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The desorption scanning curves within the hysteresis loop of argon adsorbed in a wedge-shaped pore with its wide end
closed have been studied in the temperature range between 60 and 87 K, using grand canonical Monte Carlo simula-
tion. The distinct features are: (1) adsorbate packing follows a sequence of commensurate regions (zones) and incom-
mensurate regions (junctions); (2) the mechanism for evaporation switches from cavitation-like pore blocking to
cavitation when the temperature is increased,; as typically observed for ink-bottle pores. When cavitation is the operat-
ing mechanism, the descending scanning curve spans across the loop in two stages: a gradual decrease in density in a
zone followed by a sharp evaporation from a junction, and then terminates at the lowest point on the vertical cavitation
boundary. The adsorption scanning curve proceeds across the loop in two stages complementary to the desorption scan-
ning-curve: a gradual change in density at a junction followed by a sharp change through a zone. Conversely, when
cavitation-like pore blocking is operating, the descending curve leaves the adsorption boundary, spans across the hysteresis
loop and returns to a different point on the same boundary, rather than to the desorption boundary or to the lower closure
point. This feature does not seem to have been recognized in earlier literature and should be considered in the classification
of scanning curves. © 2015 American Institute of Chemical Engineers AIChE J, 61: 3936-3943, 2015
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blocking

Introduction boundary, before the lower closure point of hysteresis is
reached, is termed an adsorption scanning curve.

An early model referred to as the independent domain
theory of sorption hysteresis due to Everett and Smith** can
account for many experimental hysteresis loops. The main
idea of the theory is that each pore space can fill and empty
independently of the state of its neighbors. According to this
theory, desorption and adsorption scanning curves should
cross directly between the adsorption and desorption boundary
curves. However, experimental scanning curves do not neces-
sarily follow this simple behavior and can be classified into
three broad categories: (1) crossing directly between the
boundary curves of the hysteresis loop, (2) converging to the

Hysteresis associated with capillary condensation and evap-
oration in porous materials has been the subject of immense
interest for over 100 years.' The hysteresis loop has been
regarded as a finger-print for the determination of the structure
of a given porous solid; the connectivity of porous solids may
be determined from adsorption—desorption boundaries as sug-
gested by Seaton and others.””® However, it is now known that
at a given temperature, solids with different pore structures
can exhibit similar hysteresis loops'®™'? and that their shape
can change significantly with temperature.mf16 To probe pore
structure more effectively, additional information needs to be
obtained, and to this end, scanning across the hysteresis loop

is proposed as a means of gaining further insight into the struc- 010?1715?9 ;’1021512’4 ;nd 3) returr}ing ba?k to the' same b("l.nfi‘
tural parameters of the pore network that cannot be deduced ~ ary =~ 777 and further insight is needed into the origin
from either the adsorption boundary or the desorption bound- of these three types of scanning curve. In our recent study,26
ary of the hysteresis loop.'”>* A desorption scanning curve is we studied the scanning curves in a wedge pore with either its

obtained when the pressure is decreased on the adsorption ~ narrow end or its wide end closed, to understand the way in
boundary, before the upper closure point of hysteresis is ~ Which such a simple connectivity (in the form of a linear
reached. The analogous reversal in pressure on the desorption ~ change in pore size in the axial direction) affects the scanning

curve.
Correspondence concerning this article should be addressed to D.D. Do at d.d.do@ Within the last decade, two basic mechanisms have been iden-
uq.edu.au. . . ..
d tified for desorption from an elementary unit in a pore network,
© 2015 American Institute of Chemical Engineers consisting of a wide cavity connected to a narrow neck: cavitation
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Figure 1. Argon adsorption and desorption isotherms in the wedge pore with its wide end closed at temperatures

in the range 60-87 K.

and pore blocking. In the first of these, evaporation occurs
from the wide section while the necks remain filled; in the
second, molecules in the neck evaporate, resulting in the
exposure of the cavity to the bulk gas, and there is conse-
quently an immediate evaporation from the wide section; see
references by Sarkisov and Monson, Ravikovithch and
Neimark, and Klomkliang et al.'>'®?” for further discussion.
A phenomenon described as cavitation-like pore blocking has
also been identified in our previous work'’ as a process in
which desorption proceeds via a pore blocking mechanism
but the desorption branch shows a steep decrease, even
though there is no bubble formation in the cavity.

In this article, we use grand canonical Monte Carlo (GCMC)
simulation®® to investigate the effects of temperature on scan-
ning curves in a wedge pore with its wide end closed where all
the phenomena referred to above can be the dominating mecha-
nism of evaporation, depending on conditions. The majority of
the previous theoretical work on porous carbons has focussed
on models with parallel-sided pores, and models of this type are
invariably used as a basis for estimating pore-size distributions.
However, it is clear, for example from micrographs, and from
reconstructions based on scattering data, that the assumption of
parallel-sided pore spaces does not accord well with reality.
The simple wedge model in this investigation is an attempt to
confront this discrepancy and to examine some of its conse-
quences. We find, as in our previous study of simple wedges,
that an extraordinarily rich behavior, and new phenomena asso-
ciated with scanning across the hysteresis curve emerge. Sev-
eral previous papers have addressed the problem of fluid
adsorption and wetting in wedge geometry both experimentally
and theoretically, but hysteresis and scanning have been largely
neglected to date.>°7!

Simulation Model and Method

The pore walls and the closed end were modeled as three gra-
phene layers with 0.3354-nm spacing. The axial pore length is
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30 nm and the half angle of the wedge was 1.0°. The widths of
the narrow and wide ends were 1.953 nm and 3 nm, respectively.

The Lennard Jones 12-6 potential with a collision diameter
(ogr) of 0.3405 nm and energy well-depth (eg/kg) of 119.8 K
was used to calculate the intermolecular potential energy in
the argon adsorbate. The interaction between argon and the
solid adsorbent was calculated from the Bojan—Steele equa-
tion®?** with the assumption that the lengths in the y and z
directions are finite and the length in the x direction is infinite.
At least 8 X 10® trial moves were used in the GCMC simula-
tion for each isotherm point of which the first 4 X 10® configu-
rations were used for equilibration and the remaining
configurations for computing the ensemble averages (this is an
exceptionally large number for simple gases like argon and
ensures that each point represents a true equilibrium). Three
types of trial moves were attempted with equal probability:
displacement, insertion, and deletion. The primary output
from a simulation is the ensemble average of absolute volu-
metric densities (pfﬁg), defined by

PABS = <N ) / Vace

pore

ey

where(N)is the ensemble average of the number of particles in
the pore and V. is the accessible pore volume.

Results and Discussion
Wedge pore with the wide end closed

Figure 1 shows the adsorption—desorption isotherms at tem-
peratures between 60 and 87 K for argon in a wedge-shaped
pore with its wide end closed. The mechanism of evaporation
switches from cavitation-like pore blocking to cavitation when
the temperature is increased, behavior typical of ink-bottle
pores, where the change in pore size along the axial direction
is a step function,'® and the hysteresis loop changes from type
H1 (in the IUPAC classification) at 60 K to a mixture of type
H2 (IUPAC) and type C (in the de Boer classification) at 87 K.
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Figure 2. Molecular configurations in zones and junc-
tions in an adsorbate filled wedge pore with
wide end closed.

The sequence of sharp jump and gradual change along the
adsorption boundary is due to adsorption in various zones
along the pore as seen in Figure 2 where we show snapshots of
molecules in a completely filled pore. A zone is defined here

as the section of the pore where the packing is commensurate
across the pore (giving an integral number of molecular
layers). A junction is the small region between these zones
where the packing becomes incommensurate and we can see
the frustration of the adsorbate and bifurcation of the layers in
the central part along the axial direction. Hereafter, we shall
denote the Zone number i/ as Z; and the junction between
Zonesiand i+ 1aslJ; ;4.

Figure 3 illustrates the adsorption and desorption sequen-
ces schematically at different temperatures for reference in
the subsequent discussion. The regions where there is a grad-
ual change in density are shaded in gray and those where a
sharp change occurs are denoted by arrows. The direction of
the arrows indicates the way that adsorbate is added into the
pore or adsorbate is removed from the pore at different
temperatures.

Cavitation at 70-87 K

For temperatures higher than 70 K, evaporation from a com-
pletely filled pore is by cavitation. Figure 4 shows the adsorption—
desorption isotherms and their respective scanning curves at

Temperature (K) Adsorption Desorption
60
70
Z
77 Ll
I, L 'Jz-'-‘ Zs ~ Z
87 -
VA -

Figure 3. The schematics of adsorption and desorption in the wedge pore at different temperatures.

The gray areas represent the regions where density changes gradually, and the areas with arrows represent the regions where a

sharp change in density occurs.
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Figure 4. Desorption scanning curve in the wedge pore with wide end closed at 70-87 K.

70, 77, and 87 K. The adsorption and desorption branches
behave in a very interesting manner as the temperature is var-
ied. We first discuss the way in which adsorption progresses
from an empty pore and desorption proceeds from a com-
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Figure 5. Snapshots in the wedge pore along the desorption scanning curve.

(a) Desorption scanning and (b) adsorption scanning. Points A to A,q and A, are marked on the isotherm in Figure 4.
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Figure 6. (a) Local density distributions in the wedge
pore at 70 K. (b) and (c) are the enlargments
of the filled and emptied phases, respec-
tively. Points A", to A,y are marked on the
isotherm in Figure 4.

where there is a gradual change in density (A,Aj3). The first
step is due to nucleation at the pore mouth, which initiates a
sharp condensation in Z; to Z3 (Segment A;A,). This is typical
of condensation in a wedge pore with a small divergence.*
This first condensation is followed by gradual filling of the
junction between Zones 3 and 4, and is then followed by a
sharp condensation in Zone 4, which behaves like a cavity in
an ink-bottle pore.

On desorption from a completely filled pore, the wedge
pore behaves like an ink-bottle pore and a meniscus recedes
from the pore mouth as pressure begins to decrease. As it

3940 DOI 10.1002/aic
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recedes into the pore interior, the condensate in the interior of
the pore is stretched, resulting in a gradual change in the den-
sity to Point B;. As the size of the pore mouth is smaller than
the critical width demarcating cavitation from pore blocking at
70 K, the recession of the meniscus is not as significant as the
stretching of the adsorbate in the Zones 2—4, and consequently,
when the cavitation pressure is reached at Point By, a sharp
evaporation from these zones occurs. At this point, Zone 1
behaves like an open end wedge pore, and as pressure is fur-
ther reduced, we see behavior typical of an open end wedge
pore (Type C hysteresis, followed by a sharp evaporation,
through B,B3By).

Descending scanning is only possible from the state points
in the shallow segment of the adsorption boundary (Segment
A,Aj) and detailed discussion about the scanning curves has
been reported in our previous work.?® We start at the point A}
where the Junction J; 4 is partially filled. When the pressure is
decreased, the scanning curve traces this segment until Junc-
tion J; 4 is emptied, and then spans across the hysteresis loop
by exactly the same mechanism as desorption from an open
end wedge pore via two distinct processes: (1) gradual
decrease from the zone and (2) sharp evaporation from the
junction, that is,

a. gradual decrease in density in Zone 3, followed by

b. sharp evaporation from the Junction J, 3, and

c. gradual decrease in Zone 2, and

d. sharp evaporation from the Junction J; 5.

At this point, Zone 1 behaves like an open end wedge pore,
and desorption follows the same path as desorption from a
completely filled pore.

Adsorption scanning is only possible from the state points
in the shallow segment of the desorption boundary (B;Bj).
Interestingly, the adsorption scanning curve proceeds along a
different path from the desorption scanning curve through
gradual increases in density at the junctions and sharp conden-
sations in the zones.

The snapshots shown in Figure 5 corroborate the discussion
made above and are supported by the local density distribu-
tions along the pore at various points on the desorption scan-
ning curve in Figure 6.

For the purpose of comparison, we include the local density
distribution for the completely filled pore as a reference (top

50 60 K : Cavitation-like pore blocking

—o— Adsorption
—O— Desorption
2 =0~ Desorption scanning

40

30

Absolute pore density (kmol,’ma)

0.00 0.;)2 0.;)4 0.66 0.;)8 O.I10 0.I12 0.14
Pressure (kPa)

Figure 7. The adsorption-desorption isotherm and the

desorption scanning curve in the wedge pore

with its wide end closed at 60 K.
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Figure 8. Snapshots in the wedge pore along the adsorption-desorption isotherm at 60 K.

H,, H,, and I;-I; correspond to the points marked on the isotherm in Figure 7.

black curve labeled A,). A number of features may be noted in

Figure 6:
1. the Zones are identified as peaks and Junctions as
troughs;
2. there is a sharp decrease in the density at the pore
mouth;

3. the adsorbate becomes highly structured at the closed
end (Zone 4) when the pore is completely filled as
shown by the oscillations in the axial distribution.

As the desorption scanning starts from Point A’2’ , we see that
the axial distribution traces the zones and junctions until the
Zone 1 becomes an open end wedge pore (Point A,y). Further-
more, we also note a small decrease in density as pressure is
decreased (see the enlargement in Figures 6b, c).

77 K. The adsorption—desorption isotherms at 77 K,
including the scanning curves within the hysteresis loop, have
been studied in our previous work.?® The mechanisms for hys-
teresis and scanning are the same as those discussed for 70 K
in the last section. The only difference between the two tem-
peratures is that there are three steps instead of two at 77 K;
these steps correspond to condensation in Z; and Z, (Points
C,C,), Z3, and Z,, respectively.

87 K. Adsorption at 87 K is different from that at 70 or
77 K. Condensation occurs first in Z;, and follows the same
mechanism as in the open end wedge pore (F,F, in Figure 4).
This is followed by the gradual filling of Zones 2 and 3 by the
advance of the meniscus into the pore interior. At this point,
Zone 4 behaves as a cavity, and the usual condensation in the
cavity follows when pressure is further increased. Desorption
follows a typical cavitation mechanism with the evaporation
of condensate from Zones 2 to 4, followed by desorption from
an open end pore at Zone 1. The desorption scanning as well
as the adsorption scanning are reversible because, if we start at

AIChE Journal November 2015 Vol. 61, No. 11
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any state point on the segment where gradual change is seen
on either boundary, the system scans a gradual path without
crossing any section where sharp change occurs. This is dis-
tinct from the observations made at 70 and 77 K.

The observed behavior of the scanning curves for tempera-
tures between 70 and 87 K can be summarized as follows:
Starting from any state on the shallow segment of either
adsorption or desorption boundary, the system follows the
shallow segment until it reaches a state point joining the shal-
low segment and the sharp segment. At this point, the system
scans across the interior of the hysteresis loop along different
paths for desorption scanning and adsorption scanning; for the
former, there is a gradual variation in density in the zone and a
sharp change in density at the junction, while for the latter,
there is a gradual variation in density at the junction and a
sharp change in the zone. One important feature is that the
desorption scanning curve is always terminated at the cavita-
tion point.

Cavitation-like pore blocking at 60 K

At 60 K, cavitation-like pore blocking is the controlling
mechanism of evaporation from a completely filled pore; the
adsorption—desorption isotherm and a desorption scanning
curve at this temperature are presented in Figure 7. There are
several differences compared with the higher temperatures
where cavitation is the controlling mechanism for evaporation.
The first distinction is the initial formation of a meniscus. At
the higher temperatures (70-87 K), the meniscus was formed
at the small pore mouth, resulting from the condensation in
Zone 1, but at 60 K, adsorption proceeds by an initial molecu-
lar layering on the pore walls and the closed end, followed by
condensation in Zone 4 to reach Point H; in Figure 7. At this
point, adsorption passes through a very small segment of

DOI 10.1002/aic 3941
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Figure 9. Snapshots in the wedge pore along the
desorption scanning curve.

Points H; to H;. are marked on the isotherm in Figure 7.

gradual change to fill Junction J5 4, after which the second con-
densation fills the remaining volume of the pore to reach Point
H,. The snapshots in Figure 8 illustrate typical molecular con-
figurations at Points H; and H,.

On desorption from a completely filled pore, a meniscus is
formed at the pore mouth and as the meniscus recedes into the
pore interior, the adsorbate is increasingly exposed to the bulk
gas and is stretched. When Point I, has been reached, the
adsorbate evaporates from the pore, leaving thin layers of
adsorbate on the pore walls and at the closed end. This behav-
ior is typical of cavitation-like pore blocking which has been
well known for a long time.*®

At 60 K, it is possible to initiate a desorption scanning curve
from Point H; on the adsorption boundary. At this point, Zone
4 is filled and the Junction J5 4 is partially filled. As the pres-
sure is reduced, the meniscus recedes (see Figure 9) with only
a small decrease in density (H; to H,,), because of the strong
cohesion of the adsorbate, until Point H;;, has been reached
when there is a sharp change in density to H;. because: (1)
the pressure is low enough; (2) the adsorbate has been
stretched; and (3) the pore width at the position of the menis-
cus has increased. The most interesting observation in this
case is that the desorption scanning curve leaves a point (H;)
on the adsorption boundary, and then returns to the same
boundary at Point H;., which is far away from the lower clo-
sure point.

3942 DOI 10.1002/aic
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The main reason why the desorption scanning curve returns
to the same boundary is because the scanning path is equiva-
lent to a desorption from a short closed end pore for which the
desorption can be effected at a higher pressure than for a lon-
ger closed end pore, in which the adsorbed fluid is more cohe-
sive once the pore is filled.”” The axial local density
distributions in Figure 10 provide further evidence of the way
in which the molecular structure of the adsorbate changes
along the scanning curve. When the pore is full (Point H,),
there are multiple peaks in the zones indicative of a structured
adsorbate induced by the closed end at this low temperature.
At Point H;, where the desorption scanning curve starts the
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Figure 10. (a) Local density distributions in the wedge
pore at 60 K. (b) and (c) are the enlargments
of the filled and emptied phases, respec-
tively. Points H; to H,. are marked on the
isotherm in Figure 7.
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adsorbate in Zone 4 is not as cohesive as that in the filled pore
(Point H,), and therefore, the desorption scanning terminates
at a higher pressure, that is, the scanning returns to the same
boundary.

Conclusions

We have used GCMC simulation at several temperatures to
investigate scanning curves within the hysteresis loop of argon
adsorption—desorption isotherms, for a wedge-shaped pore with
its wide end closed, to study the role of cavitation and pore
blocking on scanning curves. The molecular packing of the
adsorbate alternates between zones, where it is essentially com-
mensurate with the pore width, and junctions where it is incom-
mensurate and highly disordered. When the mechanism of
evaporation is cavitation, the desorption scanning curve pro-
ceeds via a gradual decrease of density in the zones and sharp
evaporation from the junctions, before reaching the lowest den-
sity on the cavitation branch. The opposite behavior is observed
for adsorption scanning, where the scanning curve follows a
sequence of gradual density increase in a junction and sharp
condensation in the zones. When pore blocking is the control-
ling mechanism, the desorption scanning proceeds by recession
of the meniscus, and the scanning curve returns to the same
branch (i.e., the adsorption boundary curve) at a point which is
at a far higher pressure than the lower closure point. This phe-
nomenon has not been noted previously in the literature.
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