily improve. Molecular simulation
has the advantage that it can be readily applied to more complicated adsor-
bate molecules, and particularly to more complex pore topologies such as
the disordered porous model structures described in Section II. This is not
the case for DFT. The use of molecular simulation is particularly attractive
for developing realistic disordered model porous structures by mimicking the
processing of adsorbent materials, as discussed in Section II.A for quench
MD simulation of controlled pore glasses. This simulation method has the ad-
vantage that it gives a unique pore structure. However, a different simulation
approach is required for each new class of materials. Another application
of molecular simulation that shows great promise is to use reverse Monte
Carlo sampling to generate model amorphous microstructures that are in
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statistical agreement with adsorbent structural data obtained from scatter-
ing experiments. The RMC method described for microporous carbons in
Section II.B can be applied to other types of materials, but in general it does
not yield a unique structure for the porous solid. How important this feature
of nonuniqueness is for pore structure characterization and for prediction
of adsorption properties remains to be determined.

It may be possible to alleviate the nonuniqueness problem by using more
than one experimental probe technique in the pore structure analysis. Some
preliminary work (e.g., Fig. 14) has shown that structure factor measurements
from X-ray or neutron diffraction can be effectively combined with sorp-
tion porosimetry and/or adsorption calorimetry measurements to character-
ize semiamorphous porous solids. Sophisticated molecular modeling meth-
ods for disordered porous solids are still in an early stage of development
and are highly computer-intensive. However, with further improvements
in both computing speeds and modeling algorithms, a new set of power-
ful simulation-based characterization methods for amorphous materials may
be expected in the next decade. These simulated model structures offer the
tangible prospect of incorporating important features such as pore connec-
tivity, pore shape variations, and surface chemical heterogeneity directly into
the adsorbent characterization procedure.
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