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Abstract. Previous work has shown that it is possible to use intergrated nitrogen sorption and mercury porosimetry
experiments to determine the distribution of average pore length with pore diameter for mesoporous solids. In this
work, the previous data analysis method has been generalised such that it is also suitable for application to samples
with higher levels of mercury entrapment than before. This generalisation of the theory has facilitated the ability to
use a series of progressively larger mercury scanning loops, in integrated gas sorption and porosimetry experiments,
to potentially determine the full pore length distribution for pores of a given diameter, and the distribution of pore
co-ordination number. The new analysis has been applied to a silica catalyst support.
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Introduction

Mesoporous silica and alumina materials are often used
as supports for heterogeneous catalysts or absorbents.
The transport properties of these materials influences
significantly the overall performance of the catalysts
based upon them. The geometry and topology of the
void space determines the rate at which mass transport
may occur through the pore system. Hence, techniques
based upon gas sorption and/or mercury porosimetry
have been developed to characterise the structure of the
pore space using parameters such as the overall voidage
fraction, specific (BET) surface area, specific pore vol-
ume, (BJH) pore diameter distribution, and pore con-
nectivity. These parameters are often correlated with
observed catalyst activity, and used to construct models
of the porous medium within which simulations of cou-
pled diffusion, adsorption and reaction processes, for
example, may be conducted to study the effects of dif-
ferent pore structures on the performance of a catalyst.
Pore bond network models are often used to represent
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the void space of porous media because it is possible to
incorporate much of the void space structural complex-
ity into them using the above characteristic parame-
ters, while the model generally remains mathematically
tractable. Pore bond networks consist of an underlying
lattice structure, such as a cubic or tetrahedral lattice,
where some, or all, of the edges of the lattice are occu-
pied by pore bonds joining up the nodes. Simulations
of gas/solid reactions, for example, using abstract pore
bond network models have shown that the pore length
distribution significantly affects the results of the simu-
lations (Sotirchos and Zarkanitis, 1993). However, un-
til recently (Rigby et al., 2004b), there has not been a
way to determine the pore length distribution for real
materials in order to be able to incorporate this charac-
teristic of a porous medium into a pore bond network
model. A method (Rigby et al., 2004b) to determine the
distribution of average pore length with pore diameter
has been developed which uses percolation theory to
analyse the data arising from integrated gas sorption
and mercury porosimetry experiments. Integrated gas
sorption and mercury porosimetry experiments consist
of a sequence of gas sorption or mercury porosimetry
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runs conducted in series on the same sample, by freez-
ing entrapped mercury in place before commencing a
subsequent gas sorption experiment.

Integrated gas sorption and mercury porosimetry ex-
periments have been used to characterise the spatial dis-
tribution of different pore sizes (Rigby et al., 2004a),
test for the presence of the pore-blocking effect (Rigby
and Fletcher, 2004a), validate semi-empiricial alterna-
tives to the Washburn equation (Rigby and Fletcher,
2004b), aswell as for determining the distribution of
average pore length with pore diameter (Rigby et al.,
2004b). It is the purpose of this paper to general-
ize the previous (Rigby et al., 2004b) theory and ex-
pand upon the experimental technique. Previous work
(Rigby et al., 2004b) only utilized the standard mer-
cury porosimetry experiment, consisting of a full pri-
mary mercury intrusion up to the maximum pressure
possible with the apparatus and then a decrease back
to ambient, and the theoretical analysis presented was
only suitable for application to materials with relatively
low levels of mercury entrapment. In this paper the pre-
vious theoretical analysis will be expanded so that it is
also applicable to materials with higher levels of en-
trapment, and, in doing so, show how the distribution of
pore co-ordination number might potentially be deter-
mined. This paper also describes how the extension of
the experimental method to include a series of mercury
porosimetry scanning loops can be used to increase the
information that can be obtained about pore lengths,
and even potentially determine the full distributions of
pore length for each pore diameter.

Theory

In the theory presented here it is assumed that, if mer-
cury becomes entrapped within a particular pore fol-
lowing porosimetry, then that pore is completely filled
with mercury. It is also assumed that, if mercury re-
tracts from a given pore, then it completely empties
that pore. This type of mechanism of mercury extru-
sion is known as “piston-type retraction.” In addition, it
is also assumed that two, or more, empty pores joining
at a particular common node retain direct communi-
cation between themselves via that node, and the en-
trapped mercury within other adjacent, but still filled,
pores does not lead to a constriction causing additional
pore-blocking effects. As described in detail in previ-
ous work (Rigby et al., 2004b), the validity of these
assumptions for a particular sample can be tested us-
ing integrated gas sorption and mercury porosimetry.

If piston-type intrusion/retraction is occurring then the
BJH pore diameter distributions, derived from nitro-
gen adsorption isotherms obtained before and after
porosimetry, will overlay each other except for pores
with diameters where entrapment is occurring, in which
case the pore volume of such pores will appear to de-
crease. If any partial intrusion or retraction is occur-
ring then this would additionally result in the apparent
creation of new small pores. The new analysis method
described below also assumes that the number of nodes
(vertices) in the network remains the same before and
after porosimetry. This means that the network does
not become separated into two disjoint sub-networks
by a complete barrier of entrapped mercury.

The new analysis presented here is a substantial mod-
ification of the method to determine the distribution of
average pore length with pore diameter described in
earlier work (Rigby et al., 2004b). This particular anal-
ysis method (Rigby et al., 2004b) was, itself, based, in
part, on the percolation analysis procedure developed
by Seaton (1991). As in the Seaton (1991) method, the
analysis presented here is carried out in terms of perco-
lation variables, the values of which are calculated from
pore diameter distributions (obtained from nitrogen ad-
sorption isotherms), and the adsorption and desorption
isotherms themselves. The Seaton (1991) analysis al-
lows the determination of the pore connectivity, Z, and
the lattice size, L, of a pore bond network of a porous
medium. In this context, pore connectivity is defined
as the mean pore co-ordination number, averaged over
all of the nodes in the network. The pore co-ordination
number is the number of pore bonds meeting at a given
single node. Following a mercury porosimetry experi-
ment, some of the pores may become completely filled
with entrapped mercury, and are, thus, subsequently
completely inaccessible to nitrogen. Hence, both the
total number of open pores, T, and the connectivity of
the network, Z should decline. If the connectivity, Z, is
the typical open pore co-ordination number averaged
over all nodes in the original empty pore network, then
from the handshaking lemma for graphs (Rigby et al.,
2004b):

(Ta/Tg) =(Za/Zp) (D

where here, and below, subscripts B and A, refer to
parameters obtained before and after porosimetry, re-
spectively. Equation (1) assumes that the number of
network nodes is a constant. However, nitrogen ad-
sorption only allows the size distribution of accessible
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pores to be determined. Some pores may be free of en-
trapped mercury but still remain inaccessible because
they are completely surrounded by filled pores. Sim-
ulations of mercury entrapment in random pore bond
networks suggest that the distribution of entrapped mer-
cury is random and homogeneous over the whole net-
work (Androutsopoulos and Mann, 1979). Hence, per-
colation theory may be used to deduce the total number
of open pores remaining after porosimetry, 74, from the
total number of pores directly accessible from the edge
of the network, 7,,, that can be measured using nitro-
gen adsorption, using the generalised scaling function,
h, determined by Seaton (1991):

a(5)- (e 3)-]
B B

where B and v are the critical scaling exponents,
and have values of 0.41 and 0.88, respectively. When
the level of mercury entrapment is low, and thus en-
trapped mercury does not disconnect any nodes, then
T../Tg = Ta/Tg, as in previous work (Rigby et al.,
2004b).The original percolation analysis for nitrogen
sorption data developed by Seaton (1991) assumed that
pore length was uncorrelated with pore diameter. How-
ever, this assumption frequently leads to inconsisten-
cies between the decline in pore connectivity and the
decline in the total number of open pores following
mercury entrapment (Rigby et al., 2004a). However,
if a power law relationship between the pore diameter
and pore length of the form:

I[; = k.d? 3)
where [; is the average length of pores of diameter d;,
and k and o are parameters of the distribution, is as-
sumed, then the decrease in pore connectivity can be
reconciled with the drop in the total number of pores.
This is achieved by adjusting « in the expression:
N = Vai
T, >zt ﬁ
7. =W Vi “)
B Y i e

where N is the number of intervals in the pore diam-
eter distribution, and V; is the incremental volume of
pores in each size interval i, such that the experimental
data satisfies Eq. (1) as closely as possible. However,
the value of connectivity obtained from the percolation
analysis of the nitrogen sorption isotherms obtained
after mercury porosimetry, Z,,, is the average pore co-
ordination number only for the part of the network re-
maining accessible to nitrogen. Hence, the value of

pore connectivity measured in this way, Z,,, does not
take into account nodes at which all pore bonds have
become blocked with mercury. The distribution of pore
co-ordination number amongst nodes is assumed to be
completely random, and, thus, to follow a binomial dis-
tribution. Thus Z4 is related to Z,, by the expression:

o[ EGE)E)
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where C is the constant lattice bond co-ordination num-
ber of the lattice geometry upon which the pore network
isbased (e.g. C = 6 for an underlying cubic lattice, and
C = 4 for an underlying tetrahedral lattice, and where
0 < Zp < C). From Eq. (5), when the amount of en-
trapped mercury is small, as in previous work (Rigby
et al., 2004b), T4 ~ Tg, and thus Z, = Z,,. Hence, it
is only when the level of mercury entrapment is large,
resulting in a relatively high number of totally discon-
nected lattice nodes, that the analysis becomes sensi-
tive to the distribution in pore co-ordination number,
and thus the underlying lattice geometry. In the fitting
of the experimental sorption data from before and af-
ter porosimetry to the model, the lattice size L is also
kept constant. If (T4 / Tg).(Zp/ C) decreases below the
percolation threshold of the underlying lattice, then the
pore network will become disconnected, and L will not
be a constant. Hence, there is an upper limit to the lev-
els of mercury entrapment for which the above analysis
can be applied. The pore length distribution is found
by varying the fitting parameters «, Z,,, Zg, C, and L,
such that Eq. (1) is satisfied, and good fits of the ex-
perimental sorption data, from both before and after
porosimetry, to the generalised scaling relation, &, are
obtained. The parameter k is then obtained from:

Dt N Vi
e Z[:l e
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where D is the overall linear dimension of the network,
and 7 is the tortuosity of a pore bond. T = 1 foraregular
pattern network, and T = 1.1676 for a random pattern
network (Rigby et al., 2004b).

In previous work (Rigby et al., 2004b) mercury en-
trapment was obtained using the standard porosimetry
experiment, where the mercury pressure is increased to
the maximum possible value with the apparatus used
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(typically ~412 MPa (60,000 psia)) and then reduced
back down to ambient. This type of experiment typi-
cally entraps the maximum amount of mercury possible
with the rig used. However, it is also possible to conduct
experiments, typically called “scanning loops”, where
the pressure is only increased to some lower level be-
low the maximum possible. This procedure generally
results in lower levels of mercury entrapment. Hence,
using scanning loops, it is possible to manipulate the
amount and location of entrapped mercury. By con-
ducting mercury scanning loops with successively in-
creasing ultimate pressures it is possible to progres-
sively increase the level of mercury entrapment. With
integrated nitrogen sorption and mercury porosimetry,
nitrogen sorption experiments are conducted between
each separate mercury scanning loop. If samples from
a given batch of porous solid are identical, then it is not
necessary to conduct each integrated series, consisting
of a nitrogen sorption run, followed by the mercury
scanning loop, then followed by another nitrogen sorp-
tion run, on the same sample for each different ultimate
mercury pressure.

In the analysis method described above the distribu-
tion of average pore length with pore diameter is found
by comparing the nitrogen sorption isotherms obtained
before and after the partial filling with solid mercury
of the particular network being characterised. In previ-
ous work (Rigby et al., 2004b), this particular network
was the original (raw) void space of the porous material
with no mercury present. However, the same procedure
can be performed on a material where the starting net-
work consists, instead, of the raw pore structure already
partially filled with mercury. Instead of just compar-
ing the nitrogen sorption isotherms for the completely
empty network, and the network remaining after filling
some of it with mercury to an arbitrary level, to deter-
mine the average pore length distribution for the entire
raw network, it is also possible to compare the sorp-
tion isotherms obtained at two different levels of partial
filling with mercury, and thus obtain the average pore
length distribution only for the subset of the network
that was empty at the time of the first nitrogen sorption
experiment in the relevant pair. In principle, the start-
ing network could be only a tiny fraction of the original
(raw) pore network of the porous solid itself (with the
remainder being full of mercury), and hence the pore
length distribution («;) obtained would be character-
istic of only that small subset of the pores left empty
before the last scanning loop. Once the pore length dis-
tribution is fixed for this initial subset of pores, the (po-

tentially) different distribution for the next subset could
be determined using the nitrogen sorption isotherms
obtained when that next subset of pores was also free
of mercury. The second pore length distribution func-
tion (o) would apply only to those pores filled with
entrapped mercury by the second to last scanning loop,
but not the last (see Fig. 1). The difference in the cor-
responding BJH pore diameter distributions obtained
from the nitrogen adsorption isotherms measured be-
fore and after each mercury scanning loop would de-
termine to what volume of which diameter pores the
second length distribution function applied. In princi-
ple (depending on the degree of pore shielding), the
resolution of the method could be made almost arbi-
trarily small by using mercury scanning loops with ever
closer ultimate pressures to only marginally change the
amount of pore space blocked with entrapped mercury
each time. Hence, using a series of integrated exper-
iments with a sequence of scanning loops, the pore
length distribution for pores of a particular diameter
could be deduced. The resolution of the distribution
would increase as the maximum level of mercury en-
trapment possible for the material increased. It is this
second type of experiment which will be demonstrated
here. The determination of the distribution of pore co-
ordination number will be demonstrated in a subse-
quent publication.

Results and Discussion

The more general experimental procedure used here
is the same as that described in previous work (Rigby
et al., 2004b). The sample studied in this work is a
silica catalyst support pellet denoted W 1. For samples
from batch W1, nitrogen sorption isotherms, denoted
1, 2 and 3, were obtained after each of mercury scan-
ning loops up to ultimate pressures of 0 MPa (i.e. fresh
sample), 275 MPa and 412 MPa, respectively. Only
two scanning loops were used in this work due to the
relatively low level of mercury entrapment for batch
W1, and to simply demonstrate the operation of the
method. The level of mercury entrapment was found
to increase with the ultimate pressure of the scanning
loop and was validated by weighing the sample. A set
of typical isotherms is shown in Fig. 1(a). It can be
seen that the pore volume accessible to nitrogen de-
creases with higher ultimate mercury scanning loop
pressures due to increased mercury entrapment. The
BJH cumulative pore diameter distributions obtained
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Figure 1. (a) Nitrogen sorption isotherms, and (b) BJH cumulative pore diameter distributions, obtained for a fresh sample (1), and after
mercury porosimetry scanning loops to (2) 275 MPa and (3) 412 MPa.

from the adsorption isotherms shown in Fig. 1(a) are r
shown in Fig. 1(b). In the case of the distributions ob- 25 0.09 | = Total
tained after mercury entrapment, the ultimate cumula- > Group 1
tive volumes have been renormalised to that obtained °- Group 2
for a fresh sample. This method of presenting the data
demonstrates that the pore diameter distributions ob-
tained after mercury entrapment are identical to that
obtained for a fresh pellet, within experimental error,
at smaller pore diameters, but differ at larger pore di-
ameters. As more mercury becomes entrapped, more S
larger pores become inaccessible to nitrogen. The data 0 10 20 30 40
in Fig. 1(b) suggests that mercury intrusion and retrac- Pore diameter/nm

tion occurs by a piston-type mechanism, as required
for the analysis method. The incremental pore diame-
ter distribution for pores filled with entrapped mercury
by the 276 MPa scanning loop, but not the 414 MPa
loop, (Group 2) is shown in Fig. 2, along with that for
the remainder of the pores (Group 1), and that for the
complete set of all pores.

The nitrogen sorption isotherms in Fig. 1 were anal-
ysed using the above analysis, utilising the limiting
versions of Egs. (2) and (5) applicable to low levels of
mercury entrapment. The fits of the data to the gen-
eralised scaling relation (Seaton, 1991) are shown in
Fig. 3. The best fit parameters obtained from the anal-
ysis are shown in Table 1. The values of «; and «; for
pores in Groups 1 and 2 are —1.0 and —0.9, respec-
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Figure 2. Incremental pore diameter distributions.
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Figure 3. Fits of the nitrogen sorption data in Fig. 1 to h.

Table 1. Fitted parameters (subscripts refer to the relevant
isotherms).

tively. Hence, since these values are slightly different,
Zi Zn Zz /Zy Z3/Zy /T T3/Tn L there is likely to be a distribution of pore lengths for
pores of a given diameter within pellets from batch
WI.

34 33 30 0971 0.909 0973 0908 95
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Conclusions

The extension of the experimental method previ-
ously utilized in integrated gas sorption and mercury
porosimetry to include porosimetry scanning loops has
been demonstrated. Using this expanded type of exper-
iment, it has been shown that increased information on
the distribution of pore length with diameter, beyond
simply the variation in the average length of pores of a
given diameter, can be obtained.
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