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Mercury porosimetry is still frequently used to obtain the pore size distributions (PSDs) for porous
heterogeneous catalyst pellets. However, unless the contact angle in the Washburn equation is correctly
calibrated, porosimetry strictly remains only a relative technique. There is a particular potential issue for
catalyst samples containing heavy metals, which may present (relatively) wetting surfaces to mercury,
when the standard analysis is based upon the presumption of consistent non-wetting behaviour. Data in
the literature on the impact of heavy metals on mercury intrusion is conflicting with some studies
suggesting they do impact intrusion and some suggesting they do not. This study uses complementary
gas sorption and mercury thermoporometry experiments that were fully serially-integrated with por-
osimetry to provide additional information to improve the interpretation of the basic mercury por-
osimetry data and validate the pore sizes obtained from it. These complementary data have been used to
show that the wetting effect from heavy metals on intrusion may be confined to the smallest nanopores
in the sample where the pore wall potentials begin to overlap. It has also been shown that confined
mercury shows a significant advanced melting effect during thermoporometry. The thermoporometry
studies revealed that the common interpretation of sharp intrusion curves and high entrapment levels in
porosimetry data as implying ink-bottle pore geometries is flawed.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury porosimetry remains a frequently used structural char-
acterisation method for use with heterogeneous catalysts because it is
still one of only a few techniques that can provide data over the
complete length-scale range from �3 nm to �100 μm in a single
(S.P. Rigby).
experiment. A substantial body of past work on porosimetry has both
greatly expanded its capabilities and revealed particular problems. For
instance, there is much previous work in the literature on improving
the interpretation of mercury porosimetry data and addressing key
issues such as the pore-shielding effect (Androutsopoulos and Mann,
1979; Matthews et al., 1995). Mercury porosimetry relies upon the
basic underlying principle that mercury is a non-wetting fluid for most
surfaces and, thence, to intrude it into ever smaller pores a greater
pressure is required, which according to the Washburn (1921)
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equation is given by:

plf ¼
�2γ cos θ

r
ð1Þ

where pf
l is the hydrostatic pressure in the liquid phase to enter a pore

of radius r, γ is the surface tension, and θ is the contact angle. The
macroscopic contact angle can readily be measured using techniques
such as the sessile drop experiment. However, there is often doubt as
to whether the macroscopic measurement applies to mercury menisci
with a small radius of curvature, as would be found in nanopores.
Previous workers have attempted to calibrate the physical properties
term in the Washburn equation using model materials with inde-
pendently known pore sizes, such as controlled pore glass (CPG)
(Liabastre and Orr, 1978; Kloubek, 1981).

In the usual mercury porosimetry experiment, the hydrostatic
pressure is increased in small steps, and the intruding mercury
volume allowed to reach equilibrium at each step. The pore size is
derived using Eq. (1), and the corresponding pore volume from the
intruded liquid volume at each step. The accuracy of the pore size
distribution relies upon Eq. (1), or its calibrated equivalents, being
valid throughout the intrusion process, and, thence, that mercury
always stays non-wetting to the surface. However, many of the
catalysts used in the chemical industry use supported metal crys-
tallites or mixed oxides of relatively heavy elements like copper,
platinum and molybdenum. The dispersion force interaction of
platinum is such that its Leonard–Jones potential parameters are
the same as for mercury (Zhu, 1995). Hence, it is conceivable that
the surface of catalysts containing heavy elements may wet mer-
cury, contrary to the assumptions of the conventional analysis of
mercury porosimetry data.

Mercury porosimetry is frequently used to obtain PSDs for
catalyst pellets including those containing heavy metals, such as
hydrotreating catalysts. However, since interpretation of mercury
porosimetry is based upon the presumption that it is a non-
wetting fluid, the presence of elements/surfaces for which it has a
high affinity casts doubt over the accuracy of the PSDs obtained.
Indeed, it has been found that increasing the content of MoO3 or
WO3 in alumina-supported catalysts resulted in a gradual decrease
in the apparent surface area from mercury intrusion porosimetry
compared to that measured by the nitrogen adsorption BET
method (Milbum et al., 1994). It was further found that altering the
mercury contact angle towards a more wetting value improved
agreement between the two methods. This suggested that the
presence of heavy elements in the surface may alter the wetting
properties of mercury and decrease the accuracy of the PSD.
However, other workers Lowell and Shields (1982) found that the
presence of other heavy elements, namely copper, nickel or cobalt,
only increased the width of the hysteresis, and the amount of
entrapment, but did not significantly alter the intrusion pressure.
It could be argued that, since the pressure for mercury intrusion is
controlled by the radius of curvature of the mercury meniscus at
the pore mouth, then the presence of heavy elements down inside
the pore will not impact intrusion pressure, but only retraction
pressure due to the pore potential effect. Hence, uncertainty rem-
ains over the impact of heavy elements in the internal surface of a
porous solid on the accuracy of the PSD obtained. The aforemen-
tioned contrasting findings could potentially be explained by
the difference in atomic numbers of the elements studied, since
molybdenum and tungsten are heavier elements, with larger
dispersion forces, than copper, nickel or cobalt. However, even
though both sets of workers studied alumina supports these dif-
fered in the pore size or surface roughness, and, thus, other
characteristics of the system may explain the results. Lowell and
Shields (1982) did not obtain independent validated measures of
pore properties such as modal pore size to compare with mercury
intrusion. Hence, the particular influence of heavy metals on
mercury intrusion remains an open question.

Recently, complementary methods have been developed that
enable the more direct validation of mercury porosimetry. Fol-
lowing mercury intrusion the pressure is released in small steps to
obtain a corresponding retraction curve as mercury extrudes from
the sample. However, in many samples, not all of the mercury
leaves the sample, and some may remain entrapped in the sample
even when the pressure returns to ambient. The entrapped
mercury remaining behind can itself be used as the probe fluid
for thermoporometry. The mercury thermoporometry method
(Bafarawa et al., 2014) enables the probing of the entrapped
mercury directly to obtain information such as the size of the
remaining mercury ganglia. Hence, mercury thermoporometry can
be used to independently determine the size of pores that mercury
has entered but then has become entrapped in the retraction step,
and, thus, validate the mercury pore size obtained.

However, when using thermoporometry to probe complex pore
geometries, the impact of that geometry on the melting mechan-
ism and temperature has been shown to be important (Bafarawa
et al., 2014). In particular, when the probe liquid ganglia extend
between, and connect, several different pores, then so-called
pore–pore interaction effects, such as advanced melting, become
important (Hitchcock et al. 2011). In advanced melting, the melt-
ing of the fluid within a small pore connected directly to a larger
pore can facilitate the melting of the probe fluid in the larger pore
at a temperature lower than expected (for an isolated larger pore).
Hence, in order to interpret (mercury) thermoporometry data
correctly, the influence of pore and fluid ganglion connectivity, and
network effects, needs to be taken into account, and will be con-
sidered in this study.

In order to use thermoporometry to validate porosimetry using
entrapped mercury it is also necessary to fully understand the
entrapment mechanism so that the correct interpretation of
the thermoporometry data can be made. Typically, in thermo-
porometry, the porous solid is completely filled with probe fluid.
While glass micro-model experiments (Wardlaw and McKellar,
1981) have shown that some particular pore geometries result in
the pores being completely filled with mercury following entrap-
ment, many other pore configurations only result in pores that
are partially-filled with entrapped mercury. However, it has been
shown previously (Rigby et al., 2006) that complementary inte-
grated gas sorption experiments run on the same sample before
and after mercury entrapment will reveal when the entrapment
process leads to partial, rather, than full pore saturation with
mercury. Hence, complementary integrated gas sorption will be
used to resolve between different potential interpretations of the
thermoporometry data.

Based on findings from mercury porosimetry experiments con-
ducted on glass micro-models with simple created pore geome-
tries (Wardlaw and McKellar, 1981) and other data, some authors
(Day et al., 1994) have attempted to draw up a general classifica-
tion scheme for the shapes of mercury porosimetry curves similar
to the classification scheme developed by the IUPAC for nitrogen
sorption isotherms and hysteresis loops (Rouquerol et al., 1999).
However, there is doubt concerning the general applicability of
these schemes to the wide variety of potential sample materials.

This work will show how the complementary measure of pore
size provided by mercury thermoporometry can eliminate uncer-
tainty over the accuracy of PSDs for catalysts containing heavy
elements. In addition, this work will test the general applicability
of the classification scheme for mercury porosimetry data, parti-
cularly the classical theory on the detection of ink-bottle pore
geometry. The work comprises a detailed case study that makes
use of the particular characteristics of the specific material chosen
that make this type of study possible. Besides containing a
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relevant heavy metal, namely copper, the entrapment level varies
significantly with intrusion pressure and only really begins sig-
nificantly after the intrusion curve has passed the point of inflec-
tion. This means that the modal pore size and beyond, should
already have been filled on intrusion, for any entrapment level
considered in the thermoporometry experiments. Hence, there
was the potential (which was fulfilled) for entrapment to arise in
the modal pore size for all partially entrapped samples considered.
2. Theory

2.1. Mercury porosimetry

In common usage, raw data from mercury porosimetry is pro-
cessed using the Washburn (1921) equation. However, it is widely
acknowledged (Kloubek, 1981) that both the surface tension γ and
contact angle θ vary with the radius of curvature of the meniscus,
and that the contact angle depends upon whether the meniscus is
advancing or receding. More recently (Kloubek, 1981; Rigby, 2002)
expressions for the term γ.cos θ have been developed that take
into account these effects. These expressions have been obtained
by calibrating the pressure p, at which mercury enters or leaves a
model porous medium with a controlled structure, against a cor-
responding, independent measure of pore size r, such as electron
microscopy (Liabastre and Orr, 1978). Insertion of these expres-
sions into the Washburn equation gives rise to correlations of the
form:

r¼
�Aþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2�2pB

q

p
ð2Þ

where A and B are constants depending on the material, and
whether the mercury meniscus is advancing or retreating. The
values of A and B for silica and alumina are given in Table 1.
The correlations of the form of Eq. (1) were determined using
empirical methods, and are, therefore, of restricted range of appli-
cability (see Table 1), and also contain experimental error (�4–5%
(Kloubek, 1981). However, more recent work (Rigby and Chigada,
2010), using MF-DFT, has now shown that the calibrated Wash-
burn equations remove apparent ‘contact angle hysteresis' effects.

2.2. Thermoporometry

Thermoporometry is based upon the observation that, when a
fluid is confined to a porous medium, the freezing and melting
points of that fluid is changed. Typically, the shift in the phase
transition point for a small crystal, relative to the bulk, varies
inversely with crystal size (Mitchell et al., 2008). When a crystal is
melting within a cylindrical pore the relevant form of the Gibbs–
Thompson equation suggests the melting point depression ΔTm
will be given by:

ΔTm ¼ T1
m �Tm xð Þ ¼ � 4σslT

1
m

xΔHfρs
cos φ

� �
; ð3Þ
Table 1
Parameters for use in Eq. 2.

Material A.103/(N m�1) B.1012/N Range of validity/
(nm)

Silica (advancing meniscus) �302.533 �0.739 6�99.75
Silica (retreating meniscus) �68.366 �235.561 4–68.5
Alumina (advancing
meniscus)

�302.533 �0.739 6–99.75

Alumina (retreating
meniscus)

�40 �240 4–68.5
where Tm(x) is the melting point in a pore of diameter x, T1
m is the

bulk melting temperature, ΔHf is the bulk enthalpy of fusion, σsl is
the surface tension, ρs is the density of the solid, and ϕ is the
contact angle (typically assumed to be 180° for liquid–solid). This
equation is often simplified to the form:

ΔTm ¼ k=x; ð4Þ
where k is the Gibbs–Thompson constant. In previous work

(Bafarawa et al., 2014), it has been found that for melting of a
mercury crystal via a hemispherical meniscus, the value of k is
90 nm K.

Borisov et al. (1998) found that a thin liquid layer forms on the
surface of confined, solid mercury ganglia in the temperature
range 195–229 K. This liquid-like layer forms the seed site for
initiating melting of the solid cores at a higher temperature dep-
ending on characteristic size. It is presumed this liquid-like layer is
one molecular diameter thick, and thus the effective crystal size in
Eq. (4) becomes x–t, where t is the thickness of the liquid-
like layer.

The differential pore size distribution can be obtained (Mitchell
et al., 2008) from the equation:

dv
dx

¼ k
x2

dv
dT

ð5Þ

where v is the volume of pores of size x.
For ice crystals that do not wet the solid there is generally a

liquid-like layer that is always retained at the pore wall. It is from
this existing molten phase layer that the melting process for the
frozen phase is initiated. For a through ink bottle pore model, this
process is shown in Fig. 1, where the arrows demonstrate how the
liquid-like layer initiates the melting process and this melting
mechanism is said to occur via sleeve-shaped menisci. When such
a melting mechanism is in operation, the smaller necks will melt
first, and, then, as the temperature is raised, the large pore will
also subsequently melt. Therefore, this type of melting event
would give an accurate measurement of the both the neck and
body sizes.

However, for pores with a cylindrical geometry, melting could
happen at a lower temperature via the alternative hemispherical
meniscus (between solid and molten phases), than it would via a
Fig. 1. Schematic depiction of the stages of the advanced melting process in a
cylindrical, through ink-bottle pore system. The dark shading indicates the non-
freezing surface liquid-like layer, while the light shading indicates the bulk frozen
fluid. The arrows indicate the direction of the meniscus movement on initiation of
melting from (a) sleeve-shaped menisci in the pore necks and (b) hemispherical
menisci at the entrances to the pore body.
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sleeve-shaped meniscus. For the through ink bottle pore in Fig. 1,
melting would then be initiated within the outer narrow necks
starting from the thin sleeve-shaped layer of permanently liquid-
like fluid that exists at the pore wall. Once the fluid within these
necks is fully molten, it will naturally produce a hemispherical
meniscus at both ends of the larger pore body. These hemi-
spherical menisci could then facilitate the melting of the solid in
the large pore so long as the larger pore radius is smaller than the
critical size for melting via a hemispherical meniscus at the cur-
rent temperature. If that condition is met, then the larger pore
would also melt at the same temperature as the smaller pore.
Hence, the melting behaviour of the fluid confined within a void-
space structure with two different, clearly-defined characteristic
sizes, would make it erroneously appear as if the void space pos-
sessed just one size from the melting curve. Melting via a hemi-
spherical meniscus might also be initiated from a dead-end pore,
where the liquid-like layer covered the terminating wall.
3. Materials and methods

3.1. Materials

The material studied for the case study described in this work
was a low temperature shift catalyst (ZnCu). It is a commercially
available catalyst. Details of the catalyst composition and proper-
ties are presented in Table 2.
3.2. Methods

3.2.1. Mercury porosimetry
The experiments were carried out using a Micromeritics

Autopore IV 9500, generally according to the method described in
detail in Bafarawa et al. (2014) except where stated here. Prior to
any experiment, the samples were oven dried at a temperature of
50 °C for 4 h. The equilibration times used in this work were 10, 15
and 30 s.
3.2.2. Gas sorption procedure
Nitrogen sorption experiments were performed using a Micro-

meritics Accelerated Surface Area and Porosimetry (ASAP) 2420
apparatus according to the method described in detail in Hitchcock
et al. (2014) except where specified here. The amount adsorbed at
different equilibration times was tested, and an appropriate equi-
libration time was found to be 10 s.

The gas adsorption data was analysed using the Barrett–Joy-
ner–Halenda algorithm (Barrett et al., 1951), assuming a cylindrical
sleeve meniscus geometry in the Kelvin equation, and using the
Harkins–Jura t-layer correction equation, to obtain the pore size
distribution weighted by pore volume. The adsorbate property
factor was 0.953 nm.
Table 2
Composition and properties of catalyst studied.

Name Principle components Melting point/°C

Low temperature shift catalyst Copper oxide 41400
Zinc oxide
Aluminium oxide
3.2.3. Integrated gas sorption-mercury porosimetry-gas sorption
procedure

The integrated gas sorption-mercury porosimetry-gas sorption
procedure was performed according to the method described in
detail in Hitchcock et al. (2014).

3.2.4. DSC-Thermoporometry
Mercury porosimetry was used to prepare the samples used in

the thermporometry experiments. The DSC experiments were
carried out using the apparatus, and generally according to the
method, described in detail in Bafarawa et al. (2014) except where
stated here. The sample with entrapped mercury was initially
frozen in the DSC cell to the temperature of �80 °C, and then kept
at this temperature for 30 min to ensure temperature homo-
geneity. The melting curves were measured over the temperature
range from �80 °C to �37 °C at low scanning rate, 0.5 °C min�1.
Preliminary studies established this rate was the most appropriate.
The DSC has the capability to measure heat flow rates with a
resolution of 70.5 mW and an accuracy of 72 mW.
4. Results

Fig. 2 shows typical examples of the mercury porosimetry data for
the ZnCu catalyst. From Fig. 2(a), it can be seen that different samples
taken from the same batch of ZnCu catalyst have a range of values of
total specific pore volume. However, the renormalized data in Fig. 2
(b) indicates that the shapes of the intrusion curves are virtually the
same for all samples. Hence, samples of the catalyst differ in the pore
volume but not the pore size distribution. The standard deviation in
the pore volume for the samples in Fig. 2(a) is �10% of the average.
Fig. 2(c) also shows mercury intrusion scanning curves up to a range
of different ultimate pressures, and the corresponding mercury
retraction curves. The raw data have been adjusted to remove inter-
particle intrusion effects. It can be seen that, while the shapes of the
overlapping regions of the intrusion curves are quite similar, the
amount of mercury entrapment depends strongly upon the ultimate
intrusion pressure. The variation in mercury entrapment with
intrusion pressure is much higher than the variation in total pore
volume between samples, and thus entrapment level is dependent
on ultimate intrusion pressure.

Fig. 3 shows the differential PSD obtained from the mercury
intrusion curve up to an ultimate pressure of 414 MPa. The raw
data have been analysed using Eq. (2) and the parameters for
alumina given in Table 1. It can be seen that the modal peak occurs
at a radius of �7–8 nm.

Fig. 4 shows the differential mercury ganglia size distributions
obtained from DSC thermoporometry of the samples containing
entrapped mercury following mercury porosimetry scanning
curve experiments shown in Fig. 2(c). It can be seen that the shape
of the ganglion size distribution following the 103 MPa scanning
curve is bimodal with peaks at radii of �5–6 nm and �7–8 nm. It
is also noted that the small size tail of the distribution extends
below 5 nm down to a radius of �3 nm. However, it is noted that,
according to Eq. (2), an intrusion pressure of 103 MPa corresponds
to a pore radius of 5.9 nm. Hence, the data suggest that entrapped
Bulk density/kg m�3 Length/mm Diameter/mm Form

1050 �2.4 �4.5 Tablet



Fig. 2. Mercury intrusion curves for three whole pellet and one powder (particle
size �100 μm) samples of the ZnCu catalyst with absolute cumulative intrusion
volume (a), or fractional mercury saturation (b), against pressure (c), Mercury
intrusion and retraction curves for whole pellet samples of ZnCu catalyst up to
various ultimate intrusion pressures as indicated in legend. The raw data have been
adjusted to remove inter-particle intrusion effects.

Fig. 3. Differential pore size distribution determined from the mercury intrusion
curve for the ZnCu catalyst analysed using Kloubek (1981) correlation (Eq. (2)).

Fig. 4. Differential pore size distributions, determined from the mercury thermo-
porometry melting curves and Eq. (5), for mercury entrapped after mercury
intrusion up to ultimate pressures of 103 MPa, 110 MPa, 117 MPa and 414 MPa.
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mercury ganglia exist with characteristic sizes less than the antici-
pated minimum penetrated pore radius for the ultimate pressure of
the scanning curve. If the melting of the entrapped mercury ganglia
was occurring via a cylindrical sleeve meniscus, and the appropriate
Gibbs–Thompson parameter was then 45 K nm (Bafarawa et al.,
2014), rather than a hemispherical meniscus, then the premature
intrusion effect would be even more pronounced as the ganglia sizes
would be shifted downwards in magnitude. From Fig. 4 it can also
be seen that as the ultimate pressure of the porosimetry scanning
curve is increased to intermediate pressures the size distribution of
entrapped ganglia becomes narrower and more unimodal with the
main peak at �7 nm. However, as the ultimate intrusion pressure is
increased to the highest possible with the apparatus used (414 MPa),
the modal peak position shifts down to �5–6 nm. It is also noted
that the low size tail of the mercury ganglion size distributions
progressively shifts to smaller sizes following scanning curves to ever
higher ultimate intrusion pressures, as might be anticipated if mer-
cury was intruding smaller pores with increasing pressure.

Fig. 5 shows nitrogen sorption isotherms obtained before and
after mercury entrapment during porosimetry experiments with
ultimate intrusion pressures of 414 MPa and 117 MPa. It can be
seen that there is a significant reduction in total adsorbed nitrogen
volume following porosimetry. The Gurvitsch volume for the
nitrogen adsorption isotherms before porosimetry is typically 9%
larger than the corresponding pore volume derived from mercury
porosimetry for the same sample. While the gas adsorption iso-
therms show some tendency to level off at high pressures, they
have not completely flattened out to a horizontal plateau, thereby
indicating a small fraction of macropores may not have filled with
condensed nitrogen at the top of the isotherm. However, the size
of the Gurvitsch volume relative to the mercury pore volume
suggests the volume of these macropores must be small. As
explained in previous work (Hitchcock et al., 2015), for cylindrical
pores open at both ends the Cohan equations suggest that the
relative pressure for evaporation via a hemispherical meniscus is
the square of the relative pressure required for condensation via a
cylindrical sleeve meniscus. Also shown in Fig. 5 is a comparison



Fig. 5. Nitrogen sorption isotherms obtained before (þ , adsorption; ⎕ desorption)
and after (Δ, adsorption; � desorption) mercury porosimetry to ultimate intrusion
pressures of (a) 414 MPa and (b) 117 MPa. The dashed lines show the adsorption
isotherms re-plotted after the original relative pressures have been squared. The
inset shows an expanded view of the data after porosimetry.

Fig. 6. Cumulative difference in pore volume (� ) for pore size distributions from
before and after mercury intrusion to 414 MPa obtained from the integrated
nitrogen adsorption experiments. Also shown (solid line) is the differential of the
smoothed cumulative difference curve.
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of the experimental desorption isotherms measured with the
prediction from the Cohan equations and the adsorption data. It
can be seen that, in all cases (but particularly following mercury
entrapment), the Cohan equations give a reasonably good pre-
diction of the shape and position of the initial desorption knee at
the top of the desorption isotherm. The agreement of the experi-
mental desorption isotherm with the Cohan prediction declines
with decreasing relative pressure.

Fig. 6 shows the difference in cumulative pore volume for the
nitrogen adsorption pore size distributions obtained before and
after a mercury porosimetry intrusion experiment to 414 MPa. It
can be seen that, over the whole pore size range, the cumulative
curve is always increasing, showing that more pore volume of a
particular size is always lost, rather than generated, by mercury
entrapment. Hence, the impact of mercury entrapment has been to
reduce the accessible volume of pores of all sizes. The differential
plot indicates that the modal pore radius of the pores in which
mercury entrapment is occurring is �7 nm. The skew and modal
peak position for the differential plot is similar to that for the
mercury intrusion pore size distribution. The modal radius value is
also similar to the modal peak position in the mercury thermo-
porometry pore size distributions following entrapment after
intrusion to 110 or 117 MPa.
Fig. 7 shows secondary electron and back-scattered electron
micrograph images of a wide field of a fracture surface of a sample
of the ZnCu catalyst. It can be seen in the backscattered electron
images that there are dark patches of low average molecular mass
material surrounded by a ‘sea’ of higher average molecular mass
material. These patches are probably graphite lubricant added to
the pellet to aid tabletting. Fig. 8 shows two close-up views of a
region of the surface of the catalyst where one of the black lumps
of graphite has remained attached to the other, removed side
of the cleavage surface, thereby revealing a cross-section of the
catalyst. From Fig. 8, it can be seen that there are long narrow
pore channels in the catalyst, together with wider pore inter-
connections.

The images also show wispy and worm-like white features, for
which the brighter white contrast indicates they have a relatively
high average molecular mass. Due to the high molecular weight,
relative to the rest of the material, and the nature of the sample,
these features are probably copper metal with a thin passivated
layer. These features, and the graphite lumps in Fig. 7, suggest that
the surface of the catalyst, as seen by intruding mercury, is likely
to be heterogeneous, including exposures of heavy metal, as well
as intermediate mass oxide and alumina, and lower molecular
mass graphite surfaces.
5. Discussion

The results from the integrated gas sorption and mercury
porosimetry experiment suggest that pores that entrap mercury
are completely filled with mercury. This is because, if partial filling
of larger pores were occurring, it would be expected that the
incremental volume of larger pores would decline, but that of
smaller pores would increase, as small pores were apparently
created. The small pores are apparently created from the gaps left
free from mercury in the larger pores when filling is partial, as
shown schematically in Fig. 9. The steeper cumulative pore size
distribution at smaller sizes after porosimetry, compared to before,
as shown in Fig. 9, would lead to one, or more, step(s) downwards
in the cumulative difference plot in Fig. 6 with decreasing pore
size. No data points with steps down at lower pore sizes were
observed in Fig. 6, and, hence, the mechanism of entrapment for
the catalyst sample seems to be complete pore-filling. Therefore it
seems likely that the characteristic size of entrapped mercury
ganglia detected in thermoporometry will correspond to the pore
size in which they sit.

The ability of the Cohan equations to predict the position of the
desorption knee in the nitrogen sorption data in Fig. 5 suggests



Fig. 7. Secondary electron (a) and back-scattered electron and (b) micrograph images of a wide field of a fracture surface of a sample of the ZnCu catalyst.

Fig. 8. Close-up SEM views of pore structure of ZnCu catalyst.
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Fig. 9. BJH cumulative PSDs derived from nitrogen adsorption isotherms obtained
before (solid line) and after (●) mercury porosimetry to 414 MPa on a hypothetical
sample. The ultimate pore volume of the cumulative distribution obtained after
porosimetry has been renormalised such that it is the same as that before por-
osimetry. The inset shows schematically how mercury entrapment causes loss of
accessible pore volume and larger pores, and partial pore-filling leads to the
apparent creation of smaller pores.
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that a large fraction of pores are behaving like cylinders open at
both ends, known as ‘through’ cylindrical pores. The narrowing of
the gas sorption hysteresis at lower relative pressures is probably
due to an increasing contribution from void-space regions in
which nitrogen sorption is reversible, such as dead-end pores and
surface roughness of larger pores. The similarity of the position of
the mode of the differential pore size distribution obtained from
nitrogen adsorption for pores that filled with mercury following
intrusion to 414 MPa using the Cohan equation for a cylindrical
sleeve meniscus, with the mode for the mercury intrusion sug-
gests that the pores that entrap mercury are not suffering from
significant pore-shielding effects. This would be consistent with
them behaving like through cylindrical pores for gas sorption. In
previous work (Hitchcock et al., 2014) it was shown that even
uniform, straight cylindrical pores can entrap mercury if the
menisci coalesce at the top of the intrusion curve such that the
thread of mercury is continuous along the pore. In such circum-
stances mercury retraction can only commence by snap-off of the
mercury thread to re-create two menisci. However, this snap-off
process can occur at numerous sites along the length of a pore,
where there is no mechanism to favour one site above all others
(as does occur for ink-bottle pores with high neck-to-body size
ratio), thereby creating several completely disconnected threads of
mercury that thus become entrapped. The actual void space in the
real material does not need to resemble a parallel pore bundle
structure to lead to these results. Instead, it simply must lead to
coalescence of menisci everywhere within pores of each size at the
top of the mercury intrusion curve, and have no pore-shielding,
such as might arise with the presence of macroscopic correlations
in the spatial distribution of pore sizes.

From Fig. 4 it can be seen that when the levels of entrapped
mercury are relatively low, for the lower ultimate pressure (110–
117MPa) intrusions in Fig. 2, the modal size of entrapped mercury
ganglia is �7–8 nm, which is similar to the modal pore size in the
distribution, obtained from the mercury intrusion curve analysed
using the Kloubek (1981) correlations, shown in Fig. 3, and the dif-
ferential nitrogen adsorption pore size distribution for pores entrap-
ping mercury in Fig. 6. However, as the ultimate mercury intrusion
pressure is increased, the amount of mercury entrapment increases
and the apparent modal size of the entrapped ganglion distribution
shifts to smaller sizes. These trends would be consistent with the onset
and increasing pervasiveness of advanced melting effects in the ther-
moporometry data as mercury entrapment increases. This is because,
as more mercury becomes entrapped, and the inter-connectivity of
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residual mercury ganglia increases, more pathways are created to
facilitate the advance of the melting front from small pores to neigh-
bouring larger ones. This would cause a shift in the apparent size
distribution, derived from thermoporometry, to smaller sizes. It is
noted that even the lower pressure intrusion curves are still suffi-
ciently high in pressure to intrude the modal pore size, and thus all
can potentially give rise to entrapment within pores of the modal size
from porosimetry. However, the presence of entrapped mercury in
these modal pore sizes is then progressively obscured in the ther-
moporometry data as higher pressures enable smaller pores to also
become filled and potentially entrap mercury, and thereby facilitate
advanced melting in their neighbouring, filled, larger pores. Since
smaller pores lying behind (but still connected to) larger pores can
facilitate advanced melting, the presence of advanced melting is not
inconsistent with the lack of shielding of modal sizes in the intrusion
curve. The more disconnected and isolated nature of ganglia at low
levels of mercury entrapment has meant that ganglia size distributions
for lower entrapment levels are not impacted substantially by
advanced melting effects. The similarity of the modal pore sizes
obtained from mercury intrusion and thermoporometry for low and
intermediate levels of entrapment suggests there is no shielding effect
of the modal pore size by smaller pores for intrusion.

If there is no significant shielding of a large proportion of the pore
size distribution then the mercury entrapment observed must have
another cause other than ink-bottle type network geometry. In Fig. 2,
the level of mercury entrapment increases with increased ultimate
intrusion volume, with a particular marked increase in entrapment
levels between scanning curves to ultimate pressures of 103MPa and
117MPa despite the ultimate intrusion volume only varying slightly.
This step increase in entrapment with intruded volume might be
associated with the last pores being intruded that were required to
achieve final completion of a continuous thread of mercury at the top
of the intrusion curve, rather than leaving significant free menisci to
initiate retraction without the need for snap-off. In Fig. 2, there is a
shift in the position of the knee, at the start of significant levels of
retraction of mercury, to lower extrusion pressures with increased
ultimate intrusion pressure, leading to a general widening of the
hysteresis with increased intrusion pressure. This may the result of
the need to lower pressure more substantially to initiate snap-off
before retraction can begin, rather than it able to commence earlier
from pre-existing, free menisci.

The similarity of the thermoporometry modal ganglion size (for
mercury entrapped following scanning curves to 117MPa) and the
modal pore size from mercury intrusion suggests that for relati-
vely larger mesopores of sizes greater than �6 nm the mercury
intrusion pressure is not influenced by any enhanced wetting prop-
erties of the wall. However, the appearance of mercury ganglia of sizes
smaller than the size of pores predicted to be intruded by the Kloubek
correlation, when the entrapment mechanism involves complete
pore-filling, suggests that for the smallest pores there is an enhanced
wetting effect leading to ‘premature’ intrusion. With other materials,
such as CPGs and sol–gel silicas (Rigby and Edler, 2002), the Kloubek
correlations have been shown to be correct down to the smallest
mesopore sizes accessible with porosimetry. Kloubek (1981) sug-
gested some time ago that there was a metastable structuring of
molecules in the interfacial region (mercury/solid/air) due to the force
field of the solid and bulk liquid that affects the local liquid density,
and is responsible for the contact angle hysteresis in porosimetry
because of a gradient in local liquid density depending on whether it
has just passed over a more, or less, wetting surface. It also seems
likely that this influence of surface heterogeneity on liquid density
affecting contact angle would be more significant in smaller pores
where the aforementioned force field of the solid is stronger closer to
the centre of the pore. Hence, it is suggested that this is probably the
mechanism by which the presence of heavy metals does affect the
accuracy of porosimetry in small pores.
6. Conclusions

It has been shown that rather than particular mercury por-
osimetry data of the form of a sharp intrusion curve followed by
high entrapment on retraction being associated with ink-bottle
pores, in this case there was very little shielding of the pore size
distribution and the high entrapment was thus probably due to
mercury stabilisation due to high pore interconnectivity. This
suggests that common interpretations and classification schemes
for mercury porosimetry curves should be treated with caution. It
has also been shown that advanced melting effects arise in ther-
moporometry using mercury as the probe fluid. The data pre-
sented here suggested that mercury intruded smaller pores in the
ZnCu catalyst at lower pressures than might have been anticipated
given its behaviour in larger pores. This has been attributed to the
greater overlap of pore wall potentials in narrow pores with walls
containing elements with strong dispersion interactions.
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