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We have carried out comprehensive GCMC molecular simulations to study the effects of temperature
(ranging from sub-critical to supercritical), cavity and neck dimensions, and adsorbate on the transition
from pore blocking to cavitation in slit shaped ink-bottle pores. Varying these parameters affects, not
only the position and the size of the hysteresis loop, but also its shape, which can change from H1, typical
for pore blocking, to H1 or H2 combined with Type C (in the de Boer classification). The combined loops
can either be fused loops or appear as two separate loops, one of which is of Type H1 and the other Type
C. Another highlight of our simulation study is the double maxima in the adsorption isotherm at a super-
critical temperature which results from the sigmoidal shape in the plot of bulk gas density versus pres-
sure and the compression of the adsorbate in the confined space at high pressures.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Hysteresis associated with capillary condensation and evapora-
tion in porous materials has been the subject of immense interest
for over 100 years [1], especially the search for the controlling
mechanisms of adsorption and desorption. Adsorption in mesop-
ores gives rise to hysteresis when the temperature is less than
the critical hysteresis temperature and pore size is greater than a
critical value [2,3].

Materials such as activated carbon, porous glass and silica gel
consist of interconnected networks of pores of various shape and
size, and their experimental isotherms can exhibit single or double
steps in the hysteresis loop [2,4–18]. When hysteresis shows two
distinct steps, the first, at lower pressure, is associated with con-
densation and evaporation in the smaller pores and the second
with the same processes in wider pores. If the adsorbate–
adsorbent system is wetting, adsorption proceeds by molecular
layering, followed by condensation when both ends of a pore are
exposed to the bulk surroundings, or by the advance of a meniscus
from the closed end if one end of the pore is closed. Desorption, on
the other hand, takes place by two processes which occur in con-
junction: (1) the withdrawal of menisci from the pore mouth,
and (2) the stretching of the condensed fluid in the interior region
to a pressure where bubbles (cavities) appear in the adsorbate.
When the first process dominates, the desorption mechanism is
described as pore blocking, and as cavitation if stretching of the
condensed fluid reaches the stability limit before the menisci have
travelled to the pore interior. Both modes of evaporation can be
illustrated by simulations using a simple ink-bottle pore model
by tuning the neck size [19–23]. For a given adsorbate–adsorbent
pair and temperature, the mechanism of desorption changes from
pore-blocking to cavitation as the neck size decreases [20–24]. The
cavitation pressure is a fluid property only when the cavity is large,
typically greater than 7 nm for argon adsorption at 87 K, but is
dependent on the cavity size for smaller cavities, because of the
the overlap of adsorbent potential from closely spaced pore walls
creates a stabilization effect [25,26]. The neck length can affect
evaporation in an interesting way: Even when the neck size is
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Fig. 1. Schematic diagrams of the ink-bottle pore with finite length in the y-
direction and infinite length in the x-direction (perpendicular to the page). The
length of bulk phase, Lb is fixed at 4 nm for all the systems studied.
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smaller than the value at which cavitation normally occurs, evap-
oration can switch to pore blocking when the neck is very short;
the shorter the neck, the greater the desorption pressure. While
the cavity size affects the cavitation pressure for small cavities
and the neck dimensions (width and length) affect the governing
mechanism for desorption, temperature can also affect the desorp-
tion mechanism, which changes from pore blocking to cavitation at
high temperature, because stretching of the condensed fluid in the
cavity, overrides the process of meniscus withdrawal. This has
been observed both experimentally and theoretically [4,7,11].
The change of evaporation mechanism for a given adsorbent, can
also switch from pore blocking to cavitation as the pressure is re-
duced, and this change depends strongly on the pore structure
and temperature [11,18,27]. Finally, the adsorbate molecule can
also affect the desorption mechanism; for example Reichenbach
and co-worker [11] observed pore blocking for argon adsorption
in porous glass at 77 K, but found cavitation to be the mechanism
for nitrogen at the same temperature.

Despite numerous simulation studies, there is still no system-
atic investigation into the effects of pore dimensions, temperature
and adsorbate on the switch in the mechanism of desorption, from
pore blocking to cavitation, in ink-bottle pores. It is the objective of
this paper to fill this gap.
2. Theory

2.1. Fluid–fluid potential model

Argon was modelled as a single Lennard Jones (LJ) site and the
2CLJ + 3q N2 (two LJ sites and three partial charges) model was
chosen for nitrogen [28]. Their molecular parameters are listed in
Table 1.

2.2. Fluid–solid potential model

A graphitic ink-bottle pore, with planar walls, connected to a
gas reservoir via a neck is shown in Fig. 1. We used the Bojan-
Steele equation [29–31] to calculate the fluid–solid potential en-
ergy with a 0.34 nm spacing between the two adjacent graphite
layers, which are finite in the y-direction and infinite in the x-
direction. The box length in the x-direction is 5 nm and periodic
boundary conditions are applied at boundaries in this direction.

2.3. Grand canonical Monte Carlo (GCMC)

The standard Metropolis algorithm [32] was applied with equal
probabilities of move rotation, insertion, and deletion. The cut-off
radius was set at half of the box length and 1.2 � 108 configura-
tions were run for both equilibration and sampling.

The average absolute and excess volumetric densities are de-
fined by:

qABS
pore ¼

hNi
Vacc

; qEXC
pore ¼

hNi � qbVacc

Vacc
ð1Þ

where qb is the bulk molecular density, hNi is the ensemble average
of the number of particles in the pore, and Vacc is the accessible pore
volume [33].
Table 1
Molecular parameters for Ar and N2.

Model Site x (nm) y (nm)

Ar Ar 0 0
2CLJ + 3q N2 N 0.055 0

N �0.055 0
Centre 0 0
The system was divided into meshes in the y- and z-directions
to calculate the 2-dimensional (2D) density which is given by:

qðy; zÞ ¼
NðDy;DzÞ
� �

LxDyDz
ð2Þ

where N is the number of molecules in the mesh bounded by
(y�Dy/2, y + Dy/2) and (z�Dz/2, z + Dz/2) and Lx is length in the x-
direction. The mesh size was chosen to be Dy = Dz = 0.1r.
3. Results and discussion

3.1. Ar adsorption at less than the critical hysteresis temperature

We first investigate argon adsorption in an ink-bottle pore
whose cavity width is 3 nm and neck width is 2.3 nm. Note that
in this small cavity and the force per unit area exerted by the cav-
itation pressure is less than the tensile strength of the bulk fluid
because of the stabilization of the condensed fluid by the external
field from the adsorbent. The lengths of the cavity and the neck
were 10 nm. Fig. 2 shows the isotherms for temperatures from
60 K to 150 K. For ease of discussion, we define in Table 2 various
terms that are used throughout the discussion.

3.1.1. Adsorption at 60 K
At this very low temperature, adsorption proceeds by molecular

layering, followed by the formation of a meniscus at the bottom of
the cavity because of the enhanced solid fluid interactions at the
corners and the enhanced fluid–fluid interaction resulting from
the shorter distances between neighbouring molecules at the
curved interface (Fig. 3, top graph).

Once the meniscus is formed, the cavity behaves like a closed
end pore while the neck behaves like an open end pore because
of the gas-like fluid at its two ends. The meniscus then advances
towards the junction as the pressure is increased (to Point A1) be-
cause at 60 K this process dominates the growth of molecular lay-
ers in the neck. When the meniscus has reached the junction (Point
A2), the neck changes from an open end pore to a closed end pore
(closed by the condensed fluid at the junction). Since the neck is
smaller than the cavity, there is an advanced condensation in the
neck (Point A3). The term ‘‘advanced’’ is because the condensation
in the neck would occur at a higher pressure if its two ends were
open to gas phase. The reason for this advanced condensation is
because once the cavity is filled, any closed end pores whose sizes
z (nm) r (nm) e/kB (K) Charge (e)

0 0.3405 119.8 0
0 0.331 36 �0.482
0 0.331 36 �0.482
0 0 0 0.964
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Fig. 2. Argon adsorbed in an ink-bottle pore having cavity width (Hc) 3 nm, cavity length (Lc) 10 nm, neck width (Hn) 2.3 nm, and neck length (Ln) 10 nm, at temperatures
ranging from 60 to 150 K. Absolute pore density is plotted as a function of (a) pressure on a semi-log-scale and (b) relative pressure on a linear-scale.

Table 2
Definitions of terms used in this work.

Term Definition

Open end pore Finite pore with both ends open to adsorptive gas phase
Closed end pore Finite pore with one end closed and the other end open to the gas phase
Closed pore Finite pore with both ends closed by either a solid wall or liquid adsorbate of adjacent pores
The junction The position at which the cavity and neck are joined together
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are smaller than the cavity must have already been filled. This is
illustrated in the middle and bottom graphs in Fig. 3 where we
have plotted the densities contributed separately by the cavity
and the neck. The sharp jump along the adsorption branch is due
to the neck. This is not widely recognized in the literature of ink-
bottle pore because condensation is always believed to be due to
the cavity. For other conditions the condensation along the adsorp-
tion branch is due to the cavity as we will show later.

On desorption, pore blocking is the controlling mechanism for
evaporation. A meniscus is formed at the pore mouth and recedes
into the pore interior. At 60 K, this process stretches the condensed
fluid, and therefore the meniscus, starting from the neck opening,
travels towards the junction (Point A6) and when it reaches the
junction the cavity changes from a closed pore to a closed-end
pore. Since the adsorbate from the smaller closed end pore (which
is the neck) has evaporated, any closed end pores that are larger in
size must have already evaporated. This means that we have an in-
stant evaporation of the cavity from Point A6 to Point A7, which is
confirmed by the very sharp decrease in the adsorption density of
the cavity (middle graph in Fig. 3). It must be stressed that this
sharp evaporation is not cavitation, but rather a cavitation-like
pore blocking, a phenomenon that is a consequence of the switch
in the behaviour of the cavity from that of a closed pore to that
of a closed end pore [23]. Interestingly, the shape of the hysteresis
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Fig. 3. Argon adsorption isotherms evaluated separately in the cavity, pore neck
and in the whole pore (cavity and neck) at 60 K corresponding to Fig. 2.
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Fig. 4. Argon adsorption isotherms separately evaluated in the cavity, pore neck
and whole pore (cavity and neck) at 77 K corresponding to those of Fig. 2.
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Fig. 5. Argon adsorption isotherms separately evaluated in the cavity, pore neck
and whole pore (cavity and neck) at 87.3 K corresponding to that of Fig. 2.
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loop for the ink-bottle pore is closer to Type H1, than to Type H2 as
is usually attributed to ink-bottle pores [7]. This is due to the rel-
ative capacities between the cavity and the neck. When the neck
is shorter in length, the density jump from A2 to A3 (due to the
neck) is smaller, and therefore the hysteresis loop will change from
Type H1 as seen in Fig. 3 to Type H2.

3.1.2. Adsorption at 77 K
When the temperature is increased to 77 K adsorption at low

pressures occurs at the corners of the pore to form a meniscus at
the closed end, as also happens at 60 K (Fig. 4). However, this tem-
perature is high enough for the formation of multiple layers on the
surfaces, and as a result condensation occurs in the neck (Point B1)
before the meniscus can travel further away from the closed end.
This is the first condensation, due to the neck, as seen in the overall
isotherm as well as in the density of the neck. When the pressure is
further increased the pore density is gradually increased due to the
advance of the meniscus from the closed end, making the gas-like
core (bubble) smaller with pressure. The bubble is located close to
the junction at Point B2 (just before the condensation in the cav-
ity)when there is condensation in the cavity (vertical line B2–
B3). This is the second condensation in the isotherm.

The evaporation at this temperature is the same as that dis-
cussed earlier for 60 K, i.e. via cavitation-like pore blocking [23].
This is confirmed by the knee in the density plot for the neck
and the constant density in the cavity just before evaporation
(Point B5), followed by a sharp evaporation in the cavity to Point
B6. The hysteresis loop at 77 K can be described as a combination
of Type H2 and Type C since the individual loops associated with
the cavity and neck are of Types H2 and C, respectively.

3.1.3. Adsorption at 87.3 K
The isotherm at 87.3 K is shown in the top plot in Fig. 5, and the

densities of the cavity and the neck in the middle and bottom plots.
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The hysteresis loop is a combination of Type H1 and Type C since
the individual loops, associated with the cavity and the neck, are
of Types H1 and C, respectively. The capillary condensation occurs
in two stages, corresponding to that in the neck and that in the cav-
ity sequentially, as observed at 77 K. However, there is a subtle dif-
ference: at 87.3 K, the bubble is in the centre of the cavity but it
remains close to the junction at 77 K, before it collapses at conden-
sation, and furthermore the bubble size at 87.3 K is larger, prior to
condensation.

On desorption, a meniscus is formed at the mouth of the neck
and recedes only slightly as pressure is decreased from Point C4
to C5. At the same time, the condensed fluid in the cavity is
stretched, as seen the 2D-density plot in Fig. 5, and since the
stretching dominates the withdrawal of the meniscus, cavitation
occurs at C5, and the density decreases sharply from C5 to C6,
where the neck behaves like an open end pore, and on further
reduction in pressure evaporation from the neck occurs at C7, fol-
lowed by thinning of the adsorbed layers in the neck as well as in
the cavity. Thus we see that the desorption mechanism for cavita-
tion at 87.3 K is different from those at the lower temperatures, 60
and 77 K, where the evaporation is a cavitation-like pore blocking
mechanism. It can be concluded that the stretching of a condensed
fluid is more sensitive to temperature change than is the with-
drawal of a meniscus; hence cavitation-like pore blocking switches
to a cavitation mechanism for evaporation from the cavity as tem-
perature is increased.
3.1.4. Adsorption at 100–120 K
The isotherm at 100 K is shown in Fig. 6. The mechanisms for

adsorption and desorption are the same as those at 87.3 K, elabo-
rated above.
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Fig. 6. Argon adsorption isotherms separately evaluated in the cavity, pore neck
and whole pore (cavity and neck) at 100 K corresponding to that of Fig. 2.
The only difference is that the fused hysteresis loop is now bro-
ken into two distinct loops, the first being associated with the neck
and the second with the cavity. As temperature is increased to
110 K and 120 K, the mechanisms remain the same, but the two
loops become smaller until the first one, associated with the neck,
disappears at 120 K. The second loop also disappears as tempera-
ture is increased further as we shall show in the next section.

3.1.5. Adsorption at 130 K and 150 K
These temperatures are above the critical hysteresis tempera-

ture and the isotherms are reversible as shown in Fig. 7. At
130 K, adsorption proceeds by filling the neck, followed by conden-
sation in the cavity. At higher temperatures there is more fluctua-
tion in the cavity than at lower temperatures, as seen in the
snapshot plot for Point D3. It could be argued that at high temper-
atures adsorption is a process of compressing the adsorbate, and
desorption is one of rarefaction, resulting in reversible isotherms.

An interesting point is that the 130 K isotherm, although revers-
ible, shows a sharp change in density when the cavity is filled. This
could be viewed as condensation in a poorly defined bubble as
pressure is increased and cavitation of the condensed fluid when
pressure is decreased. This implies that cavitation can occur in a
reversible isotherm, i.e. independent of the appearance of a hyster-
esis loop, a feature which has not been recognized in the previous
literature.

3.1.6. Temperature dependence of the condensation and evaporation
pressures

The temperature dependence of the condensation and evapora-
tion pressures is shown in Fig. 8a. We see that the condensation
curve of the neck crosses the evaporation curve of the cavity at a
dimensionless temperature, h = (T–Ttr)/(Tc–Ttr), of about 0.17.
When h is greater than 0.17, the condensation and evaporation
curves for the cavity are distinct from the corresponding curves
for the neck, reflecting the existence of two distinct hysteresis
loops. The first loop, associated with the neck, disappears at
h = 0.4, which is the critical hysteresis temperature of the neck.
Thus, when h is greater than 0.4, there is a single hysteresis loop,
associated with the cavity, which decreases in area with tempera-
ture and disappears at the critical hysteresis temperature of h = 0.7.

When h is less than 0.17, there is a fused hysteresis loop, the
first portion being due to the neck and the second to the cavity.
When h < �0.1 (below the triple point), the evaporation of the neck
is higher than that of the cavity, we observe a single hysteresis loop
with the sharp jump in the adsorption branch associated with the
neck.

3.2. Effects of cavity length

In Fig. 9 we show isotherms at various temperatures for pores
with cavity lengths decreased from 10 nm to 3 nm and 1.5 nm,
with the other dimensions remaining the same as in Fig. 2. When
the cavity length is 3 nm, the evaporation mechanism switches
from cavitation-like pore blocking to cavitation as temperature in-
creases in the same way as observed earlier for the longer cavity.
However, the transition shifts to a higher temperature; when the
cavity is 10 nm long (see Fig. 2) the transition temperature is be-
tween 77 K and 87.3 K but occurs at 87.3 K when the cavity is
3 nm long (see Fig. 9a). When the cavity length is very short
(1.5 nm), the desorption boundary of the hysteresis loop has two
stages at 77 K and 87.3 K; the first is due to the long neck and
the second to the cavity. The latter follows a pore blocking mech-
anism because one dimension (1.5 nm) of the cavity is smaller than
the neck size (see Fig. 9b). However, cavitation-like pore blocking
is the mechanism of evaporation for 100 K, with no appearance
of the second step.
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3.3. Effects of cavity width when the neck width less than critical

Fig. 10 shows isotherms for the ink bottle-pore with larger cav-
ity width, 5.7 nm, compared to 3 nm in the earlier model; the other
dimensions are the same as those in Fig. 2.

Here the mechanism for evaporation at 60 K is cavitation-like
pore blocking but changes to cavitation for temperatures greater
or equal 77 K. The transition from pore blocking to cavitation oc-
curs at a temperature lower than that in the 3 nm cavity (see
Fig. 2) because the condensed fluid is stretched less readily in the
smaller cavity where the holding potential is stronger, conse-
quently the reduced cavitation pressure in the smaller cavity is
0.16, compared to 0.28 for larger cavities at 87.3 K as shown in
Fig. 10b.

3.4. Ar adsorption in pores having neck width greater than critical

The temperature dependence of argon adsorption in the ink
bottle-pore, having a cavity width of 4.3 nm and a neck width of
3.7 nm, greater than the critical value at 87.3 K, is examined in
the temperature range from 87.3–120 K in Fig. 11.

At 87.3 K and 110 K, cavitation-like pore blocking is the mech-
anism for evaporation, and there is a single hysteresis loop of Type
H1, in which the condensation along the adsorption branch is due
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to the neck. These mechanisms are similar to those in the 3 nm
wide cavity at 60 K. Cavitation-like pore blocking is also observed
at 120 K, but the condensation occurs in two stages: in the neck
followed by the cavity; this is similar to what was seen earlier
for the ink-bottle pore with 3 nm wide cavity at 77 K. Therefore
the transition temperature increases with an increase in the width
of the pore neck.
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3.5. Nitrogen adsorption

Nitrogen adsorption was also studied for the same ink-bottle
pore as discussed in Section 3.1 (see Fig. 2); the isotherms at vari-
ous temperatures are shown in Fig. 12.

The transition from pore blocking to cavitation is similar to that
for argon; the only difference being that the transition temperature
for nitrogen is between 60 K and 70 K while for argon it is between
77 K and 87.3 K.

Fig. 8b shows the temperature dependence of condensation and
evaporation pressures for nitrogen adsorption and is similar to that
for argon (i.e. sigmoid) seen in Fig. 8a.
Fig. 11. Argon adsorption isotherms at 87.3–120 K in ink bottle pore having larger
cavity sizes.
3.6. Ar adsorption at subcritical temperatures at high pressures and
supercritical temperatures

It has been observed [35,36] that, for argon adsorption in an
open end slit pore under near-critical conditions, the excess pore
density exhibits a sharp maximum at the critical pressure
(4.874 MPa) at temperatures close to the critical temperature
(150.9 K). This is attributed to the sigmoidal behaviour of the bulk
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Fig. 12. Nitrogen adsorbed in an ink bottle-pore (Hc = 3 nm, Lc = 10 nm, Hn = 2.3 nm, and Ln = 10 nm) at temperatures ranging from 50–110 K. Absolute pore density is shown
as a function of (a) pressure on a semi-log-scale and (b) relative pressure on a linear-scale. The reduced pressure is scaled against the simulation saturation vapour pressure
[34].
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density versus pressure (i.e. there is a significant change in density
for a very small change in pressure). This type of maximum was
also found at 130, 150 and 200 K for the ink-bottle pores studied
here with the dimensions given in the caption to Fig. 13. To check
the effects of the sigmoidal shape of the plot of bulk density (qb)
against pressure we also show, in Fig. 13, the first derivative of
the bulk gas density with respect to pressure. It is seen that the
derivative term (dqb/dP) has a maximum at the pressure where
the isotherm exhibits a sharp decrease.

At 200 K, the sigmoidal shape of the bulk density curve occurs
at 10 MPa (Point E1) which is the position of first maximum in
the isotherm; at this pressure the neck and cavity are filled with
adsorbate. At higher pressures the adsorbate is further compressed
as can be seen in the plot of the particle number against pressure
(middle plot of Fig. 13), resulting in a second maximum at
400 MPa (Point E2), beyond which the increase in density in the
bulk gas is greater than the increase in density in the pore. The sec-
ond maximum does not appear in the isotherms at 130 K and 150 K
because the pore is tightly packed with liquid condensate at pres-
sures where the maximum in the excess isotherm occurs.
4. Conclusions

We have used grand canonical Monte Carlo simulation to inves-
tigate the transition from pore blocking to cavitation in the desorp-
tion branch of argon and nitrogen isotherms in carbonaceous ink-
bottle pores. The transition temperature is found to increase with
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supercritical temperature: (c) 200 K.
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(i) increasing width of the pore neck, (ii) a decrease in neck length
for very short necks (for longer necks, the transition temperature is
insensitive to the length), (iii) a stronger holding potential for the
adsorbate.

Argon adsorption in the ink-bottle-pore was also investigated at
a supercritical temperature. There are two peaks in the plot of ex-
cess pore density versus pressure; the first peak is a consequence
of the sigmoidal shape of the pressure dependence of the bulk
gas density, and the second peak is due to the further compression
of the adsorbate and is manifested only at high temperatures.
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