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Abstract
Adsorbents exhibiting non type I adsorption behaviour are becoming increasingly more important in industrial applications, 
such as drying and gas separation. The ability to model these processes is essential in process optimisation and intensifica-
tion, but requires an accurate description of the adsorption isotherms under a range of conditions. Here we describe how the 
Rigid Adsorbent Lattice Fluid is capable of a priori predictions both type I and type V adsorption behaviour in silicalite-1. 
The predictions are consistent with experimental observations for aliphatic (type I) and polar (type V) molecules in this 
hydrophobic material. Type V behaviour is related to molecular clustering and the paper discusses the model parameters 
governing the presence/absence of this behaviour in the predicted isotherms. It is found that both the solid porosity and 
the adsorbate interaction energy/energy density are deciding factors for the isotherm shape. Importantly, the model, whilst 
thermodynamically consistent, is macroscopic and thus computationally light and requires only a small number of physi-
cally meaningful parameters.

Keywords Stepped isotherms · Lattice fluid model · Adsorption thermodynamics · Type V isotherms

1 Introduction

Sigmoidal isotherms, or type V by the IUPAC classifica-
tion system, are widespread in adsorption systems involv-
ing polar molecules, such as water on activated carbon. The 
behaviour is typically attributed to molecular clustering of 
the adsorbate, due to weak adsorbate—adsorbent versus 
strong intermolecular interactions and hence unfavourable 
adsorption, with subsequent pore filling. This leads to an ini-
tially convex isotherm, with an inflection to become concave 
and showing saturation at high pressures. Indeed, this type of 
isotherm is mostly associated with adsorption in mesoporous 
adsorbents, where condensation of the adsorbate, that is, 
formation of bulk liquid, in the porous structure is possi-
ble. However, type V isotherms have also been observed 

for a number of microporous materials, such as (silicon) 
aluminium phospates (ALPO and SAPO) (Henninger et al. 
2010), zeolitic imidazolates, (e.g. ZIF-8) (Cousin Saint 
Remi et al. 2011) and metal organic frameworks (MOFs) 
(Küsgens et al. 2009), for which this mechanism seems 
somewhat unsatisfactory as by their definition the size of 
the micropores should preclude the existence of bulk liquid. 
Molecular simulations have shown that molecular cluster-
ing in micropores is possible and particularly in intercon-
nected pore structures, such as pore channels in zeolites, 
this clustering can become of a scale large enough to yield 
typical type V behaviour (Puibasset and Pellenq 2008; Trzpit 
et al. 2007). From a thermodynamic viewpoint, the simplest 
relationship which can yield this type of isotherm for a 
homogeneous surface is based on the Langmuir expression, 
which includes molecule—molecule interactions. This can 
be derived through statistical thermodynamics as done by 
both Frumkin and Guggenheim and Fowler (Frumkin 1925; 
Fowler and Guggenheim 1939; Ruthven 1984):

where b is the isotherm constant at temperature T  , � the 
fractional coverage and � the molecule–molecule interaction 

(1)bp =
�

1 − �
e
−

2��

RT
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energy. R and p are the gas constant and pressure, respec-
tively. It can easily be seen that Eq. 1 reduces to the Lang-
muir expression if the interaction energy equals zero, as 
would be the basic assumption for Langmuir behaviour. 
The multisite-occupancy model of Nitta et al. extends the 
Guggenheim and Fowler model to molecules of different 
sizes (Nitta et al. 1984a).

Non-localised effects can be introduced, as done in 
the Hill—de Boer equation (Hill 1946). More recently 
Shigetomi et  al. considered both adsorbate—fluid and 
fluid—fluid interactions through a Van der Waals potential 
in a statistical thermodynamic study of water and metha-
nol on type A zeolite (Shigetomi et al. 1982). The result-
ing isotherms contained additional inflections due to these 
molecular interactions. Using a similar approach, it was also 
shown how surface heterogeneity can cause steps in iso-
therms; this is particularly the case where large differences 
exist in heats of adsorption for different sites or when deal-
ing with bulky or branched molecules (Nitta et al. 1984a, b). 
In addition to models rooted in statistical thermodynamics, 
many other relationships exist which can yield type IV and 
V isotherms, but many assume multilayer adsorption and 
not all of them are thermodynamically consistent. The Sips 
isotherm for instance has theoretical merit and has been used 
to fit sigmoidal isotherms, but has zero slope at low pres-
sures and thus does not converge to Henry’s Law under these 
conditions. Similar problems arise for the Dubinin equa-
tions, which are also routinely used to fit type IV and V iso-
therms. For a good overview of available models the read-
ers is referred to Buttersack (2019). For truly microscopic 
insights in the origins of type IV and V behaviour, research-
ers have resorted to computational methods, such as molecu-
lar simulation, with great success. For typical process design 
and simulation however, the computational effort would be 
prohibitive and a macroscopic model be more appropriate.

Macroscopic models describing equilibrium adsorption 
behaviour are a an essential tool in designing separation pro-
cesses and to this end empirical equations are often used 
in separations involving sigmoidal isotherms, as they are 
simple analytical expressions and hence have small compu-
tational demand (Van Assche et al. 2016; Cousin-Saint-Remi 
and Denayer 2017; Hefti et al. 2016). Their obvious draw-
backs are lack of physical meaning and predictive behaviour. 
Discretisation with linear interpolation between isotherm 
points, obtained during separation experiments has been pro-
posed as an alternative approach to modelling processes, but 
in the presence of steps and inflections, many experiments at 
different concentrations would be required (Haghpanah et al. 
2012). The ability to predict this type of behaviour a priori 
with small computational effort using a thermodynamically 
consistent framework, would evidently be a great asset.

Considering the existing models to date, a statistical ther-
modynamic approach seems a promising route in finding a 

predictive model for non-type I isotherms and clearly offers 
the advantage of thermodynamic consistency. Moreover, no 
prior assumptions would be required coupled with a mini-
mum of modelling parameters. In this context, lattice fluid 
(LF) based approaches, with their origins in statistical ther-
modynamics but with simplified partition functions, seem 
like a good choice (Sanchez and Lacombe 1976; Lacombe 
and Sanchez 1976). Indeed, their use for describing adsorp-
tion behaviour has been widely reported (Suwanayuen and 
Danner 1980a, b; Doghieri and Sarti 1996; Sarti and Dogh-
ieri 1998). Essentially being an equation of state, the LF 
leads to an expression for the residual Gibbs energy, which, 
through relatively straightforward calculations, can be used 
to predict isotherms. In recent work, we reported how, using 
this approach and through a limited number of physically 
meaningful modelling parameters, the Rigid Adsorbent 
Lattice Fluid (RALF) could successfully predict adsorp-
tion behaviour in both non-flexible and flexible adsorbents, 
namely silicalite-1 and MIL-53 (Al) (Brandani 2019; Ver-
braeken and Brandani 2019). Whereas in silicalite-1 only 
type I isotherms were presented, MIL-53 (Al) shows stepped 
isotherms, due to a structural change in the solid. Although 
not discussed, it was noticed in addition, that under certain 
conditions the predicted  CO2 isotherms for the so-called 
‘large pore’ structure of MIL-53 (Al) exhibited type V 
behaviour. Under the same conditions, the  CO2 isotherms 
for the ‘narrow pore’ structure remained type I, as shown 
in Fig. 1. We hypothesised that this behaviour is a result 
from strong molecule—molecule interaction combined 
with a large pore volume. Under such conditions, after ini-
tial adsorption, additional molecules prefer forming clusters 
with previously adsorbed molecules, rather than interacting 
with the solid. A small number of studies using LF based 
approaches have shown similar predictions, but so far all 
studies involve adsorbents which expand upon molecule 
insertion (De Angelis and Sarti 2011; Galizia et al. 2012). 
Although LF models can clearly predict both type I and V 
isotherms from first principles, here we show that they can 
do so for a non-flexible adsorbent as well.

For a single adsorbate, the RALF model requires the 
knowledge of the characteristic parameters of the solid, 
which can be determined from the porosity of the solid and 
Henry law constants of different molecules and their adsorp-
tion energy (Brandani 2019). The adsorbate characteristic 
parameters are taken from bulk vapour-liquid equilibrium 
data (Sanchez and Lacombe 1976). To allow the model to 
more accurately match experimental isotherms, a correc-
tion of the packing density, � , is introduced, which takes 
into account confinement constraints, allowing to match 
saturation capacities; an energy correction parameter, � , can 
be used to match Henry law constants (Sarti and Doghieri 
1998). On the other hand, with both � = 0 and � = 0 , full 
isotherms can be predicted if the parameters of the adsorbent 
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are known. Figure 2 shows such predictions for water and 
propane on silicalite-1, where the adsorbent parameters have 
been taken from Brandani (2019). Whilst � and � can be used 
to achieve a closer match to experimental data, it is impor-
tant to note that the RALF model can indeed predict a priori 
the different behaviour of the two adsorbates.

Figure 3 shows the comparison between the RALF model 
and the Frumkin-Fowler–Guggenheim (FFG) isotherm. The 
FFG isotherm parameters are set to give the same Henry’s 
law constant and the same saturation capacity for both mod-
els (values given in the supporting information), thus leav-
ing only the energy parameter, � , to be determined. As � 
is increased there is the known transition to a two-phase 
region in the adsorbed phase, due to the emergence of a 
condensed liquid (evident from a discontinuity in the iso-
therm) (Do 1998), which is not physically meaningful in a 

microporous solid. This transition occurs for 2𝜔
RT

> 4 , and it 
can be seen from Fig. 3 that in order to match the pressure at 
which a step occurs in the RALF model, the FFG isotherm 
has to be in this two phase regime. The RALF model on 
the other hand can predict the step at these low pressures 
without requiring a two-phase transition, i.e. the model leads 
to a continuous isotherm without a finite discontinuity. The 
continuous nature of the predicted isotherm by the RALF 
model stems from the fact that the model reproduces the 
phenomenon of molecular clustering, as opposed to forma-
tion of bulk liquid. Clustering is favoured for highly coordi-
nating molecules, as the intermolecular energy is higher than 
the interaction energy of molecules with the adsorbent. The 
low affinity with the adsorbent in turn leads to a reduction 
in the adsorbed phase concentration at saturation pressure 
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(as Fig. 3 shows, the isotherm reaches only ~ 70% of the 
theoretical saturation capacity). Indeed, pressures upwards 
of 10 MPa are required to completely fill the micropores 
of a hydrophobic adsorbent with water (Trzpit et al. 2007; 
Humplik et al. 2014). In contrast, the formation of bulk liq-
uid as calculated by the FFG isotherm, practically saturates 
the micropore volume already at the saturation pressure of 
water. Finally, whilst qualitatively both models can give a 
type V isotherm, the FFG isotherm requires knowledge of 
some experimental data and therefore does not allow an a 
priori prediction.

In this contribution we will explore which RALF model 
parameters determine the shape of the predicted isotherms 
using the parameters for silicalite-1 as our modelling adsor-
bent. The aim is to gain an understanding of the importance 
of porosity and the ratio of energy parameters in the RALF 
model that lead to the prediction of the two types of isotherm 
shape.

2  Theory

The Rigid Adsorbent Lattice Fluid and its equations have 
been described in great detail in Brandani (2019). In essence, 
the RALF model represents an equation of state based on 
a lattice of occupied and vacant sites, which only considers 
the interaction energy between occupied sites. Despite being 
based on a statistical thermodynamic approach, a simplifica-
tion of the partition function leads to a macroscopic model 

with only a small number of modelling parameters. Here we 
will suffice by listing only the key equations of the model.

A lattice fluid representation of a pure component sys-
tem is defined by only three characteristic parameters, 
which are related by the interaction energy between mol-
ecules of species j , �∗

j
 , close-packed volume, v∗

j
 , and close-

packed density, �∗
j
 . The characteristic temperature and 

pressure are defined as follows (where �∗
j
 is a molar 

quantity):

The parameters are related to each other through the 
following relationships:

It can be seen that P∗
j
 is in effect an energy density, and 

T∗
j
 a measure for the interaction energy. The parameter r0

j
 

is related to the close-packed density and volume through 
Mj , the molecular mass, and describes the number of lat-
tice sites occupied per molecule of species j . It should be 
self-evident, that the pure component characteristic param-
eters have a physical meaning, which can be determined 
from existing thermodynamic data.

For any mixture, e.g. a solid—adsorbate system, the 
corresponding characteristic parameters follow from the 
pure component parameters through a set of mixing rules. 
The RALF model utilises the same mixing rules as used 
by Sanchez and Lacombe (Sanchez and Lacombe 1976; 
Lacombe and Sanchez 1976), which conserve the molecu-
lar volume and number of pair interactions in the closed 
packed state (Brandani 2019). A final rule describes the 
mixture interaction density, P∗:

where

here, �j is the volume fraction of component j in the lat-
tice. The binary interaction parameter, �jk , signifies an 

(2)T∗

j
=

�∗
j

R

(3)P∗

j
=

�∗
j

v∗
j

(4)T∗

j
=

P∗
j
v∗
j

R

(5)r0
j
=

Mj

�∗
j
v∗
j

(6)P∗ =
∑

j

∑

k

�j�kP
∗

jk

(7)P∗

jk
= P∗

kj
=
(

1 − �jk
)

√

P∗
j
P∗
k

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

 RALF model
 FFG - 0.95 2-phase

 FFG - 1.0 2-phase

 FFG - 1.1 2-phase

 FFG - 1.25 2-phase

 (-
)

p/p0

H2O
T = 300 K
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enhanced or reduced energy density resulting from attrac-
tive or repulsive interaction, respectively between molecules 
j and k, with �jj = 0 . In a purely predictive mode, �jk is set 
to zero. As described in the introduction, a final adaptation 
is made in RALF as compared with earlier versions of the 
lattice fluid model, which allows for an increase in the close-
packed volume for the adsorbed phase due to confinement 
constraints, through �jA . This correction concomitantly leads 
to a reduction in both the energy density and close-packed 
density, whilst leaving the characteristic temperature unaf-
fected. As we are interested in using the RALF model in a 
purely predictive way, in this work, �jA = 0.

It is shown in Brandani (2019) how the LF equations for 
a system comprising a crystalline ‘rigid’ adsorbent lead to a 
corresponding expression for the Gibbs energy for the solid 
phase. For a system with a single adsorbate, the residual 
Gibbs energy is given by:

Here we opt for the chemical engineering nomenclature as 
used in various textbooks, where the term residual refers to 
the departure of a thermodynamic property from that of an 
ideal gas at the same temperature and pressure (Smith et al. 
2004; Gmehling et al. 2012).

Equation 12 is the expression for the residual Gibbs 
energy of the adsorbed phase given in Brandani (2019) 
written for a single adsorbate, given that the combinatorial 
term for a single adsorbate becomes zero due to the rigid 
nature of the solid. The reduced quantities are defined by:

 The compressibility factor is as usual, i.e. z = PV

NRT
= r

�̃

�̃T̃
 . 

For an adsorbent, the density of the mixture does not cor-
respond to the equilibrium value as given by an Equation of 

(8)v∗
jA
=
(

1 + �jA
)

v∗
j

(9)P∗

jA
=

P∗
j

(

1 + �jA
)

(10)�∗
jA
=

�∗
j

(

1 + �jA
)

(11)

GR(T ,P,N)

RT
= rN

[

−
�̃

T̃
+

(

1 − �̃
)

ln
(

1 − �̃
)

�̃
+ 1

]

+ N(z − 1 − lnz)

T̃ =
T

T∗
P̃ =

P

P∗
�̃ =

�

�∗

State. For the compressibility factor of a single component 
in equilibrium, zEoS , the following holds:

As is evident from Eq. 11, knowledge of the density of the 
system is essential to obtain the Gibbs energy and the chemi-
cal potentials in RALF. The volume of the adsorbent includ-
ing the micropores, Vs , is taken as the system volume and 
therefore the density is given by:

where ws is the weight fraction of the solid. In this paper, we 
are assuming that silicalite-1 behaves like a ‘frozen’ solid, 
that is, its density does not change with amount adsorbed. 
This is a reasonable assumption for small molecules, 
although symmetry changes and lattice distortion have been 
reported for larger molecules (Fyfe et al. 1984). The actual 
density of the solid can be obtained from diffraction data or 
porosimetry and the assumption of a ‘frozen’ solid means 
that no further relationships are required to describe this 
quantity. This is also the scenario used for silicalite-1 in 
Brandani (2019). The solid porosity, � , is naturally related 
to the actual density of the solid and is defined as follows:

where �̃s is the reduced solid density.
For the calculation of adsorption isotherms, an equilibrium 

condition is now required. The condition is for the chemical 
potentials of component j to be equal in the adsorbed and fluid 
phases. The subscript A is added for clarity in Eq. 15 to describe 
the adsorbed phase, but will be dropped from now on. Isotherms 
can be constructed by solving Eq. 15 for the number of moles 
adsorbed at any given combination of pressure and temperature.

The expressions for the chemical potentials for both 
the fluid phase and adsorbed phase can be obtained by the 
appropriate derivations with respect to moles of component 
j. For the single component (and a ‘frozen’ solid) they are:

(12)zEoS − 1 = r

[

−
�̃

T̃
−

ln
(

1 − �̃
)

�̃
− 1

]

(13)� =

∑

j mj

Vs

=
ms

wsVs

=
�s

ws

(14)� = 1 − �̃s = 1 −
�s

�∗
s

(15)�j,F(P, T) = �j,A

(

Nj,P, T
)

(16)

�R
1,F

RT
=

[

−
�̃1

T̃1

+

(

1 − �̃1
)

ln
(

1 − �̃1
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�̃1
+ 1

]

r0
1
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(17)
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It can noted that the residual chemical potential for com-
ponent j is equal to the logarithm of its fugacity coefficient, 
ln�j , i.e.

Finally it is worth considering that the use of a lattice 
fluid naturally leads to expressions for the behaviour at both 
infinitely high pressures yielding finite adsorbed phase con-
centrations, and in Henry’s law limit, thereby preserving 
thermodynamic consistency (Brandani 2019). The expres-
sions under these conditions have also been given in the 
supporting information.

3  Parameterisation of the RALF model

In order for the RALF model to be a predictive tool, care-
ful parametrisation of the solid and adsorbate molecules is 
required as explained in refs (Brandani 2019; Verbraeken 
and Brandani 2019). The advantage of the model is that 
predictions become possible with the determination of only 
three characteristic parameters for each species. For many 
molecules, these characteristic parameters have already 
been determined from available thermodynamic data so 
that determining the same parameters for the solid is the 
only remaining step. The solid in turn can be parameterised 
from available adsorption data on a number of molecules. 
This has been carried out for silicalite-1 in Brandani (2019) 
and in this work we have therefore turned our attention to 
this material. It is worth noting that the parametrisation 
of silicalite-1 was carried out using adsorption data for a 
number of weakly coordinating molecules, such as light 
alkanes, noble gases,  N2, CO, etc. due to good availabil-
ity of experimental data on these systems (Brandani 2019). 

(18)
�R
j

RT
=

1

RT

(

�GR

�Nj

)

T ,P,Nk≠j

= ln�j

The characteristic parameters for a number of molecules and 
silicalite-1 are listed in Table 1. The characteristic param-
eters for the molecules have been determined from bulk 
vapour-liquid equilibrium data, as outlined in Ref. (Sanchez 
and Lacombe 1976), carried out independently from this 
study or the determination of characteristic parameters for 
silicalite-1 (De Angelis et al. 2007). With the characteristic 
parameters in place, the RALF model can now be used as 
a purely predictive tool, without the need for adjustable fit-
ting parameters. From Table 1 it can be seen that silicalite-1 
is described by three characteristic parameters, which is 
equivalent to assuming that it can be described as a homo-
geneous solid, i.e. having a single characteristic adsorption 
site. It has been shown in various publications that this is a 
realistic assumption for small molecules (Zhu et al. 2000; 
Sun et al. 1998; Golden and Sircar 1994). This also means 
that any predictions of steps or inflections in isotherms are 
not due to surface heterogeneities.

4  Results

The isotherms as predicted by the RALF model for propane 
and water on silicalite-1 at 300 K have already been shown 
in Fig. 2. Here we use the model as a purely predictive tool 
using the parameters in Table 1, that is, no additional binary 
interaction or confinement parameters have been used to 
generate the isotherms. For comparison, Fig. 4 shows the 
predicted isotherm for another polar molecule under identi-
cal conditions, namely ethanol. This isotherm appears type 
I at first sight, but, on closer inspection, a mild inflection is 
also present for this molecule, albeit at very low pressure, 
p
/

p0
< 5 ⋅ 10−4 (as a root of the second derivative exists 

under these conditions). The predicted inflection for water 
on silicalite-1 is much sharper, yet occurs well below the 

Table 1  Characteristic parameters for silicalite-1 and a number of molecules

Characteristic parameter T∗
j

(MPa)
P∗

j

(K)
�∗
j

(kg/m3)
Mj

(kg mol−1)
References

CH4 215 250 500 0.016 De Angelis et al. (2007)
C2H6 320 330 640 0.030 De Angelis et al. (2007)
C3H8 320 375 690 0.044 De Angelis et al. (2007)
CO2 300 630 1515 0.044 De Angelis et al. (2007)
C2H5OH 470 880 915 0.046 De Angelis et al. (2007)
CH3OH 510 1080 900 0.032 De Angelis et al. (2007)
H2O 670 2400 1050 0.018 De Angelis et al. (2007)

T∗
s

(MPa)
P∗
s

(K)
�∗
s

(kg/m3)
�

(−)

Silicalite-1 1060 650 2577 0.31 Brandani (2019)
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saturation pressure of water and this type of isotherm has 
indeed been found both experimentally and by molecular 
simulations (Puibasset and Pellenq 2008; Olson et al. 2000; 
Giaya and Thompson 2002; Ramachandran et al. 2006). This 
inflection is not always observed experimentally probably 
due to the presence of residual Al in the framework, i.e. the 
materials are not pure silica forms but variants with Si/Al 
below 30. This mild hydrophilicity then leads to type I iso-
therms for water on ZSM-5 and can also be attributed to the 
presence of extra framework charged defects. Similarly for 
ethanol, inflections at low pressures have been reported in 
both simulation and experimental work (Dubinin et al. 1989; 
Xiong et al. 2011), yet often the behaviour is regarded as 

type I, due to lack of data under these conditions (Oumi et al. 
2002). Nonetheless, regardless of the exactness of the pre-
dictions, the inflections as shown in Figs. 2 and 4 are pre-
dicted a priori by the RALF model as a result from only a 
small number of input parameters. On the other hand, the 
isotherm for an apolar molecule such as propane is strictly 
type I, with no sign of any inflection.

In order to understand the predictions by the RALF model 
in greater detail, we will now focus on some of the key 
parameters in the lattice fluid model and their effect on iso-
therm shape. These parameters are solid porosity, � (or 
reduced density), and the characteristic parameters for the 
adsorbate molecules, i.e. interaction energy, T∗

j
 , energy den-

sity, P∗
j
 and close packed density, �∗

j
.

Polar molecules have relatively high values for P∗
j
 and T∗

j
 , 

as compared to apolar molecules, such as alkanes. The local-
ised charges on polar molecules clearly endow them with an 
increased interaction energy in the lattice fluid. This in turn 
translates into strongly coordinating behaviour and a ten-
dency to show adsorption behaviour which leads to molecu-
lar clustering. Table 1 shows values for P∗

j
 and T∗

j
 for various 

molecules. Similarly, the strength of the molecule’s interac-
tion with the solid itself must be a critical parameter as to 
whether or not additional molecules adsorb onto the solid 
surface or coordinate to already adsorbed molecules. From 
a chemical point of view, this solid – adsorbate interaction 
can be effected by changing the solid’s polarity. For instance, 
in a zeolite this could be achieved by changing the silicon to 
aluminium ratio and introducing charge balancing cations. 
From a structural point of view, confinement of molecules 
in the solid is expected to have a similar effect. A large pore 
volume is more likely to cause clustering of polar molecules, 
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whereas this behaviour is not expected for a dense solid with 
nanosized pores.

5  Solid porosity, ε

The effect of solid density or porosity on the isotherm shape 
is easily illustrated through the RALF predictions of ethanol 
adsorption at 300 K, as shown in Fig. 5. Apart from the 
porosity, the remaining characteristic parameters for the 
solid are unchanged. It can be seen that by increasing the 
porosity, the isotherm shape becomes increasingly type V, 
with a more prominent inflection, whereas when porosity is 
reduced to below � = 0.23 , the inflection disappears 

altogether, leaving strictly type I isotherms. For ease of com-
parison, the isotherms have been normalised to the same 
adsorbed amount at p

/

p0
= 0.02 . Figure 6 meanwhile shows 

the predicted isotherms for the apolar propane molecule 
under identical conditions. These remain type I up to a solid 
porosity of � = 0.46 and this shows once more that by simply 
changing the adsorbate the predicted shape of the isotherm 
can be changed for a solid with identical parameters. Obvi-
ously, decreasing the pore volume has an effect on the satu-
ration capacity, thereby lowering the isotherms. This effect 
can be seen in Figs. S2 and S3 in the supporting 
information.

0.0 1.0x10-2 2.0x10-2
0.0

0.5

1.0

 = 0.26  = 0.31
 = 0.34  = 0.38
 = 0.42  = 0.46

U
pt

ak
e 

(a
.u

.) 

p/p0

(a)

10-6 10-5 10-4 10-3 10-2
0.0

0.5

1.0

 = 0.26  = 0.31
 = 0.34  = 0.38
 = 0.42  = 0.46

U
pt

ak
e 

(a
.u

.) 

p/p0

(b)

Fig. 6  Predicted propane isotherms on silicalite-1 with varying solid density 300 K. Actual density for silicalite-1 is 1786 kg m−3, which corre-
sponds to a porosity ε = 0.31, indicated by the dashed line

0.00 0.05 0.10 0.15
0

2

4

6

8

10

12

Kr

r0 j

Mj (kg mol–1)

 Noble gases
 Linear alkanes

Ar

Xe

(a)

0.00 0.01 0.02 0.03 0.04 0.05
0

4

8

12

16

(b)

H2O

C2H5OH

CH3OH

CO2

O2
N2

r0 j

Mj (kg mol–1)

 Other gases
 Polar molecules

CO

Fig. 7  Linear relationships of r0
j
 with various molecules’ molecular weight, Mj



Adsorption 

1 3

6  Adsorbate characteristic parameters

It is clear from the results presented so far, that solid poros-
ity is only one deciding factor for the shape of the isotherm. 
We will now explore the effect of the molecules’ character-
istic parameters.

In order to limit our parameter space so it only covers real-
istic molecules, it is instructive to revisit the lattice fluid the-
ory. Equations 4 and 5 relate the relevant characteristic param-
eters and it is evident that the number of lattice sites per 
molecule, r0

j
 , is directly related to the molecule’s molecular 

weight. In theory �∗
j
 and v∗

j
 could vary freely, but on inspection 

of the relationship between these parameters and the molecular 
weight of real molecules, a clear trend is visible, see Fig. 7. 

For linear alkanes and noble gases the relationship is practi-
cally linear, whereas it deviates somewhat from linearity for 
other gases and polar molecules. This indicates that a relation-
ship exists between �∗

j
 and v∗

j
 for real molecules and this allows 

us to impose boundaries on the available parameters space.
In recognising the linear relationship between r0

j
 and molec-

ular weight, Mj , we can write:

Using Eq. 5 we can we can rewrite Eq. 19 to yield:

Figure 8 shows how �∗
j
v∗
j
 changes for the different types 

of real molecules, where the same molecules have been used 
as in Fig. 7. It is also clear that Eq. 20 provides a satisfactory 
relationship between �∗

j
v∗
j
 and Mj and that all molecules con-

sidered here are bound by 
(

�∗
j
v∗
j

)max

 and 
(

�∗
j
v∗
j

)min

 as found 
for the noble gases and small polar molecules, respectively. 
Based on this relationship of �∗

j
v∗
j
 with Mj , we will now 

explore the effect of �∗
j
 , T∗

j
 and P∗

j
 on the shape of the iso-

therm. To do this we will now use a hypothetical molecule 
with a molecular weight of 0.04 kg mol−1; at given T∗

j
 and 

P∗
j
 , v∗

j
 now is fixed by Eq. 4, whereas �∗

j
 is determined by 

Eq. 20.
Figure 9a shows the effect of changing P∗

j
 at constant T∗

j
 

on the critical porosity for adsorbate clustering for different 
types of molecules (that is, changing �∗

j
v∗
j
 to correspond to 

alkanes, noble gases, etc.). The line in Fig. 9 describes the 
boundary between absence and presence of an inflection in 
the isotherm. Whilst it is clear that P∗

j
 has a major effect on 

(19)r0
j
= a ⋅Mj + b

(20)�∗
j
v∗
j
=

Mj

a ⋅Mj + b
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and fits using Eq. 20
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the location of the boundary, changing �∗
j
v∗
j
 only plays a 

modest role. Figure 9b shows the effect of changing both P∗
j
 

and T∗
j
 at a constant value for �∗

j
v∗
j
 . Increasing both P∗

j
 and 

T∗
j
 shifts the boundary for adsorbate clustering to lower 

porosities. This is to be expected, since these two parameters 
describe a molecule’s energy density and interaction energy, 
with higher values indicating a stronger intermolecular 
attraction.

7  Solid polarity

Changing the solid’s polarity is most easily effected by 
adjusting the binary interaction parameter for the adsorb-
ate—adsorbent pair, �js , as defined in Eq. 7. As previously 
discussed, this parameter is usually used to match RALF 
predictions to experimental isotherms, by adjusting the mix-
ture energy density of the pair, whereas for a purely predic-
tive model it is kept zero. In this instance however, we will 
illustrate the effect of changing solid polarity on the shape 
of the predicted isotherms by choosing a polar molecule 
and making �js non-zero, where for 𝜅js > and 𝜅js < 0, solid 
polarity is respectively decreased and increased. In physical 
terms, 𝜅js < 0 would indicate the presence of charged entities 
within the framework and would be equivalent to introduc-
ing alumina (and charge balancing cations) to an otherwise 
pure silica zeolite. As �js becomes more negative, the Si/Al 
ratio reduces with a concomitant increase in cation content, 
whose electrostatic fields create hydrophilic centres. Strong 
adsorption can be expected around these centres for mol-
ecules which contain, for instance, dipoles or quadrupoles. 

This is shown for water at 300 K in Fig. 10 and addition-
ally for ethanol in the supporting information, Fig. S4. As 
can be seen when viewed in logarithmic pressure scale, the 
shape of the isotherms essentially remains identical, whilst 
the point of inflection shifts to lower pressures. On a linear 
scale however, the isotherms for increased solid polarity 
appear increasingly type I, due to the shifting and compres-
sion of the inflection. The increased polarity obviously also 
leads to increased Henry’s Law constants, due to greater 
affinity of the solid with the adsorbates. Olson et al. (2000) 
already qualitatively described this behaviour for water on 
H-ZSM-5 with varying Si/Al content and indeed experimen-
tal water isotherms on silicalite-1 reported in literature can 
show inflections at various pressures (Giaya and Thompson 
2002; Oumi et al. 2002). The scatter in experimental results 
for hydrophobic silicalite-1 is usually attributed to different 
synthesis methods, causing differing amounts of defects, 
both extra-framework as well as within the zeolite crystals. 
This hypothesis was also confirmed using molecular simula-
tions, where introducing small numbers of charged defects 
caused significant increases in amounts adsorbed at identical 
pressures and a drop in onset pressure for the ‘step’ in the 
isotherm (Trzpit et al. 2007). All in all, water—water inter-
actions are generally always favourable over water—adsor-
bent ones in a silica/alumina framework, so beyond a certain 
adsorbed concentration (centred around charged defects), 
extensive clustering eventually occurs, despite entropy con-
siderations, leading to the typical type V isotherm shape 
(Puibasset and Pellenq 2008).
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8  Concluding remarks

Although the origins of type V isotherms in microporous 
solids have been studied for over a decade, yielding micro-
scopic insights through molecular simulations and related 
computational methods, macroscopic models that can pre-
dict this behaviour a priori are rare. Predictive macroscopic 
models, however, are a an essential tool in designing effi-
cient separation processes and with the advent of new excit-
ing materials being developed that show non-trivial adsorp-
tion behaviour, the need for these models could not be 
higher. Here we have discussed how the simple RALF model 
can predict both type I and V isotherms from first principles 
and identified which modelling parameters are critical in 
determining the resulting isotherm shape. As reported previ-
ously in molecular simulation studies, the trade-off between 
molecule—molecule and molecule—adsorbent interaction 
determines the adsorption behaviour. In the LF model this 
is mostly described by the values for the interaction energy 
and energy density ( T∗

j
 and P∗

j
 ) of both the molecule and the 

solid and the porosity of the solid. The (dis)similarity 
between the former dictates whether molecular clustering is 
likely, whereas the latter acts as a geometric barrier for this 
behaviour. The molecule—adsorbent interaction can further 
be tweaked by adjusting their binary interaction parameter, 
�js , but this should ultimately be a utility to match the predic-
tions to experimentally available data.

It is impressive that a simple lattice fluid based model, 
where the parameters of the adsorbates can be determined 
from bulk fluid properties (Linstrom and Mallard), can rep-
licate different adsorption behaviour without prior assump-
tions, making it a useful tool in process simulations and 
design.
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