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Abstract

We carried out a comprehensive molecular simulation to investigate the evolution of the excess isotherms and the isosteric
heat with respect to temperature for argon adsorption on strong and weak substrates. The temperature ranges from well
below the bulk triple point temperature to above the bulk critical temperature to show the first- (second-) order transitions
and the state of the system at the bulk coexistence pressure P,, whether it is non-wetting, partial wetting or complete wetting
(preceded by pre-wetting). It is found that the key parameter that affects the dependence of the transitions on temperature and
the state of the system at P, is the relative difference between the isosteric heat and the heat of sublimation (or condensation).
For strong substrates, the state of the system changes from partial wetting to complete wetting when the temperature crosses
the bulk triple point temperature, and for temperatures well below the bulk triple point the 2D-condensation occurs in the
first and second (and possible higher) layers. For weak substrates, the state of the system changes from non-wetting to com-
plete wetting when the temperature crosses the wetting temperature Ty, which is specific to the substrate. For temperatures
greater than Ty, complete wetting in weak substrates only occurs at pressures close to the bulk coexistence pressure P, via
the initial stage of clustering (unfavourable adsorption), followed by a pre-wetting (known as thin-to-thick transition), and
this is reflected in the increase of the isosteric heat from a value less than the heat of condensation A and approaching A as
the pressure tends to Py,.
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1 Introduction

Adsorption has been a subject of interest in the literature of
adsorption science and engineering since the first report by
Kayser in 1881 Robens and Jayaweera [1]. In the past many
decades, adsorption has diversified and evolved rapidly with
many potential applications in chemical and biochemical
industries. Parallel to researches in adsorption science are
those in colloid sciences with different terminologies used
in those disciplines, for example, molecular layering/clus-
tering, and non-wetting/partial wetting/pre-wetting/wetting.
Despite the different choice of terms, the common denomi-
nator is the potential energy of interaction between vari-
ous entities in a system. Recent work shows the correlation
between molecular layering and clustering and the observed
phenomenon of either non-wetting/pre-wetting/wetting
when the pressure of the bulk surrounding has reached the
coexistence pressure of the bulk phase [2—4]. These stud-
ies are relevant in many applications such as environmental
science, petroleum engineering and biomedical applica-
tions [5—8], for which the transition between non-wetting to
wetting could affect the performance of a system. We have
found that the important parameters that affect the transition
are the affinity of the surface and temperature [9—-12]. In this
work, we show how the excess isotherm and the isosteric
heat on a flat and open surface, which are important in the
assessment of the performance of the adsorbate/adsorbent
pair [13-18], would evolve with respect to temperature for a
wide range of temperature spanning from those well below
the bulk triple point temperature to those well above the bulk
critical point temperature [10, 11, 19]. The same concept can
be extended to adsorption in pores (e.g. slit pore) which is
complicated by the enhancement in the adsorbate—adsorbent
potential and the confinement of the system but is not the
focus of this study.

Specifically, the fundamental factors that govern the tran-
sition between non-wetting/pre-wetting and wetting on flat
and open surfaces are:

e the intermolecular interactions between adsorbate mol-
ecules,

e the interactions between adsorbate and solid adsorbent,
and

e the temperature.

Figure 1 shows the wetting map of argon on a flat and
open surface that demarcates regions of non-wetting/partial
wetting/pre-wetting and complete wetting at the bulk coex-
istence pressure as a function of the temperature and the
affinity of the solid substrate [10, 19]. The affinity is
described by the parameter D*, which is the ratio of the
minimum of the energy interaction between a fluid particle
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The four distinct regions in the wetting map are:

e Non-wetting region: This is observed for weak substrates,
and it is identified with the finite adsorbed density (typi-
cally less than one statistical monolayer density) at the
bulk coexistence pressure P, and the adsorption isotherm
crosses the P axis at a finite angle.

e Partial wetting region: This region is commonly observed
with moderate and strong substrates, and it is demar-
cated by the layering temperature of the first layer, T} ;,
which is defined as the temperature at which the mon-
olayer is formed at P, and the roughening temperature
Tg., which is defined as the temperature at which the
interface between the adsorbed film and the bulk gas is
sufficiently undulated such that complete wetting occurs
at Py. For temperatures falling between Ty ; and Tg.,
this partial wetting region is sub-divided into many sub-
regions, demarcated by the temperature Ty j, which is
the temperature at which the layer & is formed at P; for
example in the sub-region demarcated by Ty y and Ty 3,
only k layers are formed at P,,.

e Complete wetting region: This is the region for tem-
peratures either greater than the roughening temperature
or the critical pre-wetting temperature. Complete wet-
ting occurs at P, as identified by the adsorbed density
approaching infinity as the pressure tends to P,,.
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e Pre-wetting region: This region is very narrow and falls
between the non-wetting region and the complete wetting
region. It is demarcated between the wetting temperature
Ty (the red line) and the critical pre-wetting temperature
T, pw (yellow line). It is important to make a distinction
between Ty, and Ty ; in Fig. 1 with the former being
the one that the complete wetting occurs at P, while the
latter is one at which only a monolayer is formed at P,
This pre-wetting region is known in the literature as the
thin-to-thick film transition region. Its name is chosen to
reflect the sharp increase in the adsorbed density from
a typically much lower than the statistical monolayer
density V,, to a density which is a multiple of V. This
pre-wetting transition occurs at a pressure close to P,
The sharp increase in density has been explained as the
transition from the agglomeration of clusters to form a
molecular film of many layers [10, 19].

2 Theory
2.1 Simulation methods

Monte Carlo simulations were carried out with two-volume
canonical ensemble [20, 21] and Grand Canonical ensem-
ble to obtain the isotherm and the isosteric heat for argon
adsorption on solid substrates of different strength over a
range of temperatures from those below the bulk triple point
temperature to above the bulk critical temperature.

2.1.1 Volumetric method (2V-NVT)

The two-volume canonical ensemble was used to determine
the isosteric heat of adsorption across the first-order transi-
tion, which is not possible with the grand canonical simula-
tion. This method involves two simulation boxes: the adsorp-
tion volume and the bulk gas volume. Two types of move are
used: the displacement of a molecule and the exchange of a
molecule between the two boxes, 150,000 cycles were used
in the equilibration, and sampling stages with each cycle
consisting of 1000 trial moves with 50/50 probability for
the displacement and exchange moves [10]. The maximum
displacement length was initially set as 2 nm and adjusted
at the end of each cycle of the equilibration stage to give an
acceptance ratio of 20%, and it was then kept constant in the
sampling stage.

2.1.2 Grand canonical Monte Carlo (GCMC)

In simulations with grand canonical ensembles, 150,000
cycles are also used in the equilibration and sampling stages,

and each cycle has 1000 trial moves of displacement, inser-
tion and deletion with equal probability. We adjust the dis-
placement length in the equilibration stage the same way as
in the two-volume canonical simulation. The Johnson et al.’s
equation of state [22] is used to calculate the chemical poten-
tial for each pressure used in the simulation.

2.1.3 Solid-fluid (S.F.) and fluid-fluid (F.F.) potentials

The intermolecular energy of interaction of argon is calcu-
lated with the Lennard—Jones 12—6 equation with molecular
parameters o, = 0.3405 nm and e = 119.8 K [23]. The
interaction energy between an argon molecule and the solid
substrate is calculated with the 10-4-3 equation [24]. Here
we modelled the solid substrate as a composite of planar
layers of constant surface density and equally spaced.

4
@, = 27p,E 07 z(ﬁ)m_ <Usf>4_ (o)
s sCsfYsf 5 Z —Z

3A0.61A +2)°
@
where z is the shortest distance between the centre of argon
molecule and the surface. The interspacing between layers
A is 0.3354 nm, and a surface density p, is 38.2 nm~2. The
cross molecular parameters are calculated with the Lor-
entz—Berthelot mixing rules. To model the different strength
of the solid substrate, we varied the well depth of the inter-
action energy ¢, /kg (kg is the Boltzmann constant) for the
solid atom. For a strong substrate, we chose graphite with
the collision diameter and well-depth for a carbon atom in a
graphene layer, o,,0f 0.34 nm and € /k; = 28 K, while for
the weak substrate we chose the same collision diameter for
the solid atom and &, /k = 4.2 K. The corresponding D" for
the strong and weak substrates are 9 and 3.5, respectively.

2.2 Thermodynamic properties
2.2.1 Surface excess

Adsorption isotherms are obtained as plots of the excess
density versus pressure for a range of temperatures tabulated
in Table 1. The excess density is calculated from
<N > - Vaccp G
r,=— -—
ex LL, 3)

where(N)is the ensemble-average number of molecules in
the simulation box and V. is the accessible volume [25],
pgis the bulk gas density and L,L,is the area of the solid
substrate. The accessible volume is defined as the volume
within which the interaction energy between a molecule and

the solid substrate is non-positive.
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Table 1 The temperatures

used in this work and their T&) Po (Pa)

corresponding coexistence 20 6.15 x 10712

pressures of the bulk phase 40 214 % 10!
55 1.52 x 10°
65 223 % 10°
87 8.83 x 10*
110 6.10 x 10°
150 437 x 10°

To compare the isotherms at temperatures below the bulk
critical temperature, we also plotted the isotherm in terms
of the reduced pressure P/P,, where Py, is the coexistence
pressure of the bulk. For the proper assessment of this com-
parison, the pressure P, must be calculated correctly. For
temperatures below the bulk triple point temperature, it is
calculated with the simulated correlation results obtained
from the vapour-solid equilibria of Chen, Siepmann and
Klein [26], while for temperatures above the bulk triple point
temperature and less than the bulk critical point temperature
we obtained P, from the simulation of vapor-liquid equilib-
ria (VLE) [27]. The values for P, at various temperatures
used in this work are tabulated in Table 1.

2.2.2 lIsosteric heat

The isosteric heats of adsorption g, is obtained in the grand
canonical simulation with the fluctuation theory. It is given
in Eq. 4, and it accounts for the nonideality of the bulk gas
[28].

Ng ~ f(U,N)
f(Ng.Ng)  f(N.N)=f(Ng.Ng)

where U is the potential energy and N is the number of
molecules in the system, and N; is the number of molecules
occupying the accessible volume at the same density as the
bulk gas surrounding, and the fluctuation variable fis given
by

J&X.Y) = (XY) = (XXY) ®)

with (.) being the ensemble average.

qy = @)

2.2.3 Local density distribution

The local density distribution of molecules as a function of
distance above the substrate surface is calculated from

_ < ANz,z+Az >
p(z) = m (6)
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where (ANZ,Z Az >is the ensemble-average of the number of
molecules whose centres of mass are between zand z + Az.

3 Results and discussion
3.1 Strong adsorbing substrate (graphite)

3.1.1 Adsorption isotherm

e Temperatures below the bulk triple point temperature.

We started with graphite (D* = 9), representing strong
substrate, and the adsorption isotherms at various tempera-
tures are shown in Fig. 2 as plots of the excess density versus
pressure and also versus reduced pressure. Below the bulk
triple point, we used 20 K, 40 K and 55 K as representa-
tive temperatures to show the extent of the partial wetting.
According to the wetting map of Fig. 1, there is one layer for
20 K, two layers for 40 K and three layers for 55 K formed
on the surface at P,,. Their isotherms intersect the P, axis at
a practically 90-degree angle, typical of the layer-by-layer
(stepwise) mechanism of adsorption. This is called the par-
tial wetting because the adsorbed film is finite in thickness
at P,

Similar to the 20 K-isotherm, the isotherm at 40 K in
Fig. 2 exhibits a partial wetting behaviour, but there are two
layers formed on graphite at P,,. This is because this tem-
perature is between the layering temperatures of the second
and third layers, T; , =30 K and T} 5 =50 K.

As the final example of partial wetting, we considered
55 K-isotherm that shows three layers on the surface of
graphite at P,. When we considered the behaviour of the
20 K-, 40 K- and 55 K-isotherms plotted in terms of the
reduced pressure, it is seen that the first-order transition for
the condensation of the first layer occurs at higher reduced
pressure with temperature. This is due to the greater isos-
teric heat of adsorption at zero loading than the heat of
sublimation of the bulk phase. However, when we con-
sidered the first-order transition for the formation of the
second layer for the cases of 40 K- and 55 K-isotherms, we
observed the opposite, i.e. it occurs at the lower reduced
pressure for higher temperature (55 K). This is simply
due to the fact that the isosteric heat of adsorption at the
point just prior to the condensation of the second layer is
less than the heat of sublimation. We shall discuss this in
greater details in Sect. 3.1.3.

e Temperatures between the bulk triple point and critical
point temperatures.
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Fig. 2 Isotherms for argon adsorption on graphite at 20 K, 40 K and 55 K, plotted in terms of the absolute pressure (left panel) and the reduced
pressure P/P, (right panel), where Py is given in Table 1. Note the extremely low pressure for the onset of condensation of the first layer at 20 K

We took 87 K and 110 K as examples to illustrate the
adsorption behaviour for the temperature range between
the triple point and critical temperatures of the bulk. These
temperatures are above the roughening temperature 83.8K
(which is the same as the bulk triple point temperature),
and as a result, the adsorbed density tends to infinity as the
pressure approaches the bulk coexistence pressure Py,. This is
complete wetting, which is the case for all temperatures fall-
ing between the bulk triple and critical temperatures. Instead
of exhibiting stepwise behaviour as displayed for tempera-
tures below the bulk triple point temperature, the 87 K- and
110 K-isotherms exhibit a monotonic behaviour of type II,
according to the IUPAC classification, i.e. higher molecular
layers are progressively formed before the lower layers are
completely formed. When plotted against the reduced pres-
sure, we see that at a given reduced pressure the adsorbed
density is greater for lower temperature, and this is due
to the higher local density that results in stronger adsorb-
ate—adsorbate interactions for greater adsorption (Fig. 3).

e Temperatures above the bulk critical point temperature

We took 200 K and 253 K as examples to illustrate the
behaviour of the excess isotherm for temperatures greater
than the bulk critical point temperature. These excess iso-
therms exhibit a different pattern than those below the criti-
cal point, in that, they show a maximum at which the change

of the density in the system is the same as the change of the
bulk density with respect to a differential change in pressure.
Beyond this maximum, the excess density decreases with
pressure, but it remains positive because we used the acces-
sible volume in the calculation of the excess density [25].
An overestimation of the pore volume can result in negative
excess adsorption amounts [29].

We also presented in Fig. 4 the isotherms at 150 K, just
before the bulk critical point, and 160 K, just after the
bulk critical point to show the interesting behaviour near
the critical point. The 150 K-isotherm exhibits a wetting
behaviour, similar to what has been discussed for 87 K and
110 K earlier, while the 160 K-isotherm initially behaves
like a sub-critical vapour, but as the critical pressure is
reached the isotherm exhibits a sharp maximum, beyond
which the adsorbed density decreases very sharply, and
this is simply due to the significant change in the bulk den-
sity for a small change in pressure in the neighbourhood
of the critical point. A detailed discussion of isotherms in
the neighbourhood of the critical point has been reported
in the literature [30, 31].

3.1.2 Local density distribution

e Temperatures below the bulk triple point temperature

@ Springer



244

Adsorption (2021) 27:239-252

Fig.3 Isotherms for argon 50
adsorption on graphite at 87

K and 110 K, plotted in terms

of the absolute pressure (left

panel) and the reduced pressure 40 1
P/P, (right panel), where Py is
given in Table 1
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Fig.4 Isotherms for argon adsorption on graphite at 150 K, 160 K,
200 K and 253 K plotted in terms of absolute pressure

To substantiate the behaviour of isotherms discussed in
Sect. 3.1.1, we presented in Fig. 5 the local density distribu-
tions (LDDs) at 20 K, 40 K and 55 K and at their respective
coexistence pressures.

This figure confirms the formation of a single layer at 20
K, two layers at 40 K and up to three layers at 55 K. It also
shows the effects of the thermal fluctuations that make the

@ Springer
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peak broader at high temperatures, i.e. molecules vibrate
vertically from the equilibrium positions with larger ampli-
tude at a higher temperature. Because of the broader peak,
its height is lower as seen in the comparison between the first
peaks for 20 K and 55 K (see top figure), resulted from the
fact that the area under the peak is the number of molecules
for a complete monolayer (which is constant).

e Temperatures between the bulk triple point and critical
point temperatures

Figure 6 shows the LDDs at P, for 87 K and 110 K, which
shows the complete wetting behaviour with a large number
of molecular layers on graphite. The LDDs show an oscil-
lating behaviour, indicating the molecular layer structure of
the adsorbed film, and as the loading is increased the local
density at distances far away from the surface is essentially
the same as the bulk liquid density. This is because the inter-
face of the thick adsorbed film is undulated to the extent that
incoming molecules to the adsorbed film as if it were in the
bulk liquid phase, resulting in the isosteric heat equalling
the heat of condensation. We shall substantiate this with
the analysis of the isosteric heat as a function of loading in
Sect. 3.1.3.

The effects of temperature are also seen with these
LDDs that the peaks are broader and lower in height for
high temperatures, resulting from the greater vibration
from the equilibrium position. For this same reason, the
interspacing between peaks is also slightly greater with
temperature.

e Temperatures above the bulk critical point temperature
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Fig.6 Local density distributions (LDDs) for argon adsorption on
graphite at 87 K (red) and 110 K (blue) at their respective coexistence . . . . L.
pressures Py, tabulated in Table 1 regions in the figure). Macroscopically speaking, this is not
regarded as molecular layering as seen for temperatures less
than the bulk critical point temperature (Fig. 6), but rather it
Figure 7 shows the LDDs for temperatures above the  is the densification of adsorbate. It is the presence of the sur-
critical temperature. Although they show alternate peaks  face of strong affinity that gives rise to the excess equivalent
and troughs, it does not mean that many dense layers are  to one statistical monolayer [32].
formed on the surface, but rather the high local densities
of the peaks for the second and higher layers cancel out the
low local densities in the corresponding troughs (see yellow
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3.1.3 Isosteric heat as a function of loading

To understand how the excess isotherm behaves with
pressure and temperature, we studied the isosteric heat of
adsorption as a function of loading, as presented in Figs. 8,
10 and 11 for temperatures below the triple point tempera-
tures, for temperatures between the triple point and critical
temperatures, and temperatures above the critical tempera-
ture, respectively. These isosteric heats are compared with
the heat of sublimation or the heat of condensation to show
the competition between the adhesive force in adsorption
and the cohesive for the bulk phase.

e Temperatures below the bulk triple point temperature

Take 20 K as the first example; the isosteric heat of
adsorption at zero loading is 9.5 kJ/mol, which is greater
than the bulk heat of sublimation of 8 kJ/mol (Fig. 8), sug-
gesting that adsorption is favourable in that molecules ini-
tially adsorb on the surface as clusters because of the low
entropic factor. These clusters coalesce to form islands with
loading, and as further molecules are added, they adsorb at
the boundary of these islands [33]. It is this boundary growth
that incoming molecules interact with three nearest neigh-
bouring molecules, resulting in a constant heat of adsorption
(12.3 kJ/mol) across this first-order transition of condensa-
tion to form the first layer. After the condensation has been
completed, further molecules are added to densify the first
layer for which the adsorbed molecules form a hexagonal
packing, at which the isosteric heat reaches a maximum of
15.4 kJ/mol. This maximum is achieved because of the opti-
mal spacing between adsorbed molecules, i.e. each molecule

50

interacts six nearest molecules at a spacing very close to
2!/%6, the optimal spacing of a pair of molecules (Fig. 9).

We substantiated the maximum isosteric heat of adsorp-
tion at the completion of the first layer by studying the ener-
getic of molecules when the first layer is completely formed.
A molecule is randomly selected from a configuration of
this monolayer and moved vertically from the surface, and
its energies of interaction with the remaining molecules and
graphite are calculated, and they are presented in Fig. 9 as
a function of distance from the surface; the black line is the
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Fig.9 The left panel shows the potential energies between one
selected argon molecule in the monolayer with graphite (blue line)
and the remaining molecules in the monolayer (red line) as it moves
vertically away from the graphite surface. The right panel shows the
potential energies between a molecule in the second layer with graph-
ite (blue) and all molecules in the first layer (red). For both panels,
the black line is the total potential energy
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Fig. 8 Isosteric heats versus loading (left three panels) and isotherms versus the reduced pressure (right panel) for argon adsorption at 20 K, 40
K and 55 K on graphite. The vertical dashed lines are the heats of sublimation at these temperatures

@ Springer



Adsorption (2021) 27:239-252

247

50

50

X £

5 —M—“:

E ]

] S

40 < 9 40

& &
E E
° 87K °
£ 30 30 §
o 110K by
7] 0
8 3
s 2 20 8
[ 0 ]
s s
£ =
3 =
7] (2]

14 12 10 8 6 4 2 00 0.2 0.4 06 0.8 1.0
st (kJ/mol) PIPg

Fig. 10 Isosteric heats versus loading (left panel) and isotherms ver-
sus the reduced pressure for argon adsorption at 87 K and 110 K on
graphite. The vertical dashed lines are the heats of evaporations at 87
Kand 110 K

200K 200K

Surface excess (p,mollmz)
(o)
(o]

Surface excess (umol/m2)

253K

253K

0 0
16 14 12 10 8 6 4 2 0 104 10° 108 107 10°®

ast (kJ/mol) P(Pa)

Fig. 11 Isosteric heats versus loading (left panel) and isotherms ver-
sus pressure (right panel) for argon adsorption at 200 K and 253 K on
graphite

total energy of interaction, the blue line is the energy of
this selected molecule with graphite, and the red line is the
energy with the remaining molecules. The minimum of this
potential energy is about 16.8 kJ/mol, which is very close
to the maximum of 16 kJ/mol as seen in the isosteric heat
versus loading (the small difference is due to the discrete
calculations of the isosteric heat), confirming that the maxi-
mum in the heat curve at the monolayer density is the heat
released when molecules enter the first layer to form regular
hexagonal packing.

Beyond the maximum in the isosteric heat for 20 K, the
heat decreases very sharply to 5 kJ/mol, which is less than

the heat sublimation of 8 kJ/mol (Fig. 8). This is the heat
released by the first molecule coming on top the dense first
layer. We substantiated this with a configuration of the dense
first layer and a molecule adsorbing on this layer. Similarly,
to what we did earlier, we moved this molecule vertically
and calculated its energies of interactions with the surface
and molecules in the first layer. This is shown in the right
panel in Fig. 9, with the black line being the total energy
of interaction and its contributions from the interactions
between this molecule and the surface (blue line) and the
molecules in the first layer (red line). The minimum is found
to be 5 kJ/mol, which is in excellent agreement with the
minimum in the plot of the isosteric heat versus loading,
confirming that the minimum in the heat curve is the heat
released when the first molecule adsorbs on the dense first
layer. Since the heat of adsorption is less than the bulk heat
of sublimation, spreading of molecules on the dense first
layer is not favoured, but rather molecules added to the sys-
tem would tend to form clusters, resulting in an increase in
the interaction not only between molecules in these clusters
but also between molecules in the clusters and those in the
first layer. However, as the bulk coexistence pressure has
been reached, the isosteric heat remains less than the bulk
heat of sublimation, leading to the crossing between the
adsorption isotherm and the P, axis and partial wetting of
one layer is resulted for 20 K.

Let us now turn to the analysis of the isosteric heat
versus loading at 40 K. Its pattern is similar to what was
explained for 20 K for the first layer. As the first layer is
completed, the isosteric heat decreases sharply to a mini-
mum, resulting from the first molecule adsorbing on top
of the first layer and the heat released is from its interac-
tion with the three nearest neighbouring molecules in the
first layer. The difference between this and the case of 20
K is that the isosteric heat due to the interactions among
further molecules coming onto the top of the first layer is
greater than the bulk heat of sublimation before the bulk
coexistence pressure has been reached, resulting in the
first-order condensation of the second layer (Fig. 8). This
is so because the interface of the first layer for 40 K is
more undulated that the adsorbate—adsorbate interactions
are greater, compared to 20 K, and as a result, the heat
released from these interactions makes the isosteric heat of
adsorption greater than the heat of sublimation; hence the
formation of the second layer, which occurs at a pressure
less than the bulk coexistence pressure. As the pressure is
further increased, the second layer is further densified as
seen in the second maximum in the heat curve. Once this is
completed, the isosteric heat is once again decreased to a
second minimum, due to the incoming molecule on top of
the dense second layer. Finally, as the pressure approaches
the bulk coexistence pressure, the increase in the isosteric
heat due to the interactions between adsorbed molecules
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is not sufficient to induce the first-order transition of the
third layer. This is the case of partial wetting with two
layers. There are two interesting features on the evolu-
tion of the isosteric heat for the formation of the first and
second layers. The peak in the isosteric heat when the first
layer is completed is higher than the one for the second
layer. This is because of the weaker interaction between
molecules in the second layer and the solid. The second
feature is the minima of the isosteric heat curve when the
first molecule adsorbs onto the top of the first dense layer
and onto the top of the second dense layer. If these dense
layers are identical in structure, we would expect that the
isosteric heats at these minima should be the same, but
it is observed that the heat released for the first molecule
adsorbing on top of the first layer is less than the heat
when the first molecule adsorbing onto the top of the sec-
ond layer. This is simply due to the greater undulation of
the interface of the adsorbed film of two layers, resulting
in better interaction between the incoming molecule and
the neighbouring molecules in the second layer, compared
to the case when the first molecule adsorbing onto the top
of the better structured first layer. This is seen in the local
density distribution in Fig. 5, where we see that the second
layer is less organised, resulting in the greater interaction
between the incoming molecule and the second layer.

The behaviour of the isosteric heat curve for 55 K
shown in Fig. 8 is similar to what we explained for the
case of 40 K.

e Temperatures between the bulk triple point and critical
point temperatures

The isosteric heats of adsorption at 87 K and 110 K show
different features to the ones seen for temperatures less than
the bulk triple point temperature Ty, (Fig. 10). Instead of the
regular structure observed for temperatures less than Ty, the
isosteric heat exhibits a monotonic increase with loading
and reaches a maximum of 13.2 kJ/mol at the completion
of the first layer. This is less than 16 kJ/mol observed for
temperatures less than T, which is due to the high thermal
fluctuations such that the inter-molecular spacing for 87 K
and 110 K is larger than the optimal spacing of 2!/ %ﬁf. Once
the first layer is formed, the isosteric heat decreases due to
the diminishing contribution from the adsorbate—adsorbent
interactions in the formation of the second and higher lay-
ers, and it finally approaches the heat of condensation at
high loadings.

e Temperatures above the bulk critical point temperature
The isosteric heats of adsorption for temperatures above

the bulk critical point temperature are shown in Fig. 11.
They exhibit an increase at low loadings, due to the
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adsorbate—adsorbate interactions, and when the maximum
in the excess density has been reached the isosteric heat
becomes infinity, which is known as an artefact because the
excess density is not amenable to the thermodynamic analy-
sis. Absolute density must be considered in the calculation
of the isosteric heat, for example, the absolute density of the
adsorbed film [32] or the density of the whole system [34].

3.2 Weakly adsorbing solid
3.2.1 Adsorption isotherm

We now turn to the analysis of the argon adsorption on the
weak substrate of D* = 3.5. The wetting map in Fig. 1 indi-
cates no wetting for temperatures below the wetting tem-
perature of 100 K, which is specific for this weak substrate.

e Temperatures above the wetting temperature

We studied the isotherm for argon adsorption at 110 K
on the weak substrate, as shown in Fig. 12. The figure also
shows the 87 K and 110 K-isotherms for graphite for com-
parison. At low loadings, molecules form clusters on the sur-
face of the weak surface (concave part of the isotherm), and
it takes higher pressures for these clusters to merge to form
adsorbed film and as the pressure approaches the bulk coex-
istence pressure the density tends to infinity, preceded by a
pre-wetting of thin-to-thick transition, because 110 K falls
in the region of pre-wetting for this weak substrate (Fig. 1).

e Temperatures above the bulk critical point temperature

The comparison between the adsorption isotherms for
the weak surface and the graphite at temperatures above the
critical point temperature is presented in Fig. 13 for 200 K
and 253 K. The behaviour for the weak substrate is the same
as that for graphite, with lower adsorbed density because of
the weaker affinity of the substrate.

3.2.2 Local density distribution

e Temperatures between the bulk triple point and critical
point temperatures

Figure 14 shows the comparison of the LDDs for argon
adsorption at 110 K and P, on the weak substrate (continu-
ous line) and graphite (dashed line). They both exhibit
the complete wetting, and peaks for the weak substrate
are lower, which is due to low interactions between the
adsorbate and the weak substrate such that molecules
do not pack efficiently on the surface, resulting in lower
density of the first layer. As the loading is increased for
both the weak substrate and graphite, the behaviour of the
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12k ate—adsorbate interactions.
t
3 10 e Temperatures above the bulk critical point temperature
E 200K
Y 253K/h\\ The LDDs for argon adsorption at 200 K on the strong
(%] . .
8 8 / \ and weak substrates are presented in Fig. 15. They both
3 // \‘ show an oscillating behaviour, and as discussed earlier, this
Q . .
g 6f // \‘ does not mean that the excess density is greater than the
}:; // statistical monolayer density because the peaks and troughs
4t // 200K for second and higher layers cancel out (see yellow regions
// in the figure). The difference between the strong and weak
2 // substrates is that the magnitude of the LDD for the weak
‘//\253" substrate is less than that for graphite, and its excess density
ol | == { l is also less for a given pressure (Fig. 13).
103 104 108 108 107 108
P (Pa)

Fig. 13 Isotherms for argon adsorption on graphite (dashed lines) and
the weak surface (solid lines) at temperatures above the bulk critical
temperature

3.2.3 Isosteric heat as a function of loading
e Temperatures above the wetting temperature
The comparison of the isosteric heat curves for argon

adsorption on graphite and the weak substrate at 110 K
is presented in Fig. 16, and we see the distinct difference
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Fig. 16 Isosteric heats versus loading (left panel) and isotherms in
terms of the reduced pressure (right panel) for argon adsorption at
110 K on graphite (dashed line) and the weak surface (solid line). The
vertical dashed line is the heat of evaporation of bulk argon at 110 K

between these curves. For the weak substrate, the isos-
teric heat at zero loading is 2 kJ/mol, much lower than
the heat of evaporation of 6 kJ/mol. This means that the
interaction between argon molecule and the weak substrate
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e Temperatures above the bulk critical point temperature

The isosteric heats of adsorption at temperatures above
the critical point temperature are presented in Fig. 17,
and they show the same behaviour as discussed earlier for
graphite. Their approach to infinity at the maximum load-
ing is known as the artefact because the excess isotherm
is not amenable to thermodynamic analysis.
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Fig. 17 Isosteric heats versus loading (left panel) and isotherms ver-
sus the pressure (right panel) for argon adsorption at temperatures
above the bulk critical temperature on graphite (dashed line) and the
weak surface (solid line)

4 Conclusions

We have presented the evolution of the simulated excess iso-
therm and the isosteric heat for argon adsorption on graph-
ite, representing a strong adsorbing substrate, and a weak
planar substrate over a wide range of temperatures, span-
ning from well below the triple point temperature to well
above the critical point temperature of the bulk phase. Their
evolution is also supported by the analysis of the local den-
sity distribution and the isosteric heat of adsorption versus
loading. The adsorption behaviours show the change of the
system from a state of either non-wetting or partial wetting
to complete wetting as either the temperature or the surface
strength is increased. The states of non-wetting and complete
wetting are correlated with the difference between the isos-
teric heat of adsorption and the heat of sublimation (conden-
sation) for temperatures below (above) the bulk triple point
temperature; adsorption is favoured when the isosteric heat
is greater than the heat of sublimation (condensation). For
graphite, systems of argon adsorption at temperatures below
the bulk triple point temperature exhibit the partial wetting
at the bulk coexistence pressure, P, at which the number of
molecular layers depends on the temperature. The adsorbed
density at Py, is finite, and the isotherm cuts the P, axis at
90-degree angle because the isosteric heat remains less than
the heat of sublimation. Another interesting feature in the
analysis of isotherms for temperatures below the bulk triple
point temperature is that the adsorbed density for the first
layer is greater for lower temperatures at a given reduced
pressure while for the second and higher layers (if existed)
their densities is lower for lower temperatures at the same
reduced pressure. This is due to the greater isosteric heat at

zero loading than the heat of sublimation for the first layer,
and the lower isosteric heat than the heat of sublimation at
the onset of the second and higher layers. For temperatures
greater than the bulk triple point temperature, but below the
bulk critical temperature, argon/graphite system exhibits a
complete wetting at P, because the isosteric heat is greater
than the heat of condensation, resulted from the highly undu-
lated interface between the adsorbed phase and the bulk gas
surrounding, and the adsorbed density is greater for lower
temperature at a given reduced pressure because the isosteric
heat is always greater than the heat of condensation.

For systems of argon/weak substrate, non-wetting
occurs for temperatures below the wetting temperature
because of the lower isosteric heat than the heat of subli-
mation and the adsorbed density at P, is much less than the
statistical monolayer density. Only when the temperature
is increased above the wetting temperature, the system
exhibits complete wetting, and finally when the tempera-
ture is above the bulk critical temperature the excess den-
sity exhibits a maximum, but the loading is much less than
that for strongly adsorbing graphite because of the weak
surface force which is not enough to densify the adsorbate
near the surface.
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