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Pseudo-critical or hysteresis temperature versus pore size for simple fluids confined in cylindrical nanopores

The adsorption / desorption isotherms measured in nanoporous materials generally present a hysteresis. The hysteresis shrinks upon increasing the temperature (for a given pore size) or decreasing the pore size (for a given temperature), until it finally disappears at the so called hysteresis (or pseudo-critical) temperature T h or hysteresis (or pseudo-critical) pore size R h , not to be confused with a true critical point. In this paper, a Monte Carlo approach allowed calculating the surface free energy of confined fluid along the adsorption / desorption isotherms for various cylindrical pore sizes and temperatures. A simple phenomenological model then allowed exploiting these results to determine the relation between T h and R h . The prediction is compared to various literature models and experimental data, showing agreement within uncertainties. On the other hand, the simulations cannot be used directly to predict T h and R h since they significantly overestimate the hysteresis width. The model predicts a nonlinear relation between the reduced hysteresis temperature and the inverse pore radius 12

INTRODUCTION

Confinement in nanopores strongly distorts the thermodynamic properties of simple and complex fluids. Generally, a hysteresis is observed in the adsorption / desorption isotherms, which disappears upon increasing the temperature or decreasing the pore size. This point is sometimes referred to as a critical point for fluids confined in tubular and / or disordered nanoporous substrates, by analogy with the true confinement induced critical point shift in infinite slit pores. 1 It is however emphasized that this point is not a true critical point. 2 The expressions "pseudo-critical" or simply "hysteresis disappearance point" are preferable. In the following, the hysteresis disappearance temperature and pore radius are denoted T h and R h Density Functional Theory calculations performed in slit and cylindrical pores in the slab approximation allowed Evans and coworkers 3,4 to find a linear asymptotic relation

h c h c R a T T T σ = - (1) 
where T c is the bulk critical temperature, σ the molecule size, R h the pore radius, and a is around unity. This behavior is in agreement with experimental observations in MCM-41, a mesoporous silica having straight, non-interconnected pores. 5,6 Based on numerous experimental data including various fluids, Morishige and coworkers 6 proposed a phenomenological relationship between T h and R h given by Eq. 1 with a = 2. More recently, Sonwane and Bhatia 7 addressed the issue of hysteresis disappearance in cylindrical pores using the Saam and Cole 8 approach. They include the effect of curvature on the adsorbate chemical potential and surface tension, and show that the relation between T c -T h and 1/R h is not simply linear. Note that this discussion on T h refers to simple ordered cylindrical pores.

The effect of pore morphology and porous network topology is discussed elsewhere. [START_REF] Pellenq | 7th Int. Symp. on the Characterization of Porous Solids[END_REF]10 Molecular simulation is a powerful tool to study such confinement situations due to its ability to take into account the fluid / fluid and fluid / substrate interactions at a molecular level.

These interactions are believed to be the main features which determine the confined fluid thermodynamic properties. Refs [11-20] give some recent examples. However, considering the hysteresis phenomenon, metastable states are involved, as well as the transition probabilities between them. In this case, the porous substrate structure (surface roughness and pore morphology and topology) become important in determining the energetic barriers and hence the probability transitions. Unfortunately, it has long been recognized that the Molecular Simulations give poor predictions on the limit of stability of the metastable states, and generally considerably overestimate the hysteresis width.

In this paper, it is proposed to take advantage of the ability of Monte Carlo simulations in predicting the thermodynamic properties of fluid (like the free energy) in the stable as well as the metastable states. This allows the calculation of surface free energies for various states obtained at different temperatures and for several pore sizes in a simple phenomenological approach in terms of bulk and surface contributions. It is emphasized that the systematic study of interfacial phenomena is not simple, especially if fluid / substrate interfaces are involved, due to the large number of parameters. References [21-30] give some examples of such studies using molecular simulation. As proposed in a recent paper, 31 a surface quantity may be introduced which greatly simplifies the characterization of the fluid / substrate interactions since this quantity is constant along the adsorption or desorption branches of the isotherms, while the usual excess free energy varies. 31,32 The relation between both quantities being known, the fluid properties can be calculated. The dependence of this new quantity on pore size and temperature is shown to be rather simple, which allows simple interpolation. The phenomenological analysis then allows the prediction of the relation between T h and R h . The results are then compared to literature models and experimental data, and discussed.

SIMULATION RESULTS

PORE MODELS

The aim of this paper is to give a comprehensive phenomenological interpretation, in terms of bulk pressure and fluid / substrate surface tension, of the relation between T h and R h corresponding to hysteresis disappearance in adsorption / desorption isotherms. The model is then chosen to be simple. The pores are cylindrical capillaries or slit pores of radius R or width H ranging from mesoscopic (few nanometers) down to microscopic scale (<1nm). All intermolecular interactions are supposed to be Lennard-Jones like. The interaction parameters entering the potential are chosen to be those of argon for the fluid, and argon / solid carbon dioxide to model the fluid / substrate interactions. This model is frequently used in literature for fundamental issues concerning fluids at an interface. [33][34][35][36][37][38] . For more details see also Ref radius. The pore width is taken large enough (equal to 8σ Ar-Ar ) so that the two plane interfaces can be considered as independent. 31 The calculations are performed at three temperatures for the three pores (T* = kT/ε Ar-Ar = 0.77, 0.90, and 1.20), providing nine adsorption / desorption isotherms.

SIMULATION TECHNIQUES

The Monte Carlo simulation in the Grand Canonical ensemble (GCMC) [START_REF] Nicholson | Computer Simulation and the Statistical Mechanics of Adsorption[END_REF] is in principle able to mimic a real adsorption / desorption experiment. The grand potential of the fluid is fixed by the gas reservoir, and the number of adsorbed molecules fluctuates. The Monte Carlo procedure (Metropolis algorithm) generates a Markov chain of molecular configurations in agreement with the grand canonical statistical ensemble, i.e. those which minimize the grand potential. As a consequence, the most relevant configurations necessary to calculate the thermodynamic properties of a given fluid state (stable or metastable, i.e. corresponding to a local minimum) are generated. This is why GCMC give good results for the thermodynamic properties (like the local fluid density, the free energy, etc.) of a given fluid state (stable or metastable). However, if one is interested in hysteresis width, the transition probabilities between the various states have to be evaluated. The GCMC procedure, which does not explore the unfavorable configurations like the critical nucleus state, is not suited for such studies. However, a phenomenological approach allows determining trends in hysteresis width as a function of the temperature and pore size, to be explained in details later. The requirement for this approach is to determine the confined fluid grand potential as a function of its bulk properties and fluid / substrate excess free energy or surface tension. This quantity is in principle accessible by general integration procedure. 35,[START_REF] Frenkel | Understanding Molecular Simulation[END_REF] However, in order to avoid lengthy calculation of complete sets of adsorption / desorption isotherms, direct algorithms have been used which exploit a natural symmetry of the system. In the case of a slit pore, the system presents translational invariance. For tubular pores presenting physico-chemical heterogeneities, the translational invariance is lost. However, in the case where the physicochemical heterogeneities are along the pore axis, the axial symmetry may be preserved. In such situations, the usual isobaric-isothermal algorithm [START_REF] Nicholson | Computer Simulation and the Statistical Mechanics of Adsorption[END_REF][START_REF] Frenkel | Understanding Molecular Simulation[END_REF][START_REF] Allen | Computer Simulation of Liquids[END_REF] or its generalization 40,[START_REF] Puibasset | [END_REF]45 may be used, where the grand potential density (thermodynamic pressure) is imposed and the system is allowed to equilibrate in the corresponding statistical ensemble. These algorithms are shortly presented now.

For a fluid characterized by its (imposed) volume V, temperature T, and chemical potential µ (grand canonical ensemble), the differential of the corresponding grand canonical potential ( )

N TS E V T µ µ - - = Ω , ,
where E is the internal energy, S the entropy, and N the number of molecules, is given by

µ Nd SdT dV d - - Π - = Ω (2) 
where the quantity dV Π is the mechanical work associated to a volume variation dV. If the system presents translational invariance along at least one direction (for instance parallel to the substrate surface for a fluid confined in a slit pore) then its volume is proportional to the extension of the system in this direction. For pores presenting an axial symmetry, the same remark remains valid. 40,[START_REF] Puibasset | [END_REF]45 As a consequence of this invariance, partial derivatives of extensive thermodynamic quantities with respect to the volume V of the system are independent of its size (homogeneous function of degree zero). The extensive quantity

( ) µ , ,V T Ω
is then a homogeneous function of the first degree of the volume (the only extensive parameter), and Euler's theorem gives:

V Π - = Ω (3) 
The grand potential in the pores is then calculable by Monte Carlo simulations in the usual (for translation invariance) [START_REF] Nicholson | Computer Simulation and the Statistical Mechanics of Adsorption[END_REF][START_REF] Frenkel | Understanding Molecular Simulation[END_REF][START_REF] Allen | Computer Simulation of Liquids[END_REF] and generalized (for axisymmetric pores) 40,[START_REF] Puibasset | [END_REF]45 isobaricisothermal ensemble (constant N, Π, and T). The corresponding Monte-Carlo algorithms are made of translation trials in order to thermalize the system, and volume variations trials in order to equilibrate the system thermodynamic pressure with the external reservoir. For further details concerning the algorithm implementation, see Ref [40]. It is emphasized that the thermodynamic pressure Π (scalar quantity) defined by Eq. 2 differs from the mechanical pressure, which is an anisotropic tensor for confined fluids. However, for a homogeneous fluid, Π reduces to the bulk scalar mechanical pressure denoted p bulk , and, for a fluid at an interface, the thermodynamic pressure also contains the fluid / substrate contributions, or surface tension contributions in a classical capillarity theory point of view (see later).

The simulations were performed in simulation boxes large enough to avoid finite system size effects. For cylindrical pores, the reduced length is equal to 12. For slit pores, the reduced size is 12 in each direction parallel to the pore walls. For each run, a minimum of 5. After averaging, one can introduce the global reduced density Γ of the confined fluid, defined as the total number of particles N divided by the average reduced volume V. By convention, this volume is defined as the region of the pore where the potential is not infinite, which is equivalent to taking the pore radius or width equal to R* or H* as previously introduced. It will be emphasized later that another more physical convention will emerge, taking into account the molecular size.

ISOTHERMS AND FLUID SUBSTRATE EFFECTIVE SURFACE TENSION

The nine adsorption / desorption isotherms corresponding to the three pore sizes (cylindrical pores of radius R* = 2.5 and 4.0, and the slit pore) and the three temperatures (T* = 0.77, 0.90, and 1.20) are given in Fig. 1 as a function of the reduced thermodynamic pressure (or minus grand potential density). The scale (linear for negative pressures and logarithmic for positive pressures) has been chosen to enhance the hysteresis loop, especially in the low thermodynamic pressure initial adsorption region. As can be seen, for the highest temperatures the isotherms are all reversible. Note the presence of a vertical rise at the capillary condensation point in the slit pore. For the intermediate temperature, a hysteresis appears in the slit pore as well as in the largest pore of size R* = 4.0. The adsorption in the smallest pore (R* = 2.5) remains reversible (supercritical pore). For the lowest temperature, all isotherms present hysteresis.

The previous calculations are qualitatively in agreement with experimental observations of a pseudo-critical temperature (disappearance of the hysteresis loop) which increases with the pore size. See for instance the work of Morishige and coworkers. 5,6 However, no quantitative agreement is obtained. This is actually not surprising, since it is a well-known fact that Monte-Carlo algorithms overestimate the hysteresis loop width due to the lack of ability to sample the whole phase space (the simulation run remains trapped in local minima and is unable to jump over nucleation barriers except if they are very small). However, far from the transition regions, the problem of the phase space sampling is minimized since only one global minimum or a deep local minimum is expected. If the fluid is not too dense, the Monte-Carlo algorithm is able to sample this minimum, and good agreement is generally observed between simulation and experiments. In the following, we focus on these portions of the adsorption / desorption branches far from the transition regions (steep adsorption and desorption regions of the isotherm), in order to characterize the adsorbed fluid properties.

Let us now consider a phenomenological description of the isotherms. In the classical capillarity theory, the changes in the free energy induced by the presence of an interface are entirely contained in the definition of the effective surface tension associated to this interface (thin wall approximation). In this context, the thermodynamic pressure of a fluid confined in a capillary reads:

V A p V / / bulk γ - = Ω - = Π (4) 
where bulk p is the pressure of the bulk fluid, V is the volume occupied by the fluid, γ is the fluid / substrate surface tension and A is the fluid / substrate interfacial area. The grand potential and the pressure are calculated for the same chemical potential µ. As a consequence, the interfacial free energy γ is expected to be dependent on µ, and is therefore not a constant along the isotherm. In a recent paper, 31 another interfacial quantity ζ was introduced such that:

( ) ( ) Γ Π - Γ = bulk p V A ζ (5) 
with Γ the confined fluid density. The difference with the definition of γ is that the bulk pressure is taken for the same density as the confined fluid. It can easily be shown that this quantity is always equal to zero for any fluid in a uniform external potential, or for an ideal fluid confined in any given external potential. 31 It is however a priori not equal to zero for an interacting fluid in a nonuniform external potential (especially close to the substrate wall).

The interest for introducing this quantity is that it was empirically shown to be almost constant along the adsorption or desorption branches (i.e. does not depend on µ ), which is of practical interest. However, the values obtained along the gaslike and the liquidlike branches procedure on this free parameter was then applied to minimize the variations of the right hand side of Eq. 5. The quantity ζ is then determined from this constant value, taking into account that the accessible surface area A is also affected by the redefinition of the pore volume, in a way given by the pore geometry.

The optimization procedure has been applied for the nine gaslike and nine liquidlike portions of isotherms previously calculated in the isobaric-isothermal ensemble for various pore sizes and temperatures (see Fig. 1), and the Lennard-Jones bulk properties are taken from Ref [46].

Let us first focus on the new pore sizes given by the optimization. The first point to be noted is that the new values obtained for the gaslike and the liquidlike parts of a given isotherm are identical within error bars (few percent). The second point is that the values are rather independent of the temperature. This is illustrated in Table 1, where the optimized pore sizes are given for the cylindrical and slit pores at various temperatures. The last point concerns a possible interpretation of the results. In all cases, the optimized pore size corresponds to the radius where the external potential reaches 10 3 in reduced units (2.04 and 3.54 for cylindrical pores). This corresponds to the pore region accessible due to thermal agitation. Let us now focus on the results obtained for ζ. The gaslike branches give values of ζ compatible with zero within error bars (of the order of 0.02). This is expected since, for a diluted adsorbed fluid, the thermodynamic pressure (minus the grand potential density) is given by the adsorbed fluid density times kT, which is the same as the bulk pressure. For the liquidlike branches, the values are given in Table 2. The Fig. 2 shows the quantity ( )

V A / ζ ρ + Π
as a function of ρ for the nine liquidlike parts of the isotherms (symbols) and the corresponding bulk fluid equation of state for the three temperatures (lines). As can be seen, an excellent agreement is obtained over the whole liquidlike branches of the isotherms, which validates the analysis. However, a disagreement is observed for the low density part of the branches corresponding to the spinodal limit of the bulk fluid. As can be seen, the fluid density is consistently overestimated by the simulation results. One reason for this disagreement is that the Monte-Carlo algorithm may be unable to sample correctly the phase space, especially close to the spinodal, i.e. the point where the liquidlike state is expected to become unstable.

Desorption is expected to occur by bubble nucleation in the system, which is favored by local fluctuations in fluid density. However, the Isobaric-Isothermal Monte-Carlo algorithm performs volume change trials by homogeneous dilatation or contraction of the fluid, which greatly disfavors such heterogeneities. This probably explains why the Monte-Carlo algorithm remains trapped in the liquidlike state slightly beyond the expected spinodal. On the other hand, a good agreement is observed far from the spinodal where such sampling difficulties are not expected.

DISCUSSION

INFLUENCE OF TEMPERATURE AND PORE DIAMETER

The interfacial quantity ζ is given in Fig. 3 as a function of the inverse of the optimized pore radius (symbols). The slit pore model with H* = 8 was shown 31 to be wide enough to be considered as two independent plane walls, and hence as a limiting case of cylindrical pore of infinite radius. Figure 3 shows that ζ varies significantly with the pore size. The smaller the pore size, the smaller the magnitude of the effective surface tension ζ . It was shown elsewhere 31 that this dependence is linear with the inverse optimized pore radius for pores larger than 4σ Ar-Ar (in diameter), in agreement with the Gibbs-Tolman-Koenig-Buff equation [47][48][49] giving the curvature dependence of surface tension. The application of this relation to the effective surface tension ζ gives:

( ) r r δ ζ ζ - = ∞ 1 ( 6 
)
where ∞ ζ denotes the effective surface tension for the plane fluid / substrate interface, and δ is the displacement of the surface of zero mass density relative to the surface of tension (Tolman's length). The values obtained for δ are around σ Ar-Ar , with a small dependence on temperature. This dependence may be modeled in its simplest form by a linear function:

* * * * T b a δ δ δ + = . ( 7 
)
The quantity ∞ ζ also depends on temperature. This is shown in Fig. 4 which gives the values of ζ as a function of the temperature for the three pores ( ∞ ζ is given by the slit pore, circles).

As can be seen, a linear dependence is compatible with the data:

* * * * T b a ζ ζ ζ + = ∞ . ( 8 
)
The best fit of Eqs 6-8 with data is obtained for = 4. As can be seen, the agreement is quite good except for the cylindrical pore of nominal radius 4.0 at T* = 0.90.

HYSTERESIS TEMPERATURE VERSUS PORE SIZE

The hysteresis temperature is usually defined as the temperature of hysteresis disappearance for adsorption/desorption isotherms in the grand canonical ensemble (imposed chemical potential). It is however expected that the hysteresis observed in the isobaric-isothermal ensemble disappears for the same temperature. As a consequence, the knowledge of the surface term ζ, which allows to predict the adsorption / desorption isotherm as a function of the thermodynamic pressure, gives enough information about the existence or not of the hysteresis, and hence its disappearance temperature.

The adsorbed fluid isotherm Π(ρ) is deduced from the bulk one by a translation -ζ A/V. The surface term ζ is close to zero for the gaslike branch (in other words the gaslike branch is unaffected), and negative for the liquidlike branch. As a consequence, the hysteresis loop for the confined fluid is narrower than the bulk one. This is illustrated on Fig. 5 where the confined fluid isotherms are given for three pore sizes (optimized reduced radius r* = 8.0, 4.3 and 3.0) and T* = 0.80. The bulk isotherm is also given. For this choice of parameters, the translation term -ζ A/V equals to +0.50, +0.81 and +1.0 respectively (in reduced units) for the liquidlike branches, and is negligible for the gaslike branches. The vertical lines are guides to the eyes (hysteresis). As can be seen for r* = 8.0 the confinement reduces the hysteresis of approximately ζ A/V. For r* = 4.3, this quantity exactly cancels the bulk hysteresis, which results in reversible isotherm (pseudo-critical pore). For smaller pore size, the quantity ζ A/V is larger than the bulk hysteresis, which results in an unphysical gap between gaslike and liquidlike branches. In this case, the isotherm is actually reversible, but our approach is unable to describe correctly the region of intermediate density, where the surface term ζ is not expected to remain constant, as previously discussed.

Figure 4 shows that ζ is strictly negative for the bulk critical temperature (T*=1.36). 46 The hysteresis is then expected to disappear for any pore size for a temperature lower than the bulk critical temperature, in qualitative agreement with experimental data. Note that the surface term depends on the pore size due to both the surface to volume ratio and the curvature effect. As a general trend, the larger the pore size, the smaller the surface contribution, as illustrated in Fig. 5. As a consequence, for a large pore, the hysteresis loop is close to the bulk one, and the pseudo-critical temperature at which the hysteresis disappears is close to the bulk critical temperature. Conversely, for small pores, the surface term is enhanced, and significant reduction of the pseudo-critical temperature is expected.

A quantitative analysis of the pore size dependence of the pseudo-critical temperature is now possible. The previous pore size and temperature dependence of the effective surface tension ζ is used in addition to the well-known Lennard-Jones bulk properties 46 to predict the adsorption / desorption isotherms Π(ρ) of the confined fluid for a continuum of pore sizes and temperatures, within the ranges defined by our previous analysis: pore radius larger than 2σ Ar- Ar and reduced temperature between 0.7 and 1.3. For a given pore size, h T is the temperature at which the confined fluid hysteresis disappears, i.e. the temperature for which the surface contribution ζ A/V exactly cancels the bulk hysteresis. The problem is solved numerically.

The results are given in Fig 6 (grayed area, taking into account the uncertainties). The general trend is that the larger the pore size, the larger T h . However, the relation is not simple (linear for instance), and is a priori expected to be dependent on the fluid/substrate interactions.

Experimental data could be found in the literature, mainly the work of Morishige and is mentioned that the exact value of the parameter a entering Eq. 1 is probably slightly dependent on the exact nature of the system (fluid-fluid and fluid-substrate interactions). On the other hand, the predictions proposed by Sonwane et al 7 and this work significantly deviate from a linear behavior, which suggests that Eq. 1 is probably an approximation. An interesting point is however emphasized: both models include the curvature effect on surface tension, which is believed to be relevant for the determination of the relation between the hysteresis temperature shift and the inverse pore radius. In effect, the hysteresis disappearance is closely related to the nucleation barriers, which are themselves dependent on fluid-fluid and fluidsubstrate interactions. The work by Sonwane et al 7 and this work then suggest that a concavity should be expected in the curves. However, the general trends differ in both models (opposite concavity). Further experimental and theoretical investigations are then necessary to elucidate whether the concavity is expected to be always of the same sign or if it is system-dependent, and to discriminate between the various models.

CONCLUSION

A simple molecular model is used to study Lennard-Jones fluid adsorption in cylindrical nanopores. The effects of pore size and temperature are examined. The Monte Carlo results

show large hysteresis in adsorption / desorption isotherms at low temperature and for the largest pores. On the other hand, reversible isotherms are observed for small pores and for the highest temperatures. These results are in qualitative agreement with experimental observations. However, quantitative agreement cannot be reached because the Monte Carlo simulations significantly overestimate the hysteresis width (the simulations are trapped in local minima corresponding to metastable states, and are unable to jump over the energetic barriers). The simulation data are however expected to be reliable far from the transitions where the local minima are deep. A simple phenomenological model was then used to fit the data, in terms of bulk plus surface contributions in the thermodynamic pressure versus density curves. This model then allows the determination of the temperature of hysteresis disappearance for any pore size within the range of values used in the simulations. As expected, the hysteresis temperature is lower than the bulk critical temperature, and in agreement with experimental data within uncertainties. The prediction of the pseudo-critical temperature shift as a function of the inverse reduced pore size is shown to deviate from the simple linear relations proposed by Evans et al. 3,4 (Density Functional Theory calculations)

and Morishige et al. 5,6 (phenomenological approach). This non-linearity was previously observed by Sonwane and Bhatia 7 , who predicted the opposite concavity. It is emphasized that both models include the pore size dependence of the surface contributions to the free energy (surface tension in the work of Sonwane et al. 7 and effective surface term in this work). This is believed to be an important feature to explain the relation between the hysteresis temperature shift and the inverse reduced pore size. The experimental and theoretical predictions are however insufficient to validate one approach, and one may wonder whether the predicted concavity is confirmed experimentally, and if its sign is universal or system-dependent. Further experimental and theoretical investigations are then necessary to address these issues. Lines and vertical branches are guides to the eye. The bulk equation of state (Ref [46]) is also given (line without symbols). 
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  39]. All thermodynamic quantities are normalized to the Ar-Ar parameters (reduced quantities, denoted by an asterisk). The interaction sites of the solid matrix are supposed to be uniformly distributed (smooth wall approximation), and the fluid / adsorbent interactions give rise to an external potential, denoted cylindrical pore of reduced radius R*. The obtained external potential fields for various pores sizes are given elsewhere.31,40 In this work, two pore sizes (R* = 2.5 and 4.0) are considered. The slit pore is used to model plane surfaces, which are considered to be the limiting case of cylindrical pores of infinite
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 6 MonteCarlo trials were performed to acquire statistical data. The thermodynamic pressure (imposed parameter) is varied between -0.5 and 10. Negative values are possible in the liquid state for low temperatures due to the existence of cohesive forces. The highest values of the thermodynamic pressure are reached at high density due to the repulsive part of the intermolecular potential. During these simulations, the fluctuating variable is the volume.

  of the same isotherm are different. In other words, one can define a liquidlike and a gaslike value for ζ. The case of the reversible isotherms is more complicated: ζ is almost constant in the low density and the high density regions of the isotherm, but varies in the intermediate region. However, as for the irreversible isotherms, one can define gaslike and liquidlike regions corresponding to the low (<0.05) and high (> 0.3) density parts of the isotherm where ζ is almost constant. Let us now discuss another point: the density of the confined fluid entering Eq. 5 depends on the exact definition of the accessible pore volume, which is not uniquely defined for nanoscopic pores. The pore volume (actually the pore radius in cylinders and pore width in slits) was then left as a free parameter, and the new corresponding confined fluid density (number of molecules divided by the new volume) is denoted ρ. An optimization

  . It is given by the solid lines inFigs 3 and 

coworkers 5 ,

 5 6 who focused on hysteresis temperature determination for simple fluids in almost cylindrical pores. The data for Ar and CO 2 adsorbed in MCM-41 are reported on Fig 6. Other gases adsorbed in MCM-41 where also considered by experimentalists (nitrogen, oxygen, etc), but not reported on the figure. They were shown to follow essentially the same behavior as argon, given by a phenomenological relationship proposed by Morishige et al 6 corresponding to Eq. 1 with a = 2, (shown in Fig 6). As can be seen in Fig 6, the CO 2 data significantly deviate from this relation, possibly due to the choice of the molecular size. The data obtained for fluid adsorbed in conventional non-cylindrical porous materials are not reported. To our knowledge, little theoretical work has attempted to elucidate this behavior. Essentially two approaches are known by the author. Density Functional Theory was used by Evans and coworkers 3,4 to deduce Eq 1 with a of the order of 1. However, the model does not give more information on the exact value of a. Note that this work actually precedes the experimental work by Morishige and coworkers. Recently, Sonwane and Bhatia 7 addressed the problem of hysteresis disappearance in cylindrical pores using the Saam and Cole 8 approach and including the effect of curvature on the adsorbate chemical potential and surface tension. Their prediction, reproduced in Fig 6, is within the range of the experimental data. Examination of Fig 6 shows that the relation initially proposed by Evans and coworkers predicts a linear behavior between the reduced critical shift and the inverse pore radius, in qualitative agreement with experimental data. However, the proportionality coefficient has to be taken close to 2 for quantitative agreement (empirical model of Morishige and Sikimi 6 ). It
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