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1 Introduction 

Essentially all surfaces adsorb fluids due to favourable 

interactions [1, 2]. For strong enough interactions, 

chemical bonds may be broken in the adsorbed molecules 

and/or established between the adsorbent and the 

adsorbate (chemisorption). For weak interactions, the 

adsorption process occurs reversibly without breaking 

any molecule (physisorption). Despite weak, the 

fluid/substrate interactions induce observable 

modifications of the fluid properties in the vicinity of the 

surface. Moreover, collective effects may be induced 

when confining fluids in porous materials, because the 

local curvature associated to porosity enhances 

fluid/substrate interactions. The measured adsorption 

isotherms (giving the amount of fluid adsorbed versus 

fluid pressure) thus provide a powerful experimental tool 

for porous materials characterization [3, 4]. An important 

feature of such isotherms is their possible irreversibility 

between adsorption and desorption (existence of a 

hysteresis, to be discussed later). 

Focusing on heterogeneous surfaces, we show how 

surface chemistry and geometry influence the adsorption 

properties of a condensable fluid and hence its 

liquid/vapor coexistence diagram. In most cases, 

molecular simulation, taking into account the 

fluid/substrate interactions at atomistic scale, has proven 

to be a powerful tool to understand adsorbed fluid 

properties in the vicinity of a surface. In particular for 

studying the effect of surface chemistry or corrugation, 

local curvature, pore morphology, or any other 

nanometer-scale property of the surface 

We show that, increasing the surface heterogeneities 

has drastic effects on coexistence diagram. Not only a 

shift of the critical point (i.e. quantitative changes), but 

also the appearance of many metastable states that 

introduce qualitative changes [5, 6]. A multi-scale 

approach has been used to explore this issue, showing the 

importance of the interdependence between the various 

heterogeneities for the adsorption and desorption 

mechanisms, the observed hysteresis, and the distribution 

of the underlying metastable states. Such approach, 

including both an atomistic and a large-scale description 

(from interatomic forces to large scale domain network) 

is expected to offer a powerful tool for experimental data 

analysis. 

2 Multiscale approach 

In this section we introduce briefly the multi-scale 

molecular simulation approach. Molecular simulation of 

realistic systems is difficult because of computational 

limitations: pores larger than 10 nm are difficult to 

handle, and in most experimental situations the adsorbent 

exhibits strong heterogeneities. As introduced by Everett 

[7-9] a porous material can be seen as a collection of 

domains corresponding to elemental subdivision of the 

porous network (elemental cavities). The most widely 

used approach consists in considering that the domains 

are independent (see Fig. 1).  
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Figure 1. Schematic representation of the heterogeneous pore 

(centre). Left: all domains are treated independently, with 

periodic boundary conditions. Right: multiscale approach: all 

domains are treated taking into account the neighbours with 

explicit boundary conditions. 

 

The global thermodynamic properties are thus obtained as 

an average over the domain distribution. When typical 

domains are of nanometric scale, molecular simulation is 

able to treat each of them independently and thus 

provides a powerful analysis of fluid adsorption after 
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averaging over the appropriate distribution of domains. 

This approach leads to an extremely accurate description 

of the low pressure region of the adsorption isotherm, 

where the hypothesis of independence between domains 

is well satisfied. 

The hysteresis region is however not well described 

by this approach because the disorder associated to the 

complex porous network plays an important role. This 

has been shown by using (simple) network models [10-

12] or more sophisticated coarse grained approaches [13-

16]. What do we learn from these models? In the 

hysteresis region, the fluid adsorbed in a given domain is 

not uniquely defined and depends on the fluid state in the 

neighbouring domains (existence of metastable states). 

The rules defining this dependence are generally deduced 

from a classical thermodynamic analysis of fluid 

adsorption in pores. However, significant improvement 

can be achieved if one uses molecular simulation to 

extract them, with appropriate explicit boundary 

conditions to take into account the presence of 

neighbouring domains [17, 18].  

3 Molecular model 

We focus on simple fluid adsorption in the frequently 

encountered silica-based nanoporous materials like 

MCM-41 or oxidized porous silica. These materials 

exhibit parallel and non-interconnected tubular pores with 

a high aspect ratio (few nanometers in diameter and few 

microns of length) [19-21]. Such materials are of greatest 

fundamental interest since they exhibit unexpected 

hysteresis shapes [22-24]. Due to fabrication procedure, 

one expects physico-chemical variations at nanometer 

scale along the pore axis [25-29] which essentially result 

in a modulation of the affinity of the adsorbed fluid 

(argon in our case) with the wall. We have in particular 

shown that pore size variations actually predominantly 

result in variations of fluid/wall interactions, with 

moderate “purely geometric” effects [30-33]. As a 

simplification, the corresponding heterogeneities are 

characterized by a single parameter which varies along 

pore, and measures the intensity of the fluid/wall 

interaction.  

The 3 nm in diameter pore is drilled in an initial 

substrate made of pure silica of density close to the 

expected one (mesoporous silica walls are expected to be 

made of amorphous silica). The fluid/fluid and 

fluid/substrate interactions are modeled by the (6-12) 

Lennard-Jones intermolecular potential cut and shifted at 

2.5 . The parameters for argon are Ar-Ar = 0.3405 nm 

and k/ArAr  = 120K where k is Boltzmann constant, 

and the parameters for argon/silica interactions are 

k/0

OAr  = 100 K and OAr  = 0.333 nm (fluid/wall 

interactions are mainly with O species). The physico-

chemical heterogeneities in the porous substrate are 

approximated by a modulation over the porous substrate 

of the fluid/wall interaction intensity OAr  around its 

typical value 
0

OAr , within 30  percent. The 

heterogeneity parameter 
0

OArOAr  h  is supposed 

to be constant within each domain, and to take 

uncorrelated values between two adjacent domains. Its 

value within a given pore is supposed to follow a 

Gaussian distribution. 

The simulations are performed using the grand 

canonical Monte Carlo algorithm [34, 35]. The chemical 

potential of argon is imposed and related to the gas 

pressure in the reservoir using the ideal gas relation since 

it is a good approximation at the temperature at which the 

simulations are performed ( 6.0/* ArAr  TkT , 

which corresponds approximately to 70K). The 

adsorption/desorption isotherms are given as a function of 

the reduced chemical potential *=  / ArAr . Long 

simulations are performed in order to reduce the 

uncertainties down to 7% (10
8
 Monte Carlo trials per 

argon where required). 

4 Results 

The adsorption/desorption isotherms obtained within the 

independent domain theory and the multiscale approach 

are given in Fig. 2. The equilibrium isotherm, which 

corresponds to the absolute minimum of the grand 

potential, is also given (dotted line through the 

hysteresis). As can be seen, the isotherms present a large 

hysteresis, with smoothly increasing (adsorption) or 

decreasing (desorption) branches (no sharp transition). 

The second noticeable point is that the equilibrium curve 

is always between the adsorption and desorption 

branches. 
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Figure 2. Adsorption/desorption isotherms for Argon in porous 

silica (3 nm in diameter) obtained by Monte Carlo simulation. 

Dotted line: equilibrium; dashed (blue) lines: independent 

domains; solid (red) line: interdependent domains (multiscale 

approach). 

 

As can be seen, the adsorption/desorption curves present 

a hysteresis which is significantly smaller when the 

interdependence between pores is taken into account. The 

difference comes from the fact that adsorption starts in 

the most attractive domains, creating a meniscus. If the 

interdependence between domains is taken into account, 

the meniscus is allowed to propagate to neighbouring 
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domains. Note that the presence of a meniscus does not 

necessarily means that adsorption occurs at equilibrium, 

since the meniscus propagation may be delayed by the 

less attractive regions of the pore. Upon desorption, 

similar mechanism of meniscus propagation is exhibited 

(recession from the open pore end). The main difference 

when taking into account interdependence between 

domains is that the adsorption branch meets the 

equilibrium curve before the highest closure point, and 

the desorption branch meets the equilibrium curve at the 

lowest closure point.  

5 Discussion and conclusion 

The simulation results obtained in the multiscale 

approach show that, despite the presence of menisci 

during adsorption/desorption, the system is not at 

equilibrium. It is however frequently supposed that at 

least one of the adsorption or desorption branches occurs 

at equilibrium, which can then be used to evaluate the 

pore size distribution. This study shows that none of the 

branches is at equilibrium, and hence the standard 

methods to obtain pore size distributions are poorly 

justified. Collaboration with experimentalists is underway 

to use this multiscale approach for improving 

experimental data analysis. 
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