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Abstract

Well-known and standard techniques exist for the determination, from gas sorption data, of key characteristic parameters of p
erogeneous catalysts, such as the specific surfacearea (BET), pore-diameter distribution (BJH), and pore connectivity (percolation analysi
However, at present, there are no methods to determine the pore-length distribution. Many previous mathematical modelling studies h
shown that the nature of the relationship that exists between pore diameter and pore length heavily influences the rate of mas
processes in porous solids, such as heterogeneous catalysts. Hence, a major obstacle to the proper implementation of pore-net
to study coupled diffusion and reaction processes in catalysts is the lack of a method for determining the pore-length distribu
paper presents a new analytical method to determine the pore-length distribution from the results of novel experiments using th
introduced integrated nitrogen sorption and mercury porosimetry technique. The analysis also, simultaneously, delivers improved
of pore connectivity and lattice size.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Mesoporous solids with complex internal void spa
geometries are frequently used in industry as supports
heterogeneous catalysts and as absorbents. Such soli
clude materials such as sol–gel silica spheres, and alu
tablets or extrudates. The performance of these mate
in the duties in which they are employed, often depe
upon the rate of transport processes within their inte
void space. Therefore, in order to design a particular ind
trial process, it is necessary to be able to predict the ra
mass transport in complex porous solids. Hence, it is
essary to characterise the void space of the porous s
to a sufficient degree to be able to construct a fully pre
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s

tive structural model. A potential example of such a mo
pore structure is the random pore-bond network. This t
of model consists of a lattice where (typically) cylindric
or slit-shaped pore elements lie along some, or all, of
lattice bonds, which meet at the lattice nodes. The key c
acteristic parameters of pore-bond networks are the su
area, porosity, pore-size distribution (the probability d
sity function of pore diameter weighted by volume), po
connectivity, overall lattice size, andalso the pore-length
distribution. In this context, pore connectivity is defined
the overall average number of pores that meet at a
ical pore junction. Well-established methods exist for
determination of the specific surface area or pore-diam
distribution of a porous solid from a nitrogen adsorpt
isotherm, using either thermodynamic[1–3] or statistical
mechanical[4] methods. Several sets of workers[5–8] have
also presented methods to determine the pore connec
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and lattice size from either nitrogen sorption or merc
porosimetry alone. The above characteristic parameter
often used for correlating various aspects of catalyst
formance with structural properties. However, there are n
general methods for determining the pore-length distribu-
tion for a random pore-bond network model using nitrog
sorption and/or mercury porosimetry. This lack of a suita
technique prevents the proper implementation of pore-b
network models to successfully predict transport phen
ena, or coupled diffusion and reaction, in porous media
It is the purpose of this paper to present such a met
It is also anticipated that the pore-length distributions
tained using the method described below may be us
in understanding the relative performance of different c
alysts, and, in particular, their resistance to coking and p
strength.

Recent work[9,10] demonstrates that pore-bond n
works are accurate representations of the structure o
void space of porous media. Light-scattering studies[9,10]
have been made of the adsorption and desorption of he
in porous Vycor glass. Since the pores in empty Vycor
very small (∼ 5 nm), the material appears homogeneous
length scales comparable withthe wavelength of light, and
thus scatters light very weakly. On filling the void spa
with hexane during adsorption, the measured transmis
of light was roughly independent of the pressure. When
pores are completely saturated with fluid, there is virtua
no mismatch in the index of refraction, and the scatter
is reduced even further. However, during desorption,
transmission exhibited a very sharp and narrow dip du
the strong scattering of light occurring at hexane press
corresponding to the steep step decline in the desorp
isotherm. During desorption, as the Vycor drains, only so
pores are emptied at first. At this stage, all of the surround
pores are still filled with fluid and are thus index-match
to the glass, and hence they do not contribute to the s
tering. There is thus a large scattering contrast between
regions of empty pores and the remaining Vycor, where
pores are still full. The difference in the degree of scat
ing, between adsorption and desorption, was attribute
the development of large-scale inhomogeneities in the
tial distribution of empty pores which were comparable
size with the wavelength of light, and, thus, could cause
increase in scattering. These correlations were found to
a fractal dimension of 2.6, which is very near the value
2.5 predicted for an invasion percolation process (such a
desorption) in a 3D pore-bond network. This work dem
strates that 3D random pore-bond networks can provid
realistic description of the pore structure of some porous
dia.

Random pore-bond networks have been used to s
pressure swing adsorption[11], and coupled diffusion an
reaction processes within porous heterogeneous cat
pellets [12–14]. This work has been extended to inclu
the effects (on transport and reaction) of solid dep
tion from processes such as coking[15], and the presenc
e

s

t

of condensable vapours[16]. The use of pore-bond ne
work models allows the testing of the influence of va
ous aspects of the pore structure of the catalyst sup
such as pore connectivity, on the performance of a
ticular catalyst system. This modelling work can then
used to propose the most appropriate pore structure
given catalyst, and design the reactor for a particular
alytic process. However, mathematical modelling, us
pore-bond networks, of gas-solid reactions within por
media that produce solid products has shown that the p
length distribution strongly influences the model pred
tions [17]. Simulations of the intrusion and retraction
nonwetting fluids, such as mercury, in pore-bond netwo
have also shown that the relationship between pore dia
ter and pore length has a significant effect on the pro
[18]. There is thus a need to be able to measure a
the appropriate characteristic parameters of the pore
work of real materials, including the pore-length distrib
tion.

The particular analysis method, to determine pore c
nectivity and lattice size from nitrogen sorption data, or
inally developed by Seaton and co-workers[8,19,20] has
subsequently been extended to account for the spatial d
bution of pore connectivity[21], for use with macroporou
samples[22], and to substitute mercury intrusion for nitr
gen desorption data[23]. This analysis method implicitly
uses both the “pore-blocking” theory of nitrogen sorpt
hysteresis[24] and percolation theory[25]. The essence o
the pore-blocking theory is that, during desorption, nitrog
can only vaporise from a given pore if there is a conti
ous path of vapour-filled pores that leads all of the way fr
the pore in question to the surface of the sample. The
mation of this path, which corresponds to the “knee” in
desorption isotherm, is described by percolation theory.
validity of the pore-blocking theory for the desorption
nitrogen from mesoporous solids has been demonstrate
ing the integrated nitrogen sorption and mercury porosi
try method[26]. In this technique[27], nitrogen sorption
isotherms are obtained both before and after a mer
porosimetry experiment on the same sample by freezing
place the mercury that becomes entrapped during poros
try. In the work to be presented here, the results of ex
iments, using the recently introduced[27] integrated nitro-
gen sorption and mercury porosimetry technique, have b
analysed using a novel theoretical approach, partly base
the original method developed by Seaton[8], that is suitable
for application to the particular dataset emerging from
integrated experiment. The much larger amount of inform
tion about a porous solid that it is possible to derive fr
integrated nitrogen sorption and mercury porosimetry
periments, when compared toeither technique used alon
allows the new analysis method presented here to simult
ously determine the pore-length distribution, lattice size,
pore connectivity for a random pore-bond network mode
the sample.
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2. Theory

2.1. Suitability of a sample for application of the theory

In the new theory presented here it is assumed th
mercury becomes entrapped within a particular pore in
network following porosimetry, then that pore is complet
filled with mercury. It is also assumed that if mercury
tracts from a given pore, then it completely empties t
pore. This type of mechanism of mercury extrusion is kno
as “piston-type retraction,” and is commonly assumed
simulations of mercury porosimetry in random pore-bo
network models[28,29]. This is because mercury porosim
try experiments on glass micromodels consisting of p
bond networks etched in glass show the piston-type intru
and retraction behaviour[30]. However, porosimetry exper
ments on glass micromodels consisting of different netwo
of relatively wide pore bodies connected by narrow p
necks have shown that entrapped mercury may only
tially fill a pore body within which it becomes entrapp
[30]. Therefore, instead of mercury entrapment leading
the complete loss of a relatively large pore, it is, inste
“converted” into a smaller pore. It is, therefore, necess
to distinguish which of these two scenarios is occurring
order to decide whether the new analysis given below
applicable to a given sample. The suitability of the new
proach can be determined by comparing the BJH[2] pore-
diameter distributions obtained from nitrogen adsorption
fore and after mercury porosimetry. If larger pore bod
are only becoming partially filled with entrapped mercu
during porosimetry, then the volume of larger pores in
BJH [2] pore-diameter distribution will decrease, while the
volume of smaller pores willappear to increase. This is a
companied by an overall loss in total pore volume. The t
of shift in the BJH[2] pore-diameter distribution followin
porosimetry, where partial entrapment is occurring, is ill
trated inFig. 1. The cumulative pore-diameter distributio
obtained after porosimetry shown inFig. 1 has been renor
malised such that the ultimate volume is the same as
before porosimetry. This way of presenting the data ma
the loss of larger pores more apparent. In contrast, if pis
type retraction of mercury is occurring, and the larger po
that entrap mercury are completely filled with metal, th
in the pore-diameter distribution, only the volumes of po
that entrap mercury will decrease. The incremental volume
of no pores of any diameter will appear to increase. If o
the largest pores in the network entrap mercury, then th
volume of these pores will decrease while the rest of
pore-diameter distribution remains unaltered. This scenar
is illustrated inFig. 2. Again, the cumulative pore-diamet
distribution obtained after porosimetry shown inFig. 2 has
been renormalised such that the ultimate volume is the s
as that before porosimetry to make the loss of only the la
pores more apparent. In order for the analysis describe
low to be appropriate the mercury must retract by a pis
type mechanism, as in the second scenario described a
t

-

.

Fig. 1. Cumulative pore-diameter distributions, derived using the BJH a
rithm, from the nitrogen adsorption isotherms obtained before (solid lin
and after (2) mercury porosimetry for a sample of sol–gel silica sphe
from batch P4.

Fig. 2. Cumulative pore-diameter distributions, derived using the BJH a
rithm, from the nitrogen adsorption isotherms obtained before (solid lin
and after (2) mercury porosimetry for a sample of sol–gel silica sphe
from batch Q2.

The new analysis method described below also assu
that the number of nodes (vertices) in the network rem
the same before and after porosimetry. This means tha
network does not become separated into two disjoint
networks by a complete barrier of entrapped mercury
addition, it is also assumed that two, or more, empty po
joining at a particular common node retain direct commu
cation between themselves via that node, and the entra
mercury within other adjacent, but still filled, pores does
lead to a constriction causing additional pore-blocking
fects. This assumption is reasonable since it is what is c
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monly observed in porosimetry experiments on micromod
consisting of pore-bond networks etched in glass[30]. Ward-
law and McKellar[30] have shown that generally, when tw
or more, empty, adjacent pore bonds join at a specific n
they maintain direct communication via that node even w
other pore bonds attached to the same node are still fi
with entrapped mercury.

2.2. Percolation analysis

As noted above, the new analysis presented here is a
stantial modification of the original percolation method d
veloped by Seaton[8]. This section describes in detail th
novel aspects of the new analysis method. For more in
mation on the more basic percolation analysis the read
referred the original reference[8].

As in the original percolation method[8,22] the analysis
presented here is carried outin terms of percolation vari
ables, the values of which arecalculated from pore-diamete
distributions (obtained from nitrogen adsorption isotherm
and the adsorption and desorption isotherms themse
The bond occupation probability at a particular pressur
given by

(1)

X = The number of pores below their condensation pressure

The total number of pores in the network
.

X represents the number fraction of pores that would h
emptied in a perfectly connected network. Assuming cy
drical pores, the pore-number distribution as a function
pore-diameter is calculated from the conventional BJH[2]
pore-diameter distribution obtained from the nitrogen
sorption isotherm. The number,ni , of pores of diameterdi

is given by

(2)ni = Vi

(π/4)d2
i li

,

whereVi is the total volume of pores with diameterdi , and
li is the average pore-length for pores of diameterdi .

The set ofX values (one for each data point on the d
orption, isotherm) is then given by

(3)Xi =
∑i

j=1 nj

T
=

∑i
j=1 nj∑N
j=1 nj

,

whereT is the total number of pores in the network, a
N is the number of pore-size intervals. In the original p
colation analysis method of Seaton and co-workers[8] it
was assumed that the average pore lengthli is the same in
each pore-size interval. Hence, sinceni occurs in both the
numerator and the denominator of Eq.(3), then there was
previously no need to actually assign a value toli . However,
in the new analysis method presented here, it is assumed
the average pore length,li , of pores of diameter,di , is a
function of the pore diameter, such that the distribution
average pore length for each pore diameter follows a po
-

.

t

law,

(4)li = k · dα
i ,

wherek andα are constants that characterise the shap
the particular distribution of average pore length with p
diameter for the material under study. In the new anal
only the constantk cancels from both the denominator a
numerator in Eq.(3).

The accessibility,XA, is the number fraction of pores th
are both below their condensation pressure and have a
to the surface, either directly or via a network of vapo
filled pores

(5)

XA = The number of pores from which nitrogen has vapourise

The total number of pores in the network
.

Hence, in other words,XA is the fraction of pores from
which desorption has actually occurred. The experime
values ofXA (as a function of pressure, or, equivalently,X)
are calculated from the deviation between the adsorption an
desorption isotherms according to the method described
viously by Seaton[8]. As is completely reasonable for
random pore-bond network, the original method[8] for the
calculation ofXA assumes that the respective pore-size
tributions for both the set of pores from which nitrogen h
actually vapourised and the set of pores that are below
condensation pressure but from which nitrogen has no
desorbed are the same. The same assumption will be m
here. However, a method for correcting the original perc
tion analysis[8], using magnetic resonance images, for m
terials where this assumption does not hold has been g
in previous work[31]. The experimentally derived pairs o
values ofX andXA are then fitted to a universal scaling r
lation

(6)Lβ/νZXA = G
⌊
(ZX − 3/2)L1/ν

⌋
,

whereβ andν are critical exponents which take values
0.41 and 0.88, respectively. The generalised scaling relatio
G was constructed using the simulation data of Kirkpatr
[32]. This relationship makes use of the universal relati
ship betweenZ and the value ofX at the percolation thresh
old, Xc:

(7)ZXc = 1.5.

The fitted values ofZ andL are the estimates of the conne
tivity and lattice size of the sample.

In the new method presented here, the above percol
analysis is performed on the nitrogen sorption data obta
both before and after mercury porosimetry in an integra
experiment. During mercury extrusion from most samp
some mercury becomes permanently entrapped within
void space. Thus, mercury entrapment leads to the bl
ing of some of the pores in the network. The presenc
mercury in certain pore bonds then completely prevents
cess of nitrogen to those particular bonds in the subseq
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sorption experiment. Hence, following porosimetry, the
trapped mercury leads to a decrease in the number of a
sible pores, and, hence, also a decrease in the connectiv
the network. The lattice size will remain constant provid
insufficient mercury has becomeentrapped to disconnect th
pore network into two completely separate parts. For la
lattices, as long as the number fraction of pores occupie
entrapped mercury is below the percolation threshold,
lattice is certain to remain fully connected.

Besides being given by the denominator in Eq.(3), the
total number of pore bonds in the network,T , is also given
by

(8)T = Z × (the total number of nodes in the network)/2.

The factor 2 in Eq.(8) originates from the fact that each po
connects two nodes. Since the number of nodes in the
work (and thus the overall lattice size,L) does not chang
following mercury porosimetry, the ratio of the total num
bers of open pores before and after porosimetry is given

(9)
TA

TB
=

∑N
j=1

VA,j

d
(2+α)
j∑N

j=1
VB,j

d
(2+α)
j

= ZA

ZB
,

where the subscripts B and A, refer to quantities obtai
before and after porosimetry, respectively. The summation
in the numerator and denominator in Eq.(9) are carried ou
over identical sets of pore-size intervals. The requirem
for a constant lattice size before and after porosimetry (
LA = LB), and the condition given by Eq.(9) represent ad
ditional constraints on the particular values ofZ andL that
are obtained from the percolation analysis of the nitro
sorption data from both before and after porosimetry. Th
extra constraints ensure that the model parameters obt
before and after porosimetry are internally consistent wi
the theory. In addition, the above two extra conditions, wh
preserve the internal consistency of the percolation th
when applied to integrated nitrogen sorption and merc
porosimetry experiments, constrain the model further s
that the additional adjustable parameterα, introduced in
the new analysis, may also bedetermined. Hence, the ne
analysis allows the determination of the parameterα, and
thus the pore-length distribution. The connectivity obtain
using the universal scaling relation Eq.(6) is the mean value
averaged over all of theaccessible nodes in the network. Th
derivation of Eq.(9) from Eq.(8) assumes that the number
open nodes remains constant following porosimetry. He
if the connectivity obtained using Eq.(6) is used in Eq.(9),
then the condition,

(10)

[
1−

(
TA

TB

)]ZB

· (L − 3)3 < 1,

should also be, at least, approximately satisfied. The fa
(L − 3)3 arises in Eq.(10), rather than(L + 1)3, because
the nodes close to the outer boundary of the lattice rem
-
f

-

d

permanently accessible. If significant numbers of nodes
come completely disconnected from the network, as wo
arise with relatively high levels of mercury entrapment,
alternative to Eq.(6) must be used to determine the conn
tivity appropriate for use in Eq.(9).

In order to calculatek, in addition toα, it is assumed
that the pore-bond network has a random, rather than reg
pattern similar to the model described by Mann et al.[18].
The introduction of variable pore lengths while mainta
ing topological integrity for an interconnected set of po
is achieved by a simple modification of the regular netwo
Each node in the network is assumed to be surrounde
a cube of side-length the same as the spacing in a re
network occupying the same overall volume. In a reg
network each node would be located at the centre of its
rounding cube. In the random pattern network each nod
assumed to be randomly located somewhere within its
rounding cube. The random positioning of the nodes mean
that the direct path between one side of a network and
other is no longer a straight line following the axis of t
pore bonds, as it would be in a regular pore network.
pathway is more tortuous, in that it is of an additional length
compared to a regular network. Monte Carlo simulation
pore positions in a 3D random pattern pore-bond netw
suggest that this tortuosityτ has a value of 1.1676±0.0002.
The overall, characteristic linear dimension of the latticeD

(e.g., the side-length of a cubic, solely mesoporous pe
is thus given by

(11)D = L · l̄
τ

,

where

(12)l̄ =
∑N

i=1 li · nB,i

TB
= k

∑N
i=1 VB,i · d−2

i∑N
i=1

VB,i

d
(2+α)
i

,

and is the average pore-length weighted by number of p
Hence the parameterk of the pore-length distribution i
given by

(13)k =
Dτ
L

∑N
i=1

VB,i

d
(2+α)
i∑N

i=1 VB,i · d−2
i

.

3. Experimental

Samples for the experiments each consisted of a s
number of sol–gel silica catalyst support pellets taken f
two different batches denoted Q2 and W1. Nitrogen sorp
experiments were carried out at 77 K using a Microme
ics ASAP 2400 apparatus. The sample tube and its con
were loaded into the degassing port of the apparatus
initially degassed at room temperature until a vacuum
0.27 Pa was recorded. A heating mantle was then applied
the sample tube and the contents were heated, under vac
to a temperature of 623 K. The sample was then left un
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vacuum for 14 h at a pressure of 0.27 Pa. The purpose o
thermal pretreatment for each particular sample was to d
off any physisorbed water on the sample but to leave
morphology of the sample itself unchanged. A range of
ferent thermal pretreatment procedures was considered
der to determine whether the experimental results were
sitive to the temperature or time period used. This was fo
not to be the case. For all samples, at this point the hea
mantle was removed and the sample allowed to cool d
to room temperature. The sample tube and its contents
then reweighed to obtain the dry weight of the sample
fore being transferred to the analysis port for the autom
analysis procedure. The sample was then immersed in liq
uid nitrogen at 77 K before the sorption measurements w
taken. The adsorption isotherms obtained were analyse
ing the BJH[2] method to obtain the pore-diameter distrib
tions. The film thickness for multilayer adsorption was tak
into account using the well-known Harkins and Jura eq
tion [24]. In the Kelvin equation[24] the adsorbate propert
factor was taken as 9.53× 10−10 m and it was assumed th
the fraction of pores open at both ends was 0.0. It was, th
fore, assumed that capillary condensation commenced a
closed end of a pore to form a hemispherical meniscus.

Following the first nitrogen sorption experiment, the sa
ple was allowed to reach room temperature (298.9 K)
then transferred to the mercury porosimeter still under
trogen. Mercury porosimetry experiments were perform
using a Micromeritics Autopore IV 9420. The sample w
first evacuated to a pressure of 6.7 Pa in order to rem
physisorbed gases from the interior of the sample. The s
dard equilibration time used in the experiments was 1
When the raw data were analysed according to the Wash
equation the value taken for the surface tension of mer
was 0.485 N m−1. The corresponding values for the advan
ing and receding contact angles were both taken as 1◦.
Since it is difficult to thoroughly clean entrapped mercu
from a given sample after an experiment for reuse in a
ther mercury porosimetry experiment, each particular set o
experiments was, instead, repeated on several samples fro
the same batch. Following mercury porosimetry the sam
was transferred back to the nitrogen sorption apparatus.
sample was then cooled to 77 K to freeze the mercur
place. Following the cooling of the sample, it was evacua
to vacuum and the next nitrogen sorption experiment c
menced.

4. Results and discussion

Integrated nitrogen sorption and mercury porosime
experiments were performed on two samples taken f
batches Q2 and W1. The nitrogen sorption isotherms
tained before and after porosimetry for batches Q2 an
W1 are shown inFigs. 3 and 4, respectively. The mercur
porosimetry data are shown inFig. 5. The small initial rise
in the intrusion curves, at pore diameters of∼ 100 µm, is
-
-

-

Fig. 3. Nitrogen sorption isotherms obtained before (1) and after (×) mer-
cury porosimetry for a sample of sol–gel silica spheres from batch Q2.

Fig. 4. Nitrogen sorption isotherms obtained before (1) and after (×) mer-
cury porosimetry for a sample of sol–gel silica spheres from batch W1

probably due to interparticle intrusion within the gaps
tween pellets. It can be seen that the entrapment of mer
observed inFig. 5, leads to a loss of accessible pore volu
in the sorption isotherms.t-Plot analyses of the adsorptio
isotherms confirm that, in each case, the contraction of
mercury during cooling to 77 K does not lead to the crea
of microporous cracks into which nitrogen can fit. Sup
imposed pore-diameter distributions derived, using the B
[2] algorithm, from the adsorption isotherms obtained
fore and after porosimetry are shown inFigs. 2 and 6for
batches Q2 and W1, respectively. In each case, the ultim
volume of the cumulative diameter distribution obtained
ter porosimetry has been adjusted to be the same as
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Fig. 5. Mercury intrusion (open symbols) and extrusion (solid symbols
curves for samples from batch Q2 (Q) and W1 (2).

Fig. 6. Cumulative pore-diameter distributions, derived using the BJH a
rithm, from the nitrogen adsorption isotherms obtained before (solid lin
and after (2) mercury porosimetry for a sample of sol–gel silica sphe
from batch W1.

obtained before porosimetry. FromFigs. 2 and 6it can be
seen that at smaller pore diameters the pore-diameter d
butions obtained before and after porosimetry are ident
within experimental error. Deviations between the distri
tions obtained before and after porosimetry only occur
the largest diameter pores present in the samples.Figs. 2
and 6 indicate that batches Q2 and W1 meet the crit
described above for the application of the new analysi
determine pore-length distributions. For both Q2 and W1
total intrapellet mercury intrusion volume is less than
corresponding cumulative mesopore volume from the B
pore-diameter distribution. This finding, and the position
-

Fig. 7. Fits to the generalised scaling relation (solid line) of the percolation
parameters obtained from a conventional Seaton[8] analysis of the nitrogen
sorption data obtained before (2) and after (F) a mercury porosimetry
experiment on a sample from batch Q2.

Fig. 8. Fits to the generalised scaling relation (solid line) of the percolation
parameters obtained from a conventional Seaton[8] analysis of the nitrogen
sorption data obtained before (2) and after (F) a mercury porosimetry
experiment on a sample from batch W1.

the sharp rise in each of the mercury intrusion curves,
gests that both Q2 and W1 are solely mesoporous. Henc
overall lattice size in these materials is likely to be the s
of the whole pellet.

The sets of nitrogen sorption isotherms obtained be
and after porosimetry were analysed using the convention
percolation analysis described by Seaton[8], and using the
new method described above. The fits of the experime
data to the generalised scaling relation [Eq.(6)] are shown
in Figs. 7–10. The values of the pore connectivity and latt
size obtained from the two approaches are shown inTables 1
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Fig. 9. Fits to the generalised scaling relation (solid line) of the percolation
parameters obtained from the new analysis of the nitrogen sorption dat
obtained before (2) and after (F) a mercury porosimetry experiment on
sample from batch Q2.

Fig. 10. Fits to the generalised scaling relation (solid line) of the percolation
parameters obtained from the new analysis of the nitrogen sorption dat
obtained before (2) and after (F) a mercury porosimetry experiment on
sample from batch W1.

and 2, for batches Q1 and W1, respectively. FromTables 1
and 2, it can be seen that the two approaches lead to
different estimates of the percolation parameters.Table 3
compares the values of the ratiosZA/ZB and TA/TB ob-
tained from the conventional Seaton[8] analysis, and from
the new method described above. It can be seen that, for
batch of pellets studied here, the conventional Seaton[8]
analysis leads to values of the ratiosZA/ZB andTA/TB that
are inconsistent with each other. The new analysis me
inherently leads to consistent values of the ratiosZA/ZB and
TA/TB. The values ofTA/TB andZB obtained from the new
h

Table 1
Pore-connectivity and lattice size parameters obtained from the nitr
sorption data for pellets from batch Q2

Seaton[8] analysis New analysis

Z (±0.1) L (±0.1) Z (±0.01) L (±0.01)
Before porosimetry 4.1 7.0 3.00 5.00
After porosimetry 3.2 5.0 2.66 5.00

Table 2
Pore-connectivity and lattice size parameters obtained from the nitr
sorption data for pellets from batch W1

Seaton[8] analysis New analysis

Z (±0.1) L (±0.1) Z (±0.01) L (±0.01)
Before porosimetry 5.7 6.0 3.25 7.00
After porosimetry 4.3 5.7 2.82 7.00

Table 3
A comparison of the internal consistency of the conventional Seaton[8]
analysis with that of the new analysis presented here. Also shown ar
parameters of the pore-length distribution [Eq.(4)] obtained from the new
analysis

Sample Seaton[8] analysis New analysis

ZA/ZB TA/TB ZA/ZB TA/TB k/m1−α α

Q2 0.780 0.892 0.887 0.887 1.130× 10−9 −0.7
W1 0.754 0.844 0.868 0.868 4.280× 10−13 −1.1

analysis for each batch of pellets satisfy the condition gi
by Eq. (10). The typical linear dimensions of pellets fro
batches Q2 and W1 have been measured using calliper
found to be 4.1 ± 0.2 and 4.9 ± 0.2 mm, respectively. Also
given inTable 3are the parameters of the distribution of a
erage pore length with diameter [Eq.(4)] obtained from the
new analysis. It can be seen that, for both types of pel
pore length is approximately inversely proportional to p
diameter. The pore length obtained by the new analysis i
typical distance between pore corrugations, or between j
tions with pores of differing diameter. Typical pore lengt
obtained using the parameters inTable 3in Eq. (4), for the
samples studied here are of the order of several micro
tres. This length seems to the authors to be unrealistic
large for a single mesopore in an amorphous material.
thus likely that the pore lengths obtained above for the
terials studied here can only be treated as the pore len
that are appropriate to an abstract network formed by u
the new analysis to map the real pore structure onto a
dom pore-bond network model. Previous work[27,31] has
shown that samples that give rise to anomalously low
tice sizes from the Seaton[8] percolation analysis posse
macroscopic (∼ 0.01–1 mm) heterogeneities in the spat
distribution of pore diameter (or pore-surface area to v
ume ratio). In these types of materials pores of a sim
size are grouped together within particular domains wit
the network. In nitrogen desorption these domains beh
like a single pore in a pore-bond network. The values
the lattice size, obtained using both the original Seaton[8]
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analysis and the new approach described above, and
in Tables 1 and 2for the particular samples studied he
are all very low. Hence, the apparently large pore leng
from the new analysis may arise because the samples st
here have macroscopic structural heterogeneities. The “
lengths” obtained are thus likely to be more character
of the typical length-scale of the macroscopic structural
erogeneities, rather than the actual length of a single p
Materials, such as those studied by Seaton[8] (but not avail-
able to the authors), which produce much larger lattice s
from the percolation analysis are also likely to give rise
lengths truly characteristic of individual pores from the n
analysis method. A test for the complete correspondenc
the random pore-bond network to the true pore structur
a real material has been given in previous work[31]. In ad-
dition, a method, only suitable to samples amenable to1H
MRI, for correcting the results of the percolation analy
(and the new approach described above) for the effec
macroscopic heterogeneities has also been described i
lier work [31].

5. Conclusions

The analysis of two sets of nitrogen sorption data, ta
from integrated nitrogen sorption and mercury porosim
experiments on two types of catalyst support pellets, u
the percolation theory developed by Seaton[8] leads to inter-
nal inconsistencies in the results. It is suggested that thes
consistencies, arising from the old theory, ultimately de
from the previous assumption that the average pore le
is independent of pore diameter. A new analysis method
been presented that does not make this assumption and
tains the internal consistency of percolation theory when
application is extended to the data from integrated ni
gen sorption and mercury porosimetry experiments. The
analysis method allows the determination of the parame
of the distribution of average pore length with pore dia
eter, and also more accurate estimates of pore connec
and lattice size.
n

d

.

f

f
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