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Diffusion and reaction within porous media involving condensable vapors are impor-
tant processes in catalysis, fuel cells, and membrane separations. In this work, 3-D maps
of the spatial variation of porosity, pore size and network tortuosity within a porous solid,
derived from magnetic resonance images, have been used to construct a structural model
for a mesoporous catalyst pellet. Simulations of the kinetic uptake, adsorption and
capillary condensation of butane vapor within the porous solid, conducted on the
structural model, have successfully predicted experimental measurements of the effects of
the onset of capillary condensation on mass transfer rates without the need of the various
adjustable parameters prevalent in other models. These findings suggest that accurate
mathematical models for both the complex void space of the porous medium, and the mass
transport processes taking place within it, have been successfully developed. © 2006
American Institute of Chemical Engineers AIChE J, 52: 3278-3289, 2006
Keywords: porous media, condensable vapor, MRI, mass transport, network model

Introduction

Coupled diffusion and reaction within porous media involv-
ing condensable vapors are key physical processes for a num-
ber of technological systems. Membranes are used to separate
condensable from noncondensable vapors.! Capillary conden-
sation has been found to accompany heterogeneously catalyzed
Fischer-Tropsch? reactions, and also industrial hydrotreatment
reactions for sulfur or nitrogen removal.3# Condensation within
the smaller pores of hydrotreating catalysts has been shown to
accelerate coking of the catalyst surface, due to reactions
between oxygen from the catalyst and hydrocarbons in the
condensate.>* The condensation of water within the pores of
the cathode side catalyst in PEM fuel cells significantly affects
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the performance of the fuel cell because it inhibits the access of
oxygen.> Capillary condensation of water within the pores of
building mortars also affects the rate of carbonation by atmo-
spheric carbon dioxide, and, thus, hardening. Hence, in many
systems it is necessary to have a firm understanding of mass
transport rates in systems with condensable vapors.

The mathematical modeling of mass transport and reaction
accompanied by capillary condensation within porous media
has generally made use of pore-bond network models to rep-
resent the structure of the void space. Pore-bond networks
allow much of the structural complexity of the void space to be
incorporated into a model, while still retaining mathematical
tractability. In these models, pore sizes, taken from a measured
probability density function, are generally assigned to lattice
bonds completely at random. In a series of articles, Stubos,
Kikkinides and coworkers'-¢-# studied the permeability of con-
densable vapors in mesoporous materials using network mod-
els. Simulations of adsorption, capillary condensation and mass
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transport were used to determine the effects of material struc-
tural parameters and other relevant factors (relative pressure,
temperature, and so on.) on vapor permeability. Rajniak and
Yang® used a Bethe network to represent the porous medium
and the effective medium approximation to predict the concen-
tration dependence of the effective diffusivity of a condensable
vapor in silica and alumina materials. Wood et al.># conducted
simulations on random pore bond networks of coupled diffu-
sion and reaction processes in hydrotreating catalysts in order
to study the effects of network topology (regular vs. random)
and pore-structure parameters (mean pore size, standard devi-
ation in pore size, and network connectivity) upon the catalyst
effectiveness factor. More recently, potentially more realistic
structural models of porous media have been used. Electron
microscopy studies!® have shown that the structures of many
porous materials, such as silicas, consist of packings of
spheres. Sasloglou et al.'' have used a realistic random sphere
pack model for a compact of microspheres to predict relative
permeability curves. However, network models remain very
useful, since they can provide explicit analytical expressions of
the complex permeability functions, based only on the connec-
tivity and pore-size distribution'2. Even if a more accurate
representation of a pore structure is achieved, such as using a
statistical reconstruction method,' the next step is often to
develop a simpler network model, based on the underlying pore
connectivity and pore-size distributions, for which sorption and
transport calculations are more mathematically tractable.

In order to use pore bond network models to make a priori
predictions of a physical process it is necessary to incorporate
key descriptors, such as the correct network connectivity of the
porous material, prior to simulations. The commonly available
methods described in the literature using gas sorption'* or
mercury porosimetry!> to measure the network connectivity of
a porous material almost exclusively assume a completely
random pore-bond network. However, imaging studies using
microfocus X-ray (MFX)'® and magnetic resonance imaging
(MRI)!7-1 have shown that many mesoporous materials pos-
sess macroscopic (~0.01-10 mm) heterogeneities in the spatial
distribution of local average porosity (voidage fraction) and
pore size. These heterogeneties have been shown to influence
both steady-state and transient, liquid-phase, molecular diffu-
sion,'”-1 and the pattern of coke deposition during deactivation
of heterogeneous catalysts?°. Hence, a completely random
pore-bond network model for amorphous, porous catalyst and
absorbent pellets may be a considerable oversimplification of
these highly complex void space structures. It is noted that
experimental measurements of tortuosity, made using MRI and
PGSE NMR,!8.1921 for various silica and alumina materials
observed to possess macroscopic heterogeneities are signifi-
cantly lower than would be predicted from random pore bond
networks,?? and pore-size distribution parameters and connec-
tivities determined by gas sorption'# or mercury porosimetry.'s
In more recent work??® some researchers have attempted to
match nitrogen desorption isotherms for silica particles with
simulated isotherms for pore-bond network models with vari-
able lattice size, connectivity and spatial distribution of pore
size. From this procedure, possible values of lattice size and
connectivity, and potential spatial arrangements of pore sizes,
were obtained. However, no attempt was made in this work?? to
determine whether the proposed solution was unique. No sen-
sitivity study was carried out to determine all of the possible
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combinations of the three aforementioned properties of the
model that would satisfy the experimental data. Since the
approach is indirect, it is quite possible that a large number of
alternative combinations of characteristic parameters might be
found that also fitted the relatively limited experimental data
from primary nitrogen desorption isotherms. However, for
many catalyst support and absorbent materials, it is possible to
use MRI, in conjunction with relaxation time and diffusion
contrast techniques, to directly obtain complete 3-D maps of
the spatial variation in local average porosity, pore size and
tortuosity (related to pore interconnectivity) within typical pel-
lets.

Recent work?#2¢ has shown that in some materials the het-
erogeneities in the spatial distribution of pore size observed in
MR images are not simply due to weak pore-size correlations,
resulting in just variations in local averages, but are, in fact,
due to very strong correlations in actual pore sizes. The pore
structures of many types of mesoporous catalyst support con-
sist of a 3-D “patchwork”of large-scale (~0.01-1 mm) do-
mains. Individual pores within one domain have very similar
sizes, but which are significantly different to pores in other
domains. Mercury porosimetry experiments have been con-
ducted?” on micromodels, consisting of pore networks etched
in glass where isolated, extended domains of larger pores occur
within a continuous network of smaller pores. These experi-
ments have suggested that residual mercury entrapment in this
type of system arises from the “snap-off” phenomenon, where
the continuity of the mercury mensicus is broken, occurring at
the boundaries of larger scale heterogeneities in the spatial
distribution of pore size. For some amorphous, catalyst support
materials it has been found that the mercury entrapment that
arises for whole pellet (~1-10 mm) samples does not occur for
fragmented samples (with particle sizes of ~10-100 uwm)?*. In
such materials transparent to visible light, microscopy?® has
revealed that the entrapped mercury is confined to particular
macroscopic domains that are completely surrounded by clear
regions with no entrapped mercury, rather than being homo-
geneously distributed across the whole pellet, as might be
expected for a completely random structure. Integrated gas
sorption experiments demonstrated?® that the entrapped mer-
cury was confined solely to the largest pores in the material.
Hence, in the light of the glass micromodel experiments de-
scribed earlier, it was concluded that the pore structure of the
catalyst support pellets consisted of macroscopic domains with
segregated pore sizes. Therefore, for these types of materials,
MRI is able to directly provide a map of the spatial distribution
of particular pore sizes.

In previous work,?® a model for the pore structure of the
sol-gel silica material also studied in this work was constructed
using MR spin density and spin-spin relaxation time (73)
weighted images. Simulations of mercury intrusion and extru-
sion on the model were found to accurately predict the point of
onset of structural hysteresis and the level of residual mercury
entrapped at the end of the experiment. The model assumed
that the mass transport processes in porosimetry were domi-
nated by the macroscopic (~0.01-10 mm) scale structural
heterogeneity evident in the MR images. These findings vali-
dated the structural model and the mechanisms of mercury
intrusion, extrusion and entrapment used in the simulations,
and, thereby, confirmed the nature and importance of the mac-
roscopic structural heterogeneities.
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It is the purpose of the work described here to use MRI to
construct a more physically representative structural model of
amorphous, mesoporous catalyst support pellets than is possi-
ble with a random pore-bond network and indirect character-
ization techniques. This model will be used to obtain a priori
predictions of the uptake of condensable vapors in the capillary
condensation regime without the need for adjustable parame-
ters, such as pore connectivity. In addition, the accurate pre-
dictions emerging from a model encourage the belief that a
physically realistic mathematical description of the processes
taking place has been obtained.

Theory
Construction of structural models

The structural models used in this work are constructed
directly from '"H NMR images of pellets fully imbibed with
water. NMR imaging using a spin-spin relaxation time contrast
preconditioning sequence produces a spin density map and a
spin-spin relaxation time map. The pixel intensity in a spin
density map is directly proportional to the number of relevant
nuclei within the probe water molecules contained in the pixel
volume, and, thus, is also proportional to the porosity in that
pixel volume. The value of 7, in each of the pixels of the image
may be converted to a pore surface area to volume ratio by the
adoption of a relaxation model. For a liquid imbibed in a pore
space the relaxation rate is enhanced. This is due to the inter-
actions between the thin layer of liquid at the interface with the
solid matrix increasing the relaxation rate. There is also diffu-
sional exchange between the surface-affected layer and the
remainder (bulk) of the liquid in the rest of the pore. In the
case, as here, where the pores are several orders of magnitude
smaller than the rms displacement of the probe water molecules
during the course of the experiment, the “two-fraction fast
exchange” model of Brownstein and Tarr?® can be used. The
measured value of 7, is given by

1 1 1
7= = A0 o +ASy ()

where the subscripts S and B refer to the surface layer and bulk
fluid, respectively, A is the thickness of the surface affected
layer, and Sy, is the pore surface area to volume ratio. In general
T,5 > T,s and, thus, Sy, is given, approximately, by

Sy = AT, ()

and where S, would be equal to 2/r for a cylindrical pore of
radius r. Hence, T, is proportional to characteristic pore size.

The value of the relaxation parameter A/T,s was calibrated
using independent measurements of the specific surface area
and specific pore volume of the material. The overall average
value of T, for the material under study was obtained from 3-D
T, maps of several pellets taken from the same batch. The
specific surface area was obtained by fitting the fractal BET
equation to data for butane adsorption on the sample, as this
method has been shown to give accurate values in previous
work.3® The specific pore volume was obtained by averaging
the data for several samples from the same batch obtained
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using helium-mercury pycnometry. The value of A/T,g was
then calculated using Eq. 2. The spin density for a given pellet
was calibrated using the value of the voidage fraction obtained
using helium-mercury pycnometry. Hence, the individual val-
ues of T, and voidage fraction could be calculated for each
pixel in an image.

A map of liquid self-diffusivities within a pellet for the same
pixel locations as with the 7, images was obtained by precon-
ditioning the spins with a stimulated pulsed-gradient spin-echo
(PGSE) pulse sequence. To obtain the image, the signal inten-
sity § from a pixel i is fitted to the following expression
appropriate to the PGSE preconditioning sequence

S(i, 8) « exp[—D(i)y*g*&(A — &/3)], 3)

where D(i) is the value of diffusivity assigned to pixel i, y is the
gyromagnetic ratio, g is the pulsed gradient strength in G.cm ™',
d is the duration of the pulsed gradient, and A is the diffusion
time. The value of diffusivity measured by PGSE NMR is
equal to D /7, where D, is the free molecular self-diffusivity of
the probe fluid (water) and 7 is the pore space tortuosity over

the length-scale probed during the experiment.!'8

Characterization of the spatial geometric arrangement of
a model structure

The T, maps obtained using MRI have been analyzed using
the fluctuation auto-correlation function C(s), which measures
the degree of correlation between f{x,) values at successive
data points. Explicitly, defining df, as

6fn :f(xn) - <f> (4)
then
<6fn8fn+:>
C(s) = RO (5)

where the averages denoted by the brackets ( ) are over the data
set { x,,}. In the context of the images f{x,,) is the characteristic
T, value in image pixel x,. For Eq. 5 successive annular shells
at a distance s from each pixel are considered for each pixel in
turn. The characteristic values of this function are the value of
C(s=1) and the value of s when C(s)=0. The first value
characterizes the degree of correlation, while the second value
is known as the correlation length (&), and characterizes the
linear extent of that correlation.

Mass transport within the structural model

In the capillary condensation regime of the adsorption iso-
therm the condensable component could be potentially present
in one of three phases. In pores within which capillary con-
densation is yet to occur, and due to the low-mean pressures,
mass flux potentially occurs both via the gas-phase component
in the free-pore space by Knudsen regime diffusion, and via the
adsorbed molecules moving along the pore wall surface. In
pores in which capillary condensation has taken place, viscous
flow of the condensate can occur.

Zalc et al.?! have shown, using tracer diffusion simulations
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within random packing pore structures, that tortuosity factors
are independent of diffusion mechanism when an equivalent
Knudsen diffusivity is defined in a particular way. Their ap-
proach was based on that of Derjagin3?, as later extended by
Levitz*, and leads to an expression for Knudsen diffusivity
that captures the statistics of the length-scale distribution, as
well as the nature of the redirecting collisions

] (5
D= <zp><v>[2<,p>2 - B} (©)

<l,> is the number averaged path length, and is estimated,
from simple geometric arguments, to be

_ 4e
{1,y = s, (N

where ¢ is the voidage fraction. Zalc et al.3! suggest that the
ratio <I7>/2<[,>7 has a value not significantly different to
unity for any void fraction. In addition, Zalc et al.?! showed
that the correction term [, related to the statistics of tracer
redirections, is generally very similar to the Deraguin3? limiting
value of 0.3077 over a wide range of voidage fractions. <v>
is the gas mean molecular velocity given by

8 RT 0.5
(v) = (; ﬁ) , ®)

where M is the relative atomic mass, R is the gas constant, and
T is the absolute temperature. The local values of the param-
eters required to estimate the value of </,> for a particular
region of the void space of a catalyst pellet may be obtained
from the equivalent pixels in MRI spin density (which probe
voidage fraction) and 7, (which probe S,) maps. Hence, for a
given region of pore space, the local Knudsen diffusivity can
be estimated. Where changes occur in the values of voidage
fraction, and S, due to surface adsorbed phase this can be taken
into account in Eq. 6, if the thickness of the adsorbed layer is
known (for example, calculated from an isotherm).

In addition to Knudsen diffusion in the void space, mass
transport in pores in which adsorption, but not capillary con-
densation, has occurred can also potentially occur by surface
diffusion. In the formulation suggested by Kainourgiakis et
al.”, developed in terms of spreading pressure and a constant
surface flow resistance coefficient Cg, the mass flow rate is
given by:

2mrx*RT AP,
ST pcar T ©
mv R

where P, is the mean pressure in a pore bond, A is the specific
surface area of the medium, x represents the amount of fluid
sorbed per unit mass of solid, AP, is the change in gas pressure
down a pore, / is the length of a pore bond, and r is the radius
of the pore. It will be shown below that the surface diffusion
mechanism is not important in the particular adsorbate-adsor-
bent system studied here.

Following multilayer adsorption on the pore wall, capillary
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condensation occurs at high enough pressures, as determined
by the modified form of the Kelvin equation:

P
— = exp[ (10)

leT(r - tm)

ocos 6 ]
P() ’

where P, is the saturation pressure, o is the surface tension, 6
is the contact angle, and ¢,, is the thickness of the multilayer
film. In pores in which capillary condensation has occurred the
viscous condensate flux is assumed to obey Poiseuille’s equa-
tion recast in terms of gas pressure and modified to include an
enhancement factor (p,RT/MP,,) , which is physically attributed
to capillary pressure gradients.” An additional driving force
occurs due to the difference in the curvatures of the menisci
that are formed between nodes and pore bonds filled with
condensate. This capillary action is gradually diminished as the
mean pressure increases for a given bond because the menisci
begin to flatten as the pressure is raised above the particular
Kelvin equilibrium condition. This particular effect is taken
into account by multiplying the enhancement factor by the term
(r — t,)%/r%, as suggested by Lee and Hwang34, such that the
constant of proportionality D, between the mass-transfer flux
down an individual pore (in mol.m~2s~ '), and the gas-phase
concentration gradient down the pore is then given by

r? (r —t,)* pRT| RT
o Py o (an

D_sTh 2 MP,| M~

¢

where 7, is the viscosity of the liquid condensate, and D, has
the same units as diffusivity.

Equations 6 and 11 give the “conductance” of a particular
pore bond under different conditions. The values of these
conductances may then be used in the appropriate set of Kir-
choff equations to solve for the overall conductance of the
pore-bond network. Alternatively, for mass transport within a
porous medium an effective conductance (diffusivity) D, may
be defined®' to allow for the restricted cross-sectional area
available for mass transport, and the longer and less direct
connecting paths, imposed by obstacles (that is, solid phase)
within porous solids relative to that for a reference conductance
(diffusivity), D,, such that

D,=—. 12)

For example, in a region of void space where pores only have
multilayer adsorption and no surface transport D, would be
given by Eq. 6. Whereas, in a region of pore space where
capillary condensation had occurred, D, would be given by Eq.
11. The tortuosity factor is supposed?' to be solely a function of
the geometry of a particular region of void space, and thus
independent of mass-transport mechanism (Knudsen diffusion
or capillary flow). As mentioned previously, Zalc et al*'. have
shown that tortuosity factors are independent of diffusion
mechanism when an equivalent Knudsen diffusivity is defined
in the correct way. As also described earlier, the specific
tortuosity factor for a particular region of void space can be
obtained using MRI preconditioned with a PGSE NMR pulse
sequence. The voidage fraction in Eq. 12 can be obtained from
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the MRI spin density map. Hence, once the state of the con-
densable vapor in a particular region of void space is known,
the effective conductance (diffusivity) for that region can then
be calculated using the values of &, S, and 7 obtained for the
corresponding pixel (voxel) in the MRI spin density, 7, and
PGSE maps, respectively, of these parameters.

To a first approximation, a macroscopically heterogeneous
porous medium, in which all of the pores in some isolated
regions have filled with capillary condensate, can be consid-
ered as a two-phase system. One phase corresponds to those
regions of the sample in which capillary condensation has
occurred, and the other corresponds to those regions where
pores are yet to be filled with condensate. Maxwell (cited in
Crank?®) showed that in a two (diffusion) phase system con-
sisting of a suspension of spheres of one phase a, so sparsely
distributed in a continuum of the second phase b, such that any
interaction between them is negligible, the effective-diffusion
coefficient of the composite medium D,,, can be written in the
form

Dw_Db Da_Db
D, +2D, "“D,+ 2D,

13)

where v, is the volume fraction of the dispersed phase. The
coefficient D,, is the diffusion coefficient of a hypothetical
homogeneous medium exhibiting the same steady-state behav-
ior as the two-phase composite.

When diffusion within a porous solid is accompanied by
adsorption, a simple mass balance shows that the usual diffu-
sion equation (here for a sphere) must be modified® to allow
for this

aC D 9’C  29C
, (14)

_— 7_1’_77
ot (H+1)|ar* r or

where H is the constant of proportionality between the concen-
trations of the adsorbed phase and the freely diffusing phase. If
there is a linear relationship between the concentrations of the
surface adsorbed phase and the freely diffusing phase then
solutions of the diffusion with adsorption problem, for given
initial and boundary conditions, are the same as for the corre-
sponding problem in simple diffusion except that the modified-
diffusion coefficient D/(H+ 1) is used. From standard results3>
involving diffusion within a sphere, following a step increase
in external concentration, the total amount of diffusing sub-
stance entering the sphere in time 7 is given by

M(1) 6 « (1

n2

where M(%) is the equilibrium uptake, D is the (constant)
effective diffusion coefficient, and a is the sphere radius. In
addition, at later times, (strictly) when the fraction of the mass
uptake is > 0.5, Eq 5 can be approximated by the so-called
linear driving force (LDF) model and uptake data fitted to the
expression
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M(e) 1 k 16
Moy - LT exp(—ki). (16)
where k is a mass-transfer coefficient, equivalent to 15D/a? 36

The uptake method of measuring mass transfer is similar to that
used in some previous studies.’

Experimental

The material studied in this work is a batch of sol-gel silica
spheres, denoted G2, with a typical pellet diameter of ~3 mm,
and a nitrogen BET surface area of ~99 m”.g~'. The voidage
fraction and specific pore volume, obtained from helium-mer-
cury pycnometry, were 0.69 and 1.07 cc.g ', respectively.

MRI

Samples were prepared by impregnation with de-ionized
water under ambient conditions for 24 h. Previous work!” has
shown that this technique leads to complete pore filling. The
values of the specific pore volume obtained independently from
the ultimate intruded mercury volume and gravimetrically fol-
lowing water impregnation, have been found?® to be identical,
within experimental error. This finding suggests that mercury
and water probe the same void space features. MRI experi-
ments were carried out on a Bruker AVANCE NMR System
with a static field strength of 7.05 T, yielding a resonance
frequency of 300.05 MHz. All samples were placed within a 10
mm Birdcage coil. Spin-spin relaxation time (75), and spin-
density maps (which probe porosity) were acquired together
using the Bruker sequence “m_msme”, and employed 90° se-
lective and 180° nonselective pulses. A T, preconditioned
imaging sequence with an echo time of 7 ms was used. 3-D
images were acquired using the “m_se3d” sequence. The num-
ber of scans was typically 240. Data acquisition, initial data
transformation, two and three-dimensional data processing, and
workup was handled on an SGI O2 5000 workstation, running
the Paravision® suite of software (Bruker Analitische
Messtechnik Gmbh, Karlsruhe, Germany). The in-plane pixel
resolution was 40 wm, and the slice thickness was 250 wm. 3-D
spin-echo data was subsequently worked up using AMIRA
software. An examination of both simple spin echo and gradi-
ent reversal images gave identical results suggesting that im-
ages probe pore structure and not simply susceptibility effects.
Diffusion-weighted images were acquired using the Bruker
PGSE pre-conditioning sequence “m_diffuse”.

Butane sorption kinetics

Butane sorption experiments were performed on a Hiden
intelligent gravimetric analyzer (IGA). In order to obtain an
acceptable level of signal-to-noise ratio in the data, the sample
generally consisted of 3-4 pellets. The sample was loaded into
the IGA and the reactor chamber sealed tightly. The sample
was then evacuated to vacuum and heated to 250°C for 24 h.
Once completed, the reactor chamber was allowed to cool
down to room-temperature. A water jacket was placed around
the chamber, and the water bath was set to 0°C. Once the
temperature was set to 0°C, the isothermal analysis was per-
formed in the relative pressure region of 0.004 to 1.00 p/p,. The
experiment was all software-controlled, and once completed,
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Figure 1. T, images of perpendicular 2-D slices through
the center of a pellet from batch G2.

The pixel resolution is 40 wm and the slice thickness is 250
um. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

the data values of the adsorption, BET surface area and kinetic
data of adsorption were available for analysis. The density and
viscosity of liquid butane at 0 °C were taken as 601.863 kg.m™
and 0.21 X 107 N.s.m 2, respectively.

Results and Discussion
MR Image analysis

Figure 1 shows examples of two T,-contrasted images of
different slices through the center of a spherical pellet from
batch G2. The typical value of T, for a sample from batch G2
was ~27 ms. This batch was chosen because of its relatively
high value of 7, which allows a higher signal-to-noise ratio to
be achieved for a given number of scans. Separate images were
obtained of each of the slices in the stack from the top to the
bottom of an individual pellet sample taken from batch G2. The
individual T,-contrasted images of slices through pellets taken
from batch G2 were analyzed using the auto-correlation func-
tion. The variations of the values of C(s=1) and & with position
within the pellet, for images taken of different slices through a
sample of a typical pellet taken from batch G2, are shown in
Figure 2. It can be seen that the values of both parameters of the
correlation function peak within the central region of the pellet.
As shown in Figure 3, this is the result that would be expected
if the distribution of 7, through the pellet possessed some
spherical symmetry arising from a correlated structure. It is
supposed that the pellet consists of a structure where higher 7,
values, say, are more concentrated toward the center of the
sphere and decrease in concentration in weakly-defined bands
located progressively further from the center of the pellet. If a
2-D slice MR image were taken of this structure, such that the
plane of the image passed through the central zone of the pellet,
then, as shown in Figure 3, the image would slice through
several different bands and would detect the correlation in 7,
values. Hence, the correlation function would show a relatively
high-value of C(s) at shorter distances (corresponding to one
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Figure 2. Variation with position of the correlation length
(#) and degree of correlation (x) for T, maps of
parallel slices of a pellet from batch G2.

The central region of the pellet corresponds to slice 6.

pixel). However, if the plane of the 2-D MR image were taken
closer to the top (“pole”) of the pellet, then it would slice
through only one or two bands. The 7, values within one
particular band are envisaged to be closer together than those in
different bands, and, hence, the image taken nearer the top of
the image would be relatively more dominated by the (unavoid-
able) noise in the image. Hence, the correlation function would
be of a form closer to that expected for a completely random
arrangement of pixel intensities (a horizontal line along C(s) =
0). The experimental data shown in Figure 2 is consistent with
this scenario. Therefore, it is proposed that the structure of
pellets from batch G2 has some similarities to the type of
structure shown in Figure 3, and possesses some sort of spher-
ical symmetry. Hence, it is reasonable, in this case, to use a 2-D
model, constructed from a single central MR image, for the

Top Slice Central Slice

|
\ E @i a
et 0 o
P b e

am -

Dimmnce )
Figure 3. Expected variation of the form of the correla-
tion function with the position of the T, image
slice if the pellet possessed a spherically sym-
metric spatial distribution of T,.

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

DOI 10.1002/aic 3283



1.8
1.6 1
1.4
1.2 -
1.0

Reduced pixelT 2

0.8 1
0.6 1

04 1 1 ¥ J |
04 06 08 1.0 1.2 14 1.6

Reduced pixel spin density

Figure 4. Plot of the reduced spin density against the
corresponding value of reduced T, for the
same pixel location for all the pixels in a typical
set of spin density and T, images for a central
slice through a pellet from batch G2.

The parameters have been reduced by dividing by the relevant
mean value within the image.

structure of pellet G2. Figure 4 shows a plot of the value of
(reduced) T, against the corresponding value of (reduced) spin
density for each pixel location in a set of images of an equa-
torial plane of a pellet taken from batch G2. It can be seen that
there is a marked inverse correlation between spin density
(corresponding to porosity) and 7, (corresponding to pore
size). Hence, regions of void space containing larger pores tend
to have lower overall porosity (voidage fraction). The PGSE
NMR (diffusion) maps of pellets from batch G2 revealed no
statistically significant variability in tortuosity across the pellet
(not shown). The typical tortuosity in pellets from batch G2 is
1.65. This finding is consistent with nonspatially resolved
PGSE NMR studies?' which suggested the log-attenuation
plots were highly linear, and that the apparent diffusivity did
not change with variations in diffusion time, such that the
length-scales probed were 10-39 wum (that is, of the order of
the in-plane pixel resolution). Hence, it can be concluded that
there is no correlation between where capillary condensation is
likely to initially occur and tortuosity.

Modeling of butane adsorption kinetics

Figure 5 shows a typical set of sorption isotherms obtained
for butane on G2 at 0 °C. It can be seen that the initial part of
the adsorption isotherm is linear, but that it deviates signifi-
cantly from linearity at relative pressures exceeding ~0.75-
0.8. In this high-relative pressure region, where the adsorption
isotherm deviates from its initial linearity, the desorption iso-
therm exhibits hysteresis, whereas the hysteresis loop closes
when the desorption reaches the more linear part of the adsorp-
tion isotherm. The presence of hysteresis suggests that the
deviation from the initial linearity in the isotherm is associated
with the onset of capillary condensation. Thus, the initial linear
part of the isotherm corresponds to a Henry’s law-like region of
multilayer buildup. As stated earlier, it is the purpose of this
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work to predict how the onset of capillary condensation affects
mass transport in this system.

Butane adsorption isotherms, and associated uptake kinetics,
were obtained for a number of different samples taken from
batch G2 at 0 °C. The isotherms were analyzed, using a fractal
BET equation, to obtain the BET surface area, as described in
earlier work®, and the values are given in Table 1. The initial
linear part of the butane adsorption isotherms were fitted to a
straight line using regression analysis. An example of such a fit
for sample 1 from batch G2 is shown in Figure 6. The fitted
straight line was then extrapolated to the region of relative
pressure in which capillary condensation was also occurring in
order to deconvolve the fraction of the total amount of ad-
sorbed phase associated with just the multilayer film in that
region. The difference between the measured total uptake and
the extrapolated Henry’s law line was considered to correspond
to the amount of adsorbed phase present as condensate in the
core zones of pores where capillary condensation was occur-
ring. The (statistical) thickness of the multilayer film (known as
the #-layer), t,,, was obtained by dividing the volume of ad-
sorbed butane (considered as liquid phase at 0 °C) by the BET
surface area.

As mentioned previously, the structural model used to rep-
resent the pore structure of batch G2 was constructed from spin
density, T, and diffusion-weighted magnetic resonance images
of “equatorial” slices taken through pellets from batch G2.
Since, as demonstrated earlier, the pellets possess spherical
symmetry, and the correlation length is smaller than the pellet
size, then a single 2-D-slice model was considered sufficient to
represent the material. The model consisted of a grid of sites
which each corresponded to pixels in the images. Each indi-
vidual model site thus had its own particular values of spin
density, 75, and tortuosity associated with it. From the spin
density and T, values the voidage fraction and pore radius (for
an equivalent cylindrical pore) could be determined for each

1.8
1.6
1.4 4
1.2 4 ¢
1.0
0.8 1
0.6 1
0.4 1
0.2 1

Amount adsorbed/(mmol/g)

0.0 0.2 04 0.6 0.8 1.0
Relative pressure

Figure 5. Butane adsorption (CJ) and desorption (®) iso-
therms obtained at 0 °C on a sample from
batch G2.

The straight line shown is a linear regression fit to the initial
part of the isotherm. The lower desorption points following
closure of the hysteresis loop have been omitted for clarity.
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Table 1. Comparison of Experimental Measurements and Theoretical Predictions of the Mass-Transfer Coefficients for
Butane in Various Samples from Batch G2

Relative Pressure

Predicted Ratio

Predicted Ratio

of Predicted of Mass- of Mass-

Relative Pressure Point in Transfer Transfer Experimentally
of Reference Capillary Coefficients, Coefficients, Measured Ratio of

BET Surface Area/ Point Used in Condensation Excluding Including Mass-Transfer

Sample (m?- g Multilayer Region Region Capillary Flow Capillary Flow Coefficients

1 181.3 0.773 0.918 0.1466 = 0.0002  0.1718 = 0.0002 0.173 = 0.004

0.942 0.0714 £0.0002  0.0970 = 0.0002 0.097 = 0.002

2 157.7 0.773 0.918 0.0894 = 0.0002  0.1103 = 0.0002 0.133 = 0.001

3 182.7 0.749 0918 0.1308 = 0.0002  0.1488 = 0.0002 0.144 = 0.001
0.942 0.0647 = 0.0002  0.0828 = 0.0002 0.08375 = 0.00001

The quoted errors are one standard error.

site, as described earlier. It was also considered that the total
spin density in the model corresponded to the specific volume
of the whole sample of real material, and that the total pore
surface area in the model corresponded to the BET surface area
of the real material. Hence, representative portions of the
specific volume and specific surface area could be allocated to
each individual model site. From these values the pore volume
in a given model site occupied by the multilayer film at any
point in the isotherm could then be determined. For isotherm
points within the capillary condensation region the model sites
considered full of capillary condensate at that pressure could
also be determined. The algorithm to do this is as follows. The
model sites were listed in order of increasing 7, (and, thus,
characteristic pore size). Model sites were then progressively
filled up with capillary condensate (starting with the smallest
pore sizes) until the sum of pore-core volumes in the com-
pletely filled model sites (that is, excluding the contribution
from the multilayer film) equalled the total volume of core
condensed phase determined from the difference between the
experimental adsorption isotherm and the fitted Henry’s law

0.0018
0.0016
0.0014
0.0012 A

0.001 1
0.0008

0.0006 -

Amount adsorbed/(mol/g)

0.0004

0.0002 4

0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure

Figure 6. Butane adsorption (H) isotherm obtained at 0
°C on sample 1 (Table 1) from batch G2.

Also shown are a fit of points for relative pressures up to 0.75 to
Henry’s Law (y = 8.199 X 10~ *x, R = 0.9973), and a 6" order
polynomial fit (y = 93.21x° — 459.9¢° + 945.8x* — 1038x° +
640.3° — 210.8x + 28.91, R> = 1.000) to points with relative
pressures above 0.75.
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line. An example of a typical visualisation map of the predicted
spatial distribution of condensed phase is shown in Figure 7. It
can be seen that the pixels predicted to contain pores filled with
capillary condensate are typically isolated, or in very small
groups. It was, thus, concluded that it is reasonable to use the
Maxwell model (Eq. 13) in order to predict overall diffusivity
for low levels of capillary condensation.

Preliminary finite difference calculations suggested that, in
the purely Knudsen diffusion regime, the additional tortuosity
introduced by the hetereogeneity in the spatial distribution of
porosity and pore size was negligible in comparison to the
effects of capillary condensation. Hence, in subsequent diffu-
sion simulations, the regions of the pellet in which capillary
condensation does not arise will be considered as a single
diffusional phase. For a given pressure point in the isotherm,
the Knudsen diffusivity for each site in the model was calcu-
lated using Eqs. 6 and 7. For isotherm points in the capillary
condensation region, in the model sites in which capillary
condensation was predicted to occur, the capillary flow param-
eter was calculated using Eq 11. The apparent effective diffu-
sivity for these regions was then calculated using Eq. 12. For a
particular pressure point in the capillary condensation region of

Figure 7. Visualization of the simulated spatial distribu-
tion of condensed phase (white) within the
equatorial plane of a spherical sol-gel silica G2
pellet from sample 1 during butane adsorption
at a relative pressure of 0.942.

The pellet is ~3 mm in diameter.
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Figure 8. Mass uptake curve (+) for pressure step from
relative pressure of 0.918 to 0.941 from the
butane adsorption experiment on sample 3
from batch G2.

The solid line shown is a fit of the LDF model to the exper-
imental data for M(t)/M(ec) = 0.816.

the isotherm, the overall apparent diffusivity in the pellet was
then calculated as follows. The first model sites filling with
capillary condensate up to the first isotherm pressure point
showing a deviation from initial linearity were considered
one-diffusional phase. The model sites that were not to contain
any capillary condensate, even up to the particular higher-
pressure point being considered, were taken as the second-
diffusional phase. The diffusivity in the second phase was
taken as the arithmetic mean of the effective diffusivities for
each model site calculated using Egs. 6, 7 and 12. The volume
fraction for the first phase was calculated taking the total
number of sites as the sum of the number of sites filled in the
first pressure step deviating from the Henry’s law line, and all
sites that were not filled with capillary condensate up to the
ultimate pressure being considered. The overall diffusivity for
the first subset of sites was then calculated using Eq. 13. This
entire first subset of sites was, thus, then considered as the
continuum -diffusion phase in the calculation corresponding to
the next highest pressure point. Model sites that were filled
with condensate between the first and second capillary conden-
sation region pressure-points were then considered as the sec-
ond dispersed phase. The overall diffusivity for the second
subset of model sites was then calculated using Eq. 13, and this
subset then became the continuum for the next pressure-point
calculation. This procedure was repeated until the final pres-
sure point being considered was reached. Using this procedure
the effect of pore-size variation on the capillary flow rate can
be taken into account.

The final prediction for the observed diffusivity at a partic-
ular capillary condensation region pressure point was then
obtained by dividing the diffusivity, calculated as earlier from
Eq. 13, by the slope of the isotherm at that point plus one, as
in Eq. 14. The slope of the isotherm at a particular point was
obtained by fitting intervals of the raw isotherm data to sixth-
order polynomials, and then differentiating the fitted equation
to obtain an expression for the variation of slope with pressure.
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An example of such a fit is shown in Figure 6. In order to
clearly demonstrate the effects of capillary condensation on
mass transport the model predictions for the ratio of the diffu-
sivities at particular upper points in the capillary condensation
region to that of an uppermost pressure point in the multilayer
region were obtained. These predictions are shown in Table 1.
Since samples for kinetics experiments typically consist of ~3
pellets, while individual pellets are imaged using MRI, the
predicted ratios of the mass-transfer coefficients given in Table
1, are sample means for the separate predictions made using
several images of different pellets from batch G2.

Comparison of model predictions with experiment

The predictions of the changes in mass transport rates fol-
lowing the onset of capillary condensation have been compared
with experimental measurements for butane on G2. The equi-
librium adsorption isotherms described above were obtained by
making small, stepwise increases in the external pressure of
adsorbate, and observing the temporal variation in mass uptake
into the sample until equilibrium was reached at each stage.
These kinetic data can be used to determine the variation of the
mass-transport coefficients with adsorbate uptake. Figure 8
shows an example of a typical uptake curve for a pressure point
on a butane adsorption isotherm. The data from the uptake
curves was fitted to the two-parameter (M(e) and k) LDF
model (Eq. 16). It was checked that each isotherm data point
had reached equilibrium by ensuring the value of the fitted
parameter M(%) from the LDF model agreed with the mass
uptake values in the final plateau of the uptake curves. In
general, as in Figure 8, when the parameters of the LDF model
are derived from the upper part of the uptake curve, it still gives
rise to a reasonable fit to the lower part of the curve.

Figure 9 shows the variation of the mass-transport coeffi-
cient (MTC), obtained from fitting the LDF model, with
amount adsorbed for pressure points in the upper part of the
Henry’s law region of the typical butane adsorption isotherm
for a sample from batch G2 shown in Figure 6. It can be seen
that the MTC declines almost linearly with amount adsorbed.
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0.012 T T T

0.56 0.58 0.60 0.62 0.64
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Mass transfer coefficient/s

Figure 9. Variation of LDF mass-transfer coefficients
with amount adsorbed for uppermost points of
Henry’s law (multilayer) region of the butane
isotherm for sample 1 from batch G2 shown in
Figure 6.
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Table 2. Variation with Fitted Data Range of the Mass-
Transfer Coefficient Obtained from the LDF Model for the
Raw Adsorption Uptake Data Shown in Figure 8

Fitted Range Mass Transfer

of M(t)/M(x) Coefficient, k/min~!
0.583-1 0.094804
0.700-1 0.093978
0.817-1 0.093433
0.933-1 0.093448

This decrease is what would be expected if mass transport is
generally occurring via the Knudsen diffusion mechanism, as
the core void volume in the pores decreases due to increased
multilayer buildup with rising pressure. However, from Eq. 9,
it is the opposite trend to what would be expected if surface
diffusion was the predominant, or even a significant, contribu-
tion to mass transport. Hence, it is suggested that, prior to
capillary condensation, mass transport of butane occurs by
Knudsen-pore diffusion.

The LDF model was fitted to uptake curves for all pressure
points in the isotherm, including the capillary condensation
region of the isotherms. Normally, as many data points as
possible are used in the fitting procedure to reduce random
error, but, in the case of the capillary condensation region, the
limit in the value of the mass-transfer coefficient, as the mass
uptake tended to equilibrium, was obtained. This was to alle-
viate potential sources of systematic error (described later) that
are significant in the capillary condensation region. An exam-
ple, for the pressure uptake step shown in Figure 8, is given in
Table 2. From Table 2, it can be seen that, while the value of
k is relatively insensitive to the fitted data range, it does tend to
a limit as M(e) becomes greater than ~0.8. It was supposed
this was because this upper region mostly closely corresponds
to what had been predicted above with the model. First, the
value of H determined from the differentiation of the polyno-
mial fit to the upper part of the isotherm strictly only applies at
a particular pressure point. Thus, the assumption of a linear
relationship between the concentrations of the adsorbate in the
gas phase and adsorbed phase only applies over a limited
pressure range for the curved upper part of the isotherm.
Ideally, an isotherm would be acquired using very tiny pressure
steps over which the assumption of linearity would be most
accurate, but in order to improve the signal-to-noise ratio in the
data larger pressure steps are actually used. However, if only
the upper part of the kinetic uptake curve is fitted to the LDF,
then the value of H corresponding to the upper part of the
pressure step is appropriate to use in making mass-transport
predictions. Second, Eq. 13 was, strictly, derived for steady-
state diffusion within a two-phase system. However, in the
upper part of the kinetic mass uptake curve the concentration
gradient across the pellet is changing relatively little, and, thus,
most closely approximates steady-state conditions. Fitting the
uppermost part of the uptake curve is also better for experi-
mental reasons. The uppermost part of the curve is most far
removed from the potential perturbations caused by the fact
that a perfect step increase in pressure is not physically real-
izable. In addition, the uppermost part of the curve, where
relatively little mass is generally being adsorbed over relatively
longer periods, is less affected by potential heat transfer effects
due to the larger amounts of adsorbate condensing out in the

AIChE Journal September 2006 Vol. 52, No. 9

Published on behalf of the AIChE

upper part of the isotherm and releasing large amounts of heat
of adsorption.

Table 1 shows, for various samples taken from batch G2, the
ratios of the mass transport coefficients determined, using the
LDF model, for various pressure points at which significant
capillary condensation has occurred, to the uppermost pressure
points in the multilayer region of the respective isotherms. The
ratios were determined using the limiting value for the mass-
transfer coefficient for pressure points in the capillary conden-
sation region. It can also be seen from Table 1 that the above
model makes good predictions for these values. For compari-
son purposes, Table 1 also contains predictions of the ratios of
the mass-transport coefficients made using a model that ne-
glects the contribution of capillary flow within the pellet. It can
be seen that this model makes very poor predictions of this
ratio. The observed rate of mass uptake has, thus, been found
to be critically dependent on the overall volume fraction of the
pellet occupied by regions containing condensed phase, and
their particular spatial locations. The exact size of the contri-
bution of capillary flow to the overall mass-transport rate of the
condensable vapor is very sensitively determined by the vol-
ume fraction in Eq. 13. The specific volume of pores of a given
size, where condensation has occurred, may be spatially dis-
tributed across the pellet in an infinite number of possible
combinations of differing numbers of regions of varying po-
rosity. MRI is able to provide this critical information, as
shown in Figures 1 and 4, and, thus, we have been able to
successfully predict the rate of uptake of butane adsorbing onto
silica in the highly complex capillary condensation regime. In
even higher-pressure regions of the butane adsorption iso-
therm, beyond the capabilities of the apparatus used, the iso-
lated capillary condensation regions observed in lower pressure
points may begin to join-up and even form a percolating
network which would significantly change mass-transport
rates. The onset of this percolation effect in a system that is not
homogeneously random could be predicted from the spatial
information on heterogeneity obtainable using MRI, and this
will be the subject of a future work. Recently MRI has also
been used to obtain spatially resolved adsorption isotherms for
porous solids.3” In addition, gas phase MRI?® has been used to
obtain concentration profiles for the transient diffusion of a gas
into a porous solid. Hence, further MRI studies could be used
to test other predictions of the model reported here, besides
overall uptake rates, such as the specific-spatial distribution of
condensed phase and the local mass-transfer fluxes in different
regions of the pellet.

Due to the relatively narrow relative pressure range consid-
ered, and the nature of the particular adsorbate-adsorbent pair
studied here, the effects of the spatial arrangement of capillary
condensation on transport are dominated by the influence of the
macroscopic pore structural heterogeneities detected using
MRI. Hence, in this case, a relative simple description of the
adsorbed phase, in terms of either adsorbed multilayer, or
completely filled void space regions, was sufficient. However,
for other combinations of adsorbate and adsorbent, the distri-
bution of adsorbed phase may be much more complex, and
involve significantly more heterogeneity, particularly at the
pore scale, as well as the macroscopic scale. Hence, in general,
MRI can be viewed as an additional technique which can be
combined with other complementary methods, such as helium
relative permeability®, and contrast matching small-angle neu-
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tron scattering,?® which provides information on the pore scale
distribution of the condensate, to study transport with accom-
panying capillary condensation.

Conclusions

Magnetic resonance images of the spatial distributions of
spin density, spin-spin relaxation time, and self-diffusivity,
across a mesoporous, sol-gel silica pellet have been used to
construct a structural model for the pellet incorporating spatial
variation in voidage fraction, pore size, and tortuosity. This
structural representation has been used, in conjunction with a
mathematical model for mass transport of a condensable vapor,
to make successful predictions of the significant effect of
capillary condensation on mass transport of butane within the
silica pellet. These findings confirm that the structural data
used contains sufficient information to completely represent the
pore structure of the material, and the mathematical model
provides a good description of the physical processes taking
place within the pellet.
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