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Gas adsorption is a widely used method for the characterization of mesoporous 
materials with regard to the determination of surface area, pore size, pore size 
distribution, and porosity. Significant progress was achieved during recent years 
with regard to the understanding of sorption phenomena in narrow pores and the 
subsequent improvement in the pore size analysis of porous materials, mainly 
because of the following reasons: (i) the discovery of novel ordered mesoporous 
materials, such as MCM-41, MCM-48, SBA-15, which exhibit a uniform pore 
structure and morphology and can therefore be used as model adsorbents to test 
theories of gas adsorption; (ii) carefully performed adsorption experiments (iii) the 
development of microscopic methods, such as the Non-Local Density Functional 
Theory (NLDFT) or computer simulation methods (e.g. Monte-Carlo – and 
Molecular-Dynamic simulations), which allow to describe the configuration of 
adsorbed molecules in pores on a molecular level. However, the influence of pore 
geometry, geometrical and chemical disorder (as present in many adsorbents) on 
adsorption, pore condensation and  sorption hysteresis, and thus the shape of the 
sorption isotherm, remains under investigation. 

1     Introduction     
Porous materials are of great practical interest for applications in the 
chemical, oil and gas, food and pharmaceutical industries. Microporous  
materials (pore width < 2 nm [1]) such as zeolites are widely used in 
industry as heterogeneous catalysts, in oil refining and petrochemistry, 
however their applications are limited because of the narrow sizes of their  
cavities and channels. Mesoporous materials (pore widths: 2-50 nm [1] )  
as for instance silica gels, porous glasses, aerogel, mesoporous titania and 
alumina and others are widely used in applications related to separation 
science, catalysis etc. The successful performance of these applications 
requires a comprehensive characterization of these porous materials with 
regard to pore size, surface area, porosity and pore size distribution. 
Common mesoporous materials such as silica gels and porous glasses are 
amorphous; in contrast materials like zeolites are crystalline, i.e., every 
atom can be located in a microscopically-sized unit cell. Such symmetry is 
not present in amorphous materials. Whereas a complete and 
comprehensive characterization can be performed in case of crystalline 
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materials, amorphous nanoporous materials vary considerably in their 
microstructure and a complete and comprehensive characterization is 
problematic. However, average properties such as porosity, specific 
surface area, mean pore size and pore size distribution can still be 
determined. 
      Within this context, the in 1992 by Mobil scientists [2] discovered 
silicate/ aluminosilicate mesoporous molecular sieves of the M41S family 
(i.e, MCM-41, MCM-48, MCM-50) are very interesting [e.g, 2-4]. These 
materials are synthesized by using surfactants as structure directing agents 
and can be characterized by well defined pores of  tunable sizes in the 
range between 2 nm and 10 nm, and  specific surface areas between 600 
m2/g and 1300 m2/g. The most prominent representatives of M41S 
materials are MCM-41 and MCM-48. MCM-41 consists of regular 
pseudo-one-dimensional pores in a honeycomb arrangement while MCM-
48 exhibits cubic symmetry consisting of two interwoven, but unconnected 
three-dimensional pore systems of cylindrical pores. MCM-50 comprises a 
lamellar phase. Independently, a family of mesoporous silica materials of 
similar properties as MCM-41 was discovered by Japanese researchers 
[5,6]; a prominent member of this family is for instance FSM-16 [6].  
These mesoporous molecular sieves are essentially amorphous on a 
microscopic scale (i.e., the pore walls) but can be considered as highly 
ordered on larger (macroscopic) length scales, and exhibit therefore 
properties of both zeolites and mesoporous solids such as silica gels and 
porous glasses. While the pore diameter range of MCM-41 materials is 
restricted to ca. 10 nm, ordered mesoporous silica molecular sieves with 
pore diameter up to ca. 30 nm (SBA-15) can be obtained by using 
amphiphilic block copolymers as templates [e.g,7]. SBA-15 similar to 
MCM-41 consists of a hexagonal packing of cylindrical channels – but 
depending on details of the synthesis procedure this material can possess 
irregular intrawall micro-mesopores, which connect adjacent channels 
[8,9]. MCM-48 material is more difficult to synthesize and typically high-
quality materials can be obtained in the pore size range between 2 and ca. 
5 nm [12]. Meanwhile a great variety of mesoporous molecular sieve 
materials has been synthesized among them also materials with  well 
defined cage-like structures (e.g., SBA-2, SBA-12, SBA-16). Mesoporous 
molecular sieves have potential applications in catalysis, separations [10], 
guest-host technologies etc [11,12]. Other recently developed ordered 
mesoporous materials include periodic mesoporous organosilicas (PMO’s) 
[e.g., 13,14,15], nanoporous carbons with ordered mesostructure (e.g, 
CMK1, CMK3 )  [e.g.,16, 17]  porous metal-organic framework materials  
[18 ] and carbon nanotubes [e.g.,19].  
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    The high degree of order in M41S materials compared to conventional 
mesoporous materials is reflected in a narrow pore size distribution, which 
is determined by assuming that the porous material consists of pores 
having the same (cylindrical) shape, but varying only in size. This is 
illustrated in figure 1, which shows the extremely sharp pore size 
distribution curves (PSD) of MCM-41, and SBA-15 compared to the much 
broader PSD’s  for controlled-pore glass samples (CPG). The pore size 
distributions shown in figure 1 were obtained from nitrogen adsorption 
isotherms (at 77 K) [20]. Gas adsorption is one of many experimental 
methods available for the characterization of porous materials. These 
include small angle x-ray and neutron scattering (SAXS and SANS), 
mercury porosimetry, electron microscopy (scanning and transmission), 
thermoporometry, NMR-methods, and others. Each method has a limited 
length scale of applicability for pore size analysis. An overview of 
different methods for pore size characterization and their application range 
was recently given by IUPAC [21]. Among these methods gas adsorption 
is the most popular one because it allows to assess a wide range of pore 
sizes (from 0.35 nm up to  100 nm) including the complete range of micro- 
and mesopores and even macropores. In addition, gas adsorption 
techniques are convenient to use and are not that cost intensive as 
compared to some of the other methods.  
     The adsorbed amount as a function of pressure can be obtained by 
volumetric (manometric) and gravimetric methods, carrier gas and 
calorimetric techniques, nuclear resonance as well as by a combination of 
calorimetric and impedance spectroscopic measurements [22 - 24]. Surface 
area and pore size analysis is usually based on nitrogen, argon and krypton 
adsorption isotherms obtained with the volumetric (manometric) method at 
temperatures of liquid nitrogen (77.35 K) and liquid argon (87.27 K). The 
shape of adsorption/desorption isotherms (i.e., sorption isotherm) depends 
on pore size and temperature, i.e., differences in the thermodynamic states 
of the pore fluid and the bulk fluid (which includes critical point and triple 
point shifts of the pore fluid as compared to the bulk fluid; see section 3.2) 
as well as on the  chemical and geometrical heterogeneity (i.e. the degree 
of disorder) of the porous material. For instance, the pore size 
characterization of mesoporous materials is based on an accurate 
understanding of the pore condensation phenomenon, which is 
characterized by a step in the sorption isotherm. Pore condensation 
represents a confinement induced shifted gas-liquid phase transition, i.e, 
condensation occurs at a pressure P less than the saturation pressure P0 of 
the fluid. The P/P0-value where pore condensation occurs depends on the 
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liquid-interfacial tension, the strength of the attractive interactions 
between the fluid and pore walls, the pore geometry and the pore size. 
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Figure 1. Pore size distribution curves for mesoporous molecular sieves  (MCM-41 SBA-
15), and controlled-pore glasses obtained from N2 (77K) sorption isotherms. From [20]. 

     A relation between the pore size and the pore condensation/evaporation 
pressure for a given fluid/pore system is for instance given by the classical 
Kelvin equation. Pore condensation is often accompanied by hysteresis, 
i.e., evaporation of the condensed fluid (desorption branch of the 
hysteresis loop) occurs at a lower pressure as compared to pore 
condensation, which complicates the situation. The decision whether the 
adsorption – or desorption branch of the sorption isotherm should be taken 
for the pore size analysis is often crucial for an accurate pore size analysis. 
     Despite the sometimes very complex microstructure of adsorbents the 
theoretical models and methods, which are applied to analyse sorption 
isotherms are commonly based on extremely simplified assumptions of the 
texture of the porous material. In almost all cases it is assumed that the 
adsorbent consists of an assembly of independent pores of given geometry 
(e.g., cylindrical or slit-like) with the additional assumption that the pore 
walls are chemically and geometrically homogeneous. Hence, the total 
adsorption isotherm consists of a sum of adsorption isotherms over a 
distribution of narrow pores. In order to test theoretical models which 
describe the relationship between the shape of an isotherm, pore size and 
texture, model adsorbents are needed, which reflect the assumptions made 
in the theoretical models. Mesoporous molecular sieves and in particular  
MCM-41 were already early recognized as good candidates for the testing 
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of theoretical models of gas adsorption, mainly because of two reasons: (i) 
the periodicity of mesoporous molecular sieves allows to use other 
techniques such as high resolution transmission electronic microscopy 
(TEM) and methods based on X-ray diffraction (XRD) to compare with 
pore size results obtained from gas adsorption; (ii)  MCM-41 consists of 
independent pseudo-one-dimensional pores of well defined (hexagonal 
/cylindrical) pore geometry. Despite the fact that the pore channels may 
exhibit some curvature [25], MCM-41 silica material still captures the 
most important features of theoretical models currently used for pore size 
analysis. 
     Within this framework extensive experimental and theoretical studies 
on the sorption and phase behavior of fluids in ordered mesoporous 
molecular sieves have been performed since the first systematic sorption 
studies on MCM-41 had been published in 1993 [26,27].  Most of the 
following work focussed again on the adsorption properties of MCM-41 
materials [e.g., 26-37], but somewhat later (starting at ca. 1996), 
systematic adsorption studies were also performed on other mesoporous 
silica molecular sieves such as SBA-15 [e.g, 9,38-40], MCM-48 [41-48], 
FSM-16 etc.. [e.g., 49,50]. The systematic evaluation of the adsorption 
properties of PMO and CMK adsorbents [e.g, 51] is in progress.     
      In particular, the studies involving MCM-41 materials have revealed, 
that classical methods for mesopore size analysis based on macroscopic, 
thermodynamic assumptions (e.g., methods based on the Kelvin equation)  
cannot describe the sorption and phase behavior of fluids in narrow 
mesopores correctly, which leads to an underestimation of the pore size up 
to ca. 25 % for materials consisting of pores < ca. 10 nm. Subsequently 
performed corrections of the Kelvin equation based methods have indeed 
led to some improvement in the accuracy, but only over a limited pore size 
range. An accurate mesopore size analysis over the complete micro- and 
mesopore size range is  possible by applying microscopic methods based 
on statistical mechanics, such as the Non-Local Density Functional Theory 
(NLDFT) or computer simulation methods (Grand Canonical Monte Carlo 
(GCMC) and Molecular-Dynamic (MD) simulations). These methods 
allow to describe the configuration of adsorbed molecules in pores on a 
molecular level. Pore size analysis data for mesoporous molecular sieves 
obtained with these methods agree very well with the results obtained from 
independent methods (based on XRD, TEM etc..). In contrast to the 
classical methods, the  microscopic methods for pore size analysis take 
into account details of the fluid-fluid interactions and the adsorption 
potential (which depends on the strength of the fluid-wall interactions and 
the pore geometry). Appropriate methods for pore size analysis based on 
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NLDFT and GCMC are meanwhile commercially available for many 
important fluid/substrate systems.  
      Despite this progress, a satisfying verification of theoretical models for 
mesopore size analysis is only achieved so far for highly ordered materials 
(e.g. mesoporous molecular sieves), which can be modeled within the 
framework of an independent pore model. Theories based on a single pore 
models may be in some cases (to some extend) applicable to describe the 
sorption and phase behavior of fluids in disordered materials, but this is 
not generally the case. The mechanisms of adsorption, pore condensation 
and hysteresis in disordered mesoporous materials is still not completely 
understood and more theoretical and experimental work is clearly required 
to understand the combined effects of confinement, pore geometry, 
connectivity etc.,  on the origin of pore condensation and hysteresis. The 
application of models which attempt to describe the microstructure of 
porous materials at length scales beyond that of a single pore is under 
investigation.      
     The paper is organized as follows: In section 2 we discuss some general 
aspects of  the application of physical adsorption for surface and pore size 
analysis. Recent advances in the understanding of sorption, pore conden- 
sation, hysteresis phenomena, and critical behavior of fluids confined to 
mesoscopic systems will be reviewed in section 3. Important consequences 
for pore size calculation will be discussed in section 4. A  discussion of the 
accuracy and applicability of classical, thermodynamic methods for pore 
size analysis compared to microscopic models (e.g. NLDFT) can also be 
found in section 4.  Concluding remarks will be given in section  5.   

 
2     Surface and pore size analysis by physisorption: General aspects  
 
2.1  Physisorption measurement 
 
Physical adsorption of gases on solid surfaces is caused by the attractive 
van der Waals interactions (i.e., dispersion forces) of gas molecules 
(adsorptive) with a solid (adsorbent). The interaction energy Us(z) of a gas 
molecule at distance z from a solid surface is approximately given as: 
 
      Us(z) = -(π/6)Csfρs/z3                                                                               (1) 

 
where Csf is a measure for the strength of attractive fluid-wall interactions 
and ρs represents the solid density. At sufficiently low temperatures 
(typically at and below the normal boiling temperature of the adsorptive), 
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the adsorption of gases can be analyzed in terms of a two-phase model in 
which an adsorbed phase (adsorbate) coexists with the bulk phase. This is 
the typical situation encountered for nitrogen, argon and krypton 
adsorption at the temperatures of liquid nitrogen (ca. 77.35 K) and liquid 
argon (ca. 87.27 K), respectively. The amount of adsorbed fluid can be 
expressed by the adsorbed mass of gas or volume (often given in STP per 
unit mass; STP: standard temperature and pressure, namely 273.15 K, 760 
Torr, i.e, 1.01325 x 105 Pa).  
       

 
Figure 2.   Schematic illustration of a volumetric (manometric) adsorption apparatus. 

 

     The volumetric (manometric) method is generally applied for adsorption 
measurements at cryogenic temperatures. The method is based on the 
measurement of the gas pressure in a calibrated constant volume, at known 
temperature. An example for a state-of-the-art volumetric adsorption 
apparatus is given in the schematic figure 2. The analysis station of the 
volumetric sorption apparatus is equipped - in addition to the obligatory 
pressure transducers in the dosing volume (manifold) of the apparatus - 
with high precision pressure transducers dedicated to read the pressure just 
in the sample cell. Hence, the sample cell is isolated during equilibration, 
which ensures a very small effective void volume and therefore a highly 
accurate determination of the adsorbed amount.  The saturation pressure P0 
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is measured throughout the entire analysis by means of a dedicated 
saturation pressure transducer, which allows the vapor pressure to be 
monitored for each data point. This leads to high accuracy and precision in 
the determination of P/P0 and thus in the determination of the pore size 
distribution. It is of advantage to use a diaphragm pump as a foreline pump 
for the turbomolecular pump in order to guarantee a complete oil-free 
environment for (i) the adsorption measurement and (ii) the outgassing of 
the sample, prior to the analysis. 
 
2.2  Characterization of mesoporous materials 
 
The International Union of Pure and Applied Chemistry (IUPAC) [1] 
proposed to classify pores by their internal pore width (the pore width 
defined as the diameter in case of a cylindrical pore and as the distance 
between opposite walls in case of a slit pore). Micropore:  pore of internal 
width less than 2 nm; mesopore:   pore of internal width between 2 and 50 
nm; macropore: pore of internal width greater than 50 nm. In the same 
paper the IUPAC classification of sorption isotherms was published.  The 
different shapes of the 6 isotherms in the classification reveal the influence 
of  the  interplay between the strength of attractive fluid-wall and fluid-
fluid interactions as well as the effects of confined pore space on the shape 
of adsorption isotherms.  
     An analysis of gas adsorption isotherms allows to determine surface 
area, pore size, pore size distribution, pore volume, and porosity. In 
addition some information about the roughness of the adsorbent surfaces 
and fractal dimension can be obtained . The specific surface area is 
usually determined by the method of Brunauer Emmett and Teller (BET). 
By applying the BET equation in a relative pressure range between 0.05 – 
0.3, the monolayer capacity Nm is determined. The specific surface area S 
is obtained from the monolayer capacity by the application of the simple 
equation: S = Nm Lσ, where L is the Avogadro constant and σ is the so-
called cross-sectional area (the average area occupied by each molecule in 
a completed monolayer). The BET equation is applicable for surface area 
analysis of nonporous- and mesoporous materials consisting of pores of 
wide pore diameter, but is in a strict sense not applicable in case of 
microporous adsorbents (a critical appraisal of the BET method is given in   
refs. [52-54]). In addition it seems that the BET method is inaccurate for 
estimating the surface area  of mesoporous molecular sieves of pore widths 
< ca. 4 nm, because pore filling is observed at pressures very close to the 
pressure range where monolayer-multilayer formation on the pore walls 
occurs, which may lead to a significant overestimation of the monolayer 
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capacity in case of an BET analysis. In addition, the result depends very 
much on the assumed cross-sectional area. For instance, recent 
experimental sorption studies on MCM-41 silica materials suggest 
strongly, that the cross-sectional area of nitrogen on a hydroxylated 
surface (as it is the case for MCM-41) might differ from the commonly 
adopted value of 0.162 nm2 [55]. Similar observation were already made in 
the past and it was assumed, that the quadrupole moment of the nitrogen 
molecule leads to specific interactions with the hydroxyl groups on the 
surface causing an orientating effect on the adsorbed nitrogen molecule 
[56]. A cross-sectional area of 0.135 nm2 was proposed, which was 
obtained by measuring the volume of N2 adsorbed on silica spheres of 
known diameter [57]. 
      Because of the roughness of amorphous surfaces the determination of 
the fractal dimension by gas adsorption can be considered as a useful and 
characteristic parameter, which complements the surface and pore size 
characterization [58 - 60]. The determination of the surface roughness in 
the scale range of molecular sizes (usually less than 10 Å) can be obtained 
by means of the method of molecular tiling which is based on a 
comparison of the monolayer capacities of different adsorbents. The scale 
range from 10-20 Å to 1000 Å can be investigated by analyzing the 
multilayer region of a sorption isotherm by means of the Frenkel-Halsey 
Hill method. A thermodynamic method (the so-called Neimark-Kiselev 
(NK) method)  allows to sense fractal properties of mesoporous materials 
in the range of scales from ca. 4 Å – 1000 Å. For instance, a  
characterization of MCM-41 with regard to roughness and  fractality over 
a wide range of length scales can be found in ref. [60]. Please note that the 
interpretation of fractal dimension parameters obtained by gas adsorption 
in the context of fractal self-similiarity (and/or self-affinity) is not always 
justified. 
      In case that the sorption isotherm exhibits a distinct plateau (see 
isotherms in figure 2a, i.e., so-called IUPAC type IV and type V sorption 
isotherms), the total specific pore volume can be obtained by converting 
the amount adsorbed after the pore filling step into liquid volume 
assuming that the density of the adsorbate is equal to the bulk liquid 
density at saturation (so-called Gurvich rule). The gas adsorption 
technique allows of course only to determine the volume of open pores. 
Closed porosity cannot be accessed, but can be derived if the true density 
and particle(bulk) density of the materials are known. Porosity is defined 
as the ratio of the volume of pores and voids to the volume occupied by 
the solid. If a cylindrical pore geometry can be assumed, the average pore 
diameter of a porous materials can be calculated by the following relation:    
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     D4V/s  =  4Vp/(Stotal- Sext)                                                                (2 )                           
 
     The total surface area Stotal  can be calculated either from the BET-
method,  from t-plot or αs comparison plot methods [52]. The external 
surface area can be determined by applying for instance the comparison 
plot method in the region of relative pressure above the pore condensation 
step.  
       In order to obtain a comprehensive surface and pore size analysis from 
sorption isotherms, details about the pore condensation and hysteresis   
mechanism need to be known. This will be discussed in section 3.  
 
2.3  Adsorptives  other than nitrogen for mesopore analysis  
 
Generally, nitrogen adsorption at liquid nitrogen temperature (77 K) is 
used for surface and pore size characterization. Krypton adsorption at 77 K  
is more or less exclusively used for low surface area analysis [52-54]. 
Argon adsorption at 77 K and liquid argon temperature (87 K) is also often 
used for micro-and mesopore size analysis. The use of argon adsorption is 
of advantage for the pore size analysis of zeolites and other microporous 
materials because the filling of pores of dimension 0.5 - 1 nm occurs at 
much higher relative pressure as compared to nitrogen adsorption. This 
phenomenon is related to the fact, that the nitrogen molecule possesses a 
quadrupole moment, which leads to specific fluid-wall interactions [54].   
However, a combined and complete micro- and mesopore size analysis 
with argon is not possible at liquid nitrogen temperature (which is ca. 6.5 
K below the triple point temperature of bulk argon). Systematic sorption 
experiments indicate that the pore size analysis of mesoporous silica by 
argon adsorption at 77 K is limited to pore diameters smaller than ca. 15 
nm, i.e., pore condensation cannot be observed anymore above this pore 
size limit [20, 44]. This behavior is related to confinement effects on the 
location of the (quasi)-triple point of the pore fluid (see section 3.2). Of 
course, such a limitation does not exist for argon sorption at 87.27 K; pore 
filling and pore condensation can be observed here over the complete 
micro- and mesopore size range. Argon sorption isotherms obtained at 87 
K and 77 K in ordered and disordered mesoporous silica materials of 
various mean pore size are shown in Figures 3a and b (the pore size 
distribution curves of these materials are given in Figure 1.) The argon 
sorption data at 87 K (in MCM-41, SBA-15 and controlled pore glasses) 
shown in Figure 3a reveal that pore condensation shifts to higher relative 
pressures with increasing pore diameter. In addition, hysteresis occurs in 
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all materials, with the exception of MCM-41 A (pore size: 3.3.nm), which 
exhibits reversible pore condensation. With increasing pore diameter, 
hysteresis begins to develop and is present for MCM-41 C (4.2 nm), and a 
wide hysteresis loop is observed for SBA-15 (6.7 nm).    
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Figure 3a.  Argon sorption isotherms at 87 K on MCM-41, SBA-15 and controlled-pore 
glasses (CPG)  From [20]. 

     The data also clearly reveal, that the width of the hysteresis loop 
increases with increasing pore size (details of the pore condensation and 
hysteresis mechanism will be discussed in section 3). Lowering the 
measurement temperature to 77 K (Figure 3b) leads to a widening of the 
hysteresis loops for the MCM-41 and SBA-15 silica samples (hysteresis 
appears also for MCM-41 A), but pore condensation and hysteresis cannot 
be observed anymore in the controlled pore glass of mode pore diameter 
16 nm (the small deviations between the two argon sorption isotherms for 
CPG (16 nm) at 77 K are attributed to small differences in the temperature 
of the liquid nitrogen bath. A detailed analysis of the data in combination 
with the pore size distribution curves has led to the conclusion that pore 
condensation does not occur anymore for pore sizes larger than ca. 15 nm 
[20], which limits (as indicated before) the pore diameter range over which 
mesopore size analysis can be performed using argon as adsorptive at 77 
K.         
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Figure 3b.   Argon sorption at 77 K on MCM-41, SBA-15 and CPG. (P0  refers to solid 
argon). From [20]. 
 
3    Pore condensation and adsorption hysteresis   
 
3.1  The modified Kelvin equation 
 
For pores of uniform shape and width (ideal slit-like or cylindrical 
mesopores) pore condensation can be described on the basis of the Kelvin 
equation, i.e., the shift of the gas-liquid phase transition of a confined fluid 
from bulk coexistence, is expressed in macroscopic quantities like the 
surface tension γ of the bulk fluid, the densities of the coexistent liquid ρl 
and gas ρg (∆ρ = ρl - ρg) and the contact angle θ of the liquid meniscus 
against the pore wall. For cylindrical pores the modified Kelvin equation 
[52-54] is given by  
                                          
      ln(P/P0) =  -2γcosθ /RT∆ρ(rp – tc),                                                       (3)   

where R is the universal gas constant, rp the pore radius and tc the 
thickness of an adsorbed mulilayer film, which is formed prior to pore 
condensation. The occurrence of pore condensation is expected as long as 
the contact angle is below 90°. A contact angle of 0 ° is usually assumed in 
case of  nitrogen and argon adsorption at 77 K and 87 K, respectively. 
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      The Kelvin equation provides a relationship between the pore diameter 
and the pore condensation pressure, and predicts that pore condensation 
shifts to a higher relative pressure with increasing pore diameter and 
temperature.  The modified Kelvin equation (eq. 3) serves as the basis for 
many methods applied for mesopore analysis, including the Barett-Joyner 
Halenda method (BJH) [61], which is widely used. In order to account for 
the preadsorbed multilayer film, the Kelvin equation is combined with a 
standard isotherm or a so-called t-curve, which usually refers to adsorption 
measurements on a non-porous solid. Accordingly, the preadsorbed 
multilayer film is assessed by the statistical (mean) thickness of an 
adsorbed film on a nonporous solid of a surface similar to that of the 
sample under consideration (such statistical thickness equations were 
derived for instance by Halsey, Harkins-Jura and de-Boer [52-54]). 
However, it is obvious that  assuming the situation of a nonporous, planar 
surface for the evaluation of the preadsorbed film thickness cannot be 
valid anymore in case of narrow pores, where the curvature of the pore 
walls and their adsorption potential has a pronounced effect on the film 
thickness and its interfacial tension. The corresponding inaccuracy in the 
pore size analysis is discussed in section 4. 
 
3.2. Sorption and phase behavior of fluids in mesopores: multilayer 
adsorption, pore condensation and critical behavior  
   
In case of complete wetting, the pore walls are covered by a multilayer 
adsorbed film at the onset of pore condensation. The stability of this film is 
determined by the attractive fluid-wall interactions, the surface tension and 
curvature of the liquid-vapor interface. Multilayer adsorption can for 
instance be described in the spirit of the Frenkel-Halsey-Hill theory 
[52,54]. One of the basic assumptions is that the (sufficiently thick) 
adsorbed multilayer film can be considered as a slab of liquid, which 
reveals the same properties (i.e., density etc.) as the bulk liquid would 
have at this temperature. The only modification to its free energy arises 
from the interaction with the solid, i.e, the adsorption forces (dispersion 
forces). The chemical potential difference ∆µ  =  µ - µ0  of an adsorbed, 
liquid-like film of  thickness t compared to the chemical potential of the 
appropriate bulk liquid (µ0) is given according to the Frenkel-Halsey-Hill 
(F.H.H) equation by 

 
       ∆µ  =  µ - µ0  =   - αt-m                                                                                              (4)  
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where α is the fluid-wall interaction parameter, and the t-m law results from 
the long-range can der Waals interactions between a fluid molecule and a 
semi-infinite planar wall.  In case of non-retarded van der Waals fluid-wall 
interactions the exponent m has a theoretical value of 3. However, 
experimental values for m are often significantly smaller than the 
theoretical value, even for strongly attractive adsorbents like graphite, i.e., 
m = 2.5 - 2.7. Among other reasons these deviations from the theoretical 
value are correlated with the surface roughness and the fractal nature of 
the pore wall [58,59].   
    The film thickness  cannot grow unlimited in pores. The stability of the 
multilayer adsorbed film is determined by the long-range van der Waals 
interactions, and by the surface tension and curvature of the liquid-vapor 
interface. The chemical potential difference ∆µ is then given by  
 
         ∆µ = ∆µa + ∆µc                                                                                           (5) 
 
     For small film thickness the first term ∆µa associated with multilayer 
adsorption dominates. When the adsorbed film becomes thicker, the 
adsorption potential will become less important, and ∆µ will be dominated 
almost entirely by the curvature contribution ∆µc (i.e., the Laplace term), 
which is given for cylindrical pores by  ∆µc = -(γ/a ∆ρ), a is the core radius (a 
= rp - t). At a certain critical thickness tc pore condensation occurs in the core 
of the pore, controlled by intermolecular forces in the core fluid.  
       Figure 4 shows a (schematic) sorption isotherm as it is expected for 
adsorption/desorption of a pure fluid in a single mesopore of cylindrical 
shape in combination with a schematic representation of the appropriate 
sorption and phase phenomena occurring in the pore.  Please note, that the 
schematic isotherm reveals a vertical pore condensation step. However, a 
truly vertical step in the adsorption isotherm is not to be expected for any 
real porous material with a nonvanishing pore-size distribution, i.e., the 
wider the pore size distribution, the less sharp is the observed pore 
condensation transition. The adsorption mechanism in mesopores is at 
lower relative pressures  absolutely similar as in case of adsorption on 
planar surfaces. After completion of the monolayer formation (A), 
multilayer adsorption commences (B). After reaching a critical film 
thickness (C) capillary condensation occurs essentially in the core of the 
pore (transition from configuration C to D ). The plateau region of the 
isotherm reflects the situation of a pore completely filled with liquid. The 
pore liquid is separated from the bulk gas phase by a hemispherical 
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meniscus. Pore evaporation therefore occurs by a receding meniscus (E) at 
a pressure, which is less than the pore condensation pressure.        

                    
Figure 4. Schematic representation of multilayer adsorption, pore condesation and 
hysteresis in a single pore. 
 
     The pressure where the hysteresis loop closes corresponds again to the 
situation of an adsorbed multilayer film which is in equilibrium with a 
vapor in the core of the pore and the bulk gas phase. In the relative 
pressure range between (F) and (A) adsorption and desorption are 
reversible.   
      In contrast to the Kelvin approach, the Broeckhoff and de Boer [62 -
64] as well as the Saam-Cole theory [65] capture essentially the 
mechanism of pore condensation and hysteresis as it is described in Figure 
4. These theories take into account the (i) influence of the adsorption 
potential on the chemical potential where pore condensation occurs in the 
pores and (ii)  the effect of curvature on the thickness of the adsorbed 
multilayer film. In agreement with experimental observations, these 
theories predict that  an increase in the strength of the attractive fluid-wall 
interaction, a lowering of the experimental temperature as well as 
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decreasing the pore size will shift the pore condensation transition to lower 
relative pressures. 
     However, all these thermodynamic, macroscopic theories do not 
account for the peculiarities of the critical region. As discussed before, the 
Kelvin approach considers pore condensation as a gas-liquid phase 
transition in the core of the pore between two homogenous, bulk like gas 
and liquid phases. The density difference  ∆ρ = ρl - ρg  is considered to be 
equal to the difference in orthobaric densities of coexisting bulk phases, 
i.e.,   pore condensation and hysteresis are expected to occur up to the bulk 
critical point, where ∆ρ = 0.   
     In contrast, microscopic approaches such as DFT [66], lattice model 
calculation [67]  and various computer simulation studies [68-70] suggest 
that a fluid confined to a single pore can exist with two possible density 
profiles corresponding to inhomogeneous gas- and liquid configurations in 
the pore. In this sense pore condensation reflects a first order phase 
transition between an inhomogeneous gas configuration, which consists of 
vapor in the core region of the pore in equilibrium with a liquid like 
adsorbed film (corresponds to configuration C in figure 4), and a liquid 
configuration, where the pore is filled with liquid (corresponds to 
configuration D in figure 4).  At the pore critical point of the confined 
fluid, these two hitherto distinct fluid configurations will become 
indistinguishable, i.e., a pore condensation step cannot be observed 
anymore. The suggested order parameter for this phase transition is here 
the difference in surface excess (or adsorbed amounts at low bulk gas 
densities, i.e., ∆V(l,g) = Vads(liquid) – Vads(gas)) between the two 
inhomogeneous gas and liquid phases and not the difference in orthobaric 
densities ∆ρ as it is the case for the correspondent bulk phase transition, 
which occurs between homogeneous gas and  liquid phases. Accordingly, 
at the pore critical point ∆V(l,g) = 0 and  pore condensation cannot be 
observed anymore. The critical temperature of the confined fluid is shifted 
to lower temperatures, i.e., in contrast to the predictions of the Kelvin 
equation pore condensation and hysteresis will vanish already at 
temperatures below Tc. The shift of the critical temperature can be 
rationalized by the argument that a fluid in narrow pores is an intermediate 
between a three-dimensional fluid and a one-dimensional fluid for which 
no critical point exists at T > 0.  Hence, the shift of the pore critical 
temperature is correlated with the pore width, i.e., the more narrow the 
pore, the lower the pore critical temperature. Consequently, at a given 
subcritical temperature pore condensation is only possible in pores which 
are wider than the critical pore size Wc.  
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        Adsorption experiments of pure fluids in porous glasses [71-73], 
silica gel [74] and MCM-41-type of materials [28b,75-77]  revealed that 
pore condensation and hysteresis indeed disappears below the bulk critical 
temperature. Furthermore, systematic adsorption studies of SF6 in 
controlled-pore glasses indicated already, that hysteresis already 
disappears below the pore critical temperature Tcc, i.e., reversible pore 
condensation could be observed (the criterion applied here to determine 
pore criticality was the disappearance of the pore condensation step) [73]. 
An experimental study on nitrogen adsorption in MCM-41 silica in 
combination with the application of density functional theory clearly 
revealed that the experimental disappearance of hysteresis is indeed not 
identical with having achieved the pore critical point [33]. Nitrogen 
sorption hysteresis (at 77 K) disappears when the pore diameter is smaller 
than 4 nm, however based on the theoretical results the (pseudo)-pore 
critical point is achieved at a much smaller pore diameter, i.e. 1.8 nm (the 
bulk critical temperature of nitrogen is 126.2 K). This picture was 
supported by subsequent experimental sorption studies of pure fluids in 
ordered mesoporous silica materials [75-77]. For instance, experiments to 
study the temperature dependence of argon adsorption in a MCM-41 
materials with pore channels of 2.2 nm diameter revealed a hysteresis 
critical temperature Th of ca. 62 K, whereas the pore critical temperature 
was located at ca. 98 K (the bulk critical temperature Tc for argon is 150.7 
K), i.e., substantial downward shifts in the pore critical- and hysteresis 
critical temperatures are observed for such narrow pores [76,77].  These 
systematic studies also revealed that temperature and pore size can be 
considered as complementary variables with regard to their influence on 
the occurrence of hysteresis: an increase in temperature has qualitatively a 
similar effect as a decrease in pore size. Both lead to a decrease in the 
width of the hysteresis loop, which eventually disappears at certain critical 
pore size and temperature, which is illustrated in Figure 5.  
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Figure 5.  (a) Argon sorption as a function of temperature in a MCM-41 silica sample  of 
pore radius 2.1 nm. From[76]. (b) Argon sorption at 87 K as a function of pore diameter 
in MCM-41 silica. From  [116]. 
 
       We can separate the following regimes:  (i) Continuous pore filling 
without pore condensation step occurs below a certain critical pore width 
(Wc), at a given temperature T < Tc. For a given pore size (W) continuous 
pore filling can be observed above the pore critical temperature TWc. (and 
of course above the bulk critical temperature); (ii) Reversible pore 
condensation occurs for pore sizes between the critical pore size Wc and 
the pore size where hysteresis disappears (Wh), i.e., in the pore size range 
Wc < W < Wh; or in case of fixed pore size in the temperature range 
between the hysteresis critical temperature Th and the pore critical 
temperature TWc;  (iii) Pore condensation with hysteresis occurs for pore 
sizes larger than Wh  (for a given pore size) and at temperatures below Th.   
       In addition to the shift in critical temperature, experiments and theory 
indicate that as a result of the combined effects of fluid-wall forces and 
finite-size the freezing temperature and triple point of the pore fluid may 
also be shifted to lower temperature relative to the bulk triple point, if the 
wall-fluid attraction is not too strong, i.e., the pore wall does not prefer the 
solid phase [70]. Hence, pore condensation can be also observed at 
temperature below the bulk triple point temperature (an example is argon 
pore condensation at 77 K in mesoporous silica materials of diameters < 
15 nm, see figure 3b [20,44]). Theoretical and experimental studies have 
led to the conclusion that the complete coexistence curve of a fluid 
confined to mesoporous silica materials is shifted to lower temperature and 
higher mean density [71,73,75] (see also the review of  Gelb et al [70]). 
Please note, that an elevation of the freezing temperature is however 
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observed in case of strong adsorption forces (e.g, cyclohexane adsorption 
in carbon pores [78]). Figure 6 shows the schematic phase diagrams of 
bulk- and pore fluid and illustrates the influence of confinement on the 
sorption and phase behavior as it can be found for instance in case of 
mesoporous silica.      
 

 
 
Figure 6.  Schematic phase diagram of a bulk and pore fluid confined to different sized 
pores of widths W1 > W2.  The pore condensation lines, i.e, the locus of states of the 
unsaturated vapour at which pore condensation will occur end in the appropriate pore 
critical points Cw1 and Cw2., with TCw1 > TCW2.  For a given experimental temperature pore 
condensation will occur first in the pore of width W2, and a higher (relative) pressure in 
the larger pore W1. The temperatures TH1 and TH2 are the hysteresis critical temperatures, 
where experimental hysteresis disappears.  Details of the sorption and phase behavior 
below the bulk triple point as well as the nature of pore triple points is still under 
investigation  [20,48,70, 76, 78-83 ]. Hence, these regions of the phase diagram are 
indicated by dashed lines and the grey areas.  (Please note, that from a theoretical point of 
view, real phase transitions and therefore real criticality cannot occur in pseudo-
onedimensional cylindrical pores, i.e., pore condensation and the pore critical point 
should therefore be considered here as pseudo-phase transition and pseudo-critical point, 
respectively). 
 
      These observations reveal clearly that the shape of sorption isotherms 
does not depend only on the texture of the porous material, but also on the 
difference of thermodynamic states between the confined fluid and bulk 
fluid phase. This has to be taken into account for the characterization of 
porous media by gas adsorption, i.e., macroscopic, thermodynamic 
approaches based on the Kelvin equation, Broeckhoff and de Boer and 
Cole-Saam theories fail do predict correctly the influence of confinement 
on the phase and critical behavior of pore fluids. They are therefore 
inaccurate for pore size analysis in a temperature and pore size range 
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where hysteresis disappears, i.e., close to the hysteresis- and pore critical 
temperature (this will be discussed in more detail in section 4).  
3.3    Pore condensation hysteresis 
 
3.3.1  IUPAC classification of hysteresis loops  
 
It is widely accepted that there is a correlation between the shape of the 
hysteresis loop and the texture (e.g.,pore size distribution, pore geometry, 
connectivity) of a mesoporous adsorbent. An empirical classification of 
hysteresis loops was given by the IUPAC [1], which is based on an earlier 
classification by de Boer [84]. The IUPAC classification is shown in figure 
7. According to the IUPAC classification type H1 is often associated with 
porous materials consisting of well-defined cylindrical-like pore channels 
or agglomerates of compacts of approximately uniform spheres.  It was 
found that materials that give rise to H2 hysteresis are often disordered and 
the distribution of pore size and shape is not well defined. Isotherms 
revealing type H3 hysteresis do not exhibit any limiting adsorption at high 
P/P0, which is observed with non-rigid aggregates of plate-like particles 
giving rise to slit-shaped pores.  
 

 
Figure 7.  IUPAC classification of hysteresis loops. From [1].   
 
The desorption branch for type H3 hysteresis contains also a steep region 
associated with a (forced) closure of the hysteresis loop, due to the so-
called tensile strength effect. This phenomenon occurs for nitrogen at 77 K 
in the relative pressure range from 0.4 – 0.45 [52]. Similarly, type H4 
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loops are also often associated with narrow slit pores, but now including 
pores in the micropore region.  
 
3.3.2   Origin of hysteresis  
 
The mechanism and origin of sorption hysteresis is still under 
investigation. There are essentially three models which contribute to the 
understanding of sorption hysteresis: (i) Independent (single) pore model: 
Sorption hysteresis is considered as an intrinsic property of a phase 
transition in a single, idealized pore, reflecting the existence of metastable 
gas states. The hysteresis loop expected for this case is of type H1, 
according to the IUPAC classification [4];  (ii) Network model: Sorption 
hysteresis is explained as a consequence of the interconnectivity of a real 
porous network with a wide distribution of pore sizes. If network- and pore 
blocking effects are present a hysteresis loop of type H2 (IUPAC 
classification) is expected; (iii) Hysteresis in disordered porous materials: 
A more realistic picture takes into account that the thermodynamics of the 
pore fluid is determined by phenomena spanning the complete pore 
network: Hysteresis is here associated with thermodynamic metastability 
of low and high density phases of the pore fluid. In addition the occurrence 
of long time dynamics was suggested, which is so slow that on 
(experimentally) accessible time scales, the systems appear to be 
equilibrated. Typically, hysteresis loops of types H1 and H2 are observed 
in disordered porous materials.  
    Below we discuss the different models for hysteresis in more detail. 
  
(a) Independent pore model 

 
Different approaches, which would explain the occurrence of hysteresis in 
a single pore can be found in the literature since ca. 1900.  Cohan [see 
refs. 52, 54] assumed that pore condensation occurs by filling the pore 
from the wall inward (for a cylindrical pore model). It was suggested that 
pore condensation would be controlled by a cylindrical menisicus once the 
pore is filled, whereas evaporation of the liquid would occur from a 
hemispherical meniscus, which would lead according to the Kelvin 
equation to different values of P/P0 for condensation and evaporation.  
     Theories by Foster [see ref. 52,54], Everett [86], Cole and Saam (CS) 
[65] and Ball and Evans [87] suggested that hysteresis may be caused by 
the development of metastable states of the pore fluids associated with the 
capillary condensation transition in a manner anaologous to superheating 
or supercooling of a bulk fluid. Theoretical studies applying Non Local 
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Density Functional Theory (NLDFT) revealed that in principle both, pore 
condensation and pore evaporation can be associated with metastable 
states of the pore fluid [89]. This is consistent with the classical van der 
Waals picture, which predicts that the metastable adsorption branch 
terminates at a vapor-like spinodal, where the limit of stability for the 
metastable states is achieved and the fluid spontaneously condenses into a 
liquid-like state. Accordingly, the desorption branch would terminate at a 
liquid-like spinodal, which corresponds to spontaneous evaporation. In 
practice however, metastabilities occur only on the adsorption branch. 
Assuming a pore of finite length (which is always the case in real 
adsorbents) vaporization can occur via a receding meniscus, a nucleation 
problem and therefore metastability is not expected to occur during 
desorption (evaporation).  This situation is illustrated in Figure 8  [89].  
The NLDFT adsorption isotherm of Ar at 87 K in a cylindrical pore is shown 
in comparison with the appropriate experimental sorption isotherm on a 
MCM-41 silica material. Good agreement is obtained; however the small 
steps in the theoretical isotherm are a consequence of assuming a 
structureless (i.e., chemically and geometrically smooth) pore wall model, 
which neglects the  heterogeneity of  the  MCM-41 pore walls.  

 

 
 
Figure 8.   NLDFT adsorption isotherm of argon at 87 K in a cylindrical pore of diameter 4.8 
nm in comparison with the appropriate experimental sorption isotherm on MCM-41. From 
[89]. 
 
It can be clearly seen, that the experimental desorption branch is associated 
with the equilibrium gas-liquid transition (the equilibrium transition 
corresponds to the condition at which the two states have equal grand 
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potential), whereas the condensation step corresponds to the spinodal 
spontaneous transition.  
      These results clearly indicate that the H1 hysteresis generally observed 
in MCM-41 material can be attributed to the occurrence of metastable 
states associated with the pore condensation transition (spinodal 
condensation). According to the situation described in figure 8, the 
desorption branch should be chosen for pore size analysis if 
theories/methods are applied, which describe the equilibrium transition 
(e.g, BJH, conventional NLDFT). In addition, Ravikovitch and Neimark 
developed recently a NLDFT based method, which correlates the location 
of the spinodal transition with the pore size [89], i.e., the model takes into 
account the existence of  metastable states of the pore fluid.  This method 
is accurate for pore sizes larger ca. 5 nm and can be applied to the 
adsorption branch. Application examples of this method for pore size 
analysis are given in section 4.2. 
    Hysteresis of type H1 is not only observed in materials consisting of 
independent cylindrical-like pores, this type of hysteresis can also be 
observed in ordered three dimensional pore systems such as MCM-48. 
Argon adsorption hysteresis of type H1 was found at 77.35 K for pore 
diameters larger than ca. 3.0.nm, and for argon adsorption at 87.27 K for 
materials of pore size larger than ca. 4.1 nm [20,48].  A combined analysis 
of a reversible nitrogen isotherm (at 77 K) with an hysteretic argon 
sorption isotherm (at 87 K) revealed clearly  that – although MCM-48 
consists of a unique, three dimensional pore network – hysteresis can be 
described within the independent pore model, and  the desorption branch 
of the argon sorption hysteresis loop corresponds to the equilibrium 
transition. Hence, similar as in case of MCM-41 the desorption branch 
appears to be correlated with the pore diameter, if a method for pore size 
analysis is applied, which is based on the equilibrium liquid-gas phase 
transition (e.g., BJH, NLDFT).  
    Other materials consisting of ordered pore networks, as for instance 
controlled pore glasses and some types of sol-gel glasses also reveal H1 
hysteresis loops. Awschalom et al [90] investigated the adsorption 
behavior of krypton (at 118 K) and oxygen (at 90 K) in highly ordered sol-
gel porous glass. The remarkable oxygen isotherm, which reveals H1 
hysteresis of almost vertical adsorption and desorption branches is shown 
in Figure 9. The data were analysed within the framework of the Saam-
Cole (SC) theory [65].  In the Saam-Cole (SC) theory, pore condensation 
and the hysteresis connected with this transition is explained by 
considering the limits of stability and metastability of an adsorbed 
multilayer film in a cylindrical pore. The SC theory yields a map of 
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regions of stability, metastability, and instability in terms of the fluid-wall 
interaction parameter α, surface tension γ, density difference ∆ρ between 
gas and liquid.  According to the SC theory, pore condensation occurs at a 
critical film thickness tc  (i.e., ac = r – tc,; r is the pore radius) where the 
cylindrical adsorbed film becomes unstable. Evaporation occurs at lower 
P/P0 and the remaining film thickness is tm (i.e., am = r –tm).  Hence, the 
range of metastable film thickness is given by the difference am – ac.  
    The hysteresis of both, krypton and oxygen isotherms were in 
agreement with the predictions of  the Saam-Cole theory (see figure 9), 
i.e., hysteresis is attributed to the existence of metastable pore fluid 
associated with pore condensation. This indicates again, that in ordered 
pore networks hysteresis can still be dominantly caused by the existence of 
metastable states. Accordingly, classical networking and pore blocking 
effects are not necessarily present in an interconnected pore system.    

 
 
Figure 9.  (a) Oxygen sorption  isotherm at 90 K in highly ordered sol-gel porous glass of 
pore radius r = 52 Å. From [90]. (b) Comparison of the SC theory with experimental 
results. The solid lines represent the predictions of the SC theory for adsorbed film 
thickness at the relative pressures where pore condensation (ac) and evaporation (am) 
occurs. The dependence of the unstable limit ac/r and the metastable limit am/r is plotted 
in units of the dimensionless variables R0, which is a scaling factor  depending on details 
of the fluid-solid system (e.g., fluid-wall interaction parameter α, surface tension γ, 
density difference ∆ρ between gas and liquid). Dashed and dotted lines are Kelvin 
equation predictions for pore condensation and evaporation.  From [90]. 
 
The applicability of the Cole-Saam theory has been tested in detail by 
Findenegg et al. based on sorption isotherms obtained with organic 
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vapours on controlled-pore glasses [128]. In this systematic experimental 
study some predictions of the SC theory could be confirmed. 
(b)  Network model 
 
Network models take into account, that in many materials the pores are 
connected and form a three-dimensional network.  An important feature of 
the network model is the possibility of pore blocking effects during 
evaporation, which occurs if a pore has access to the external gas phase 
only via narrow constrictions (e.g., an ink-bottle pore). The basis for the 
understanding of sorption hysteresis in ink-bottle pores and networks can 
be found in the work of McBain (see description in [52]). The wide inner 
portion of an ink-bottle pore is filled at high relative pressures, but it 
cannot empty during desorption until the narrow neck of a pore first 
empties at lower relative pressure. Thus, in a network of ink-bottle pores 
the capillary condensate in the pores is obstructed by liquid in the necks. 
The relative pressure at which a pore empties now depends on the size of 
the narrow neck, the connectivity of the network and the state of 
neighboring pores. Hence, the desorption branch of the hysteresis loops 
does here (in contrast to the single pore model) not occur at 
thermodynamic equilibrium, but reflects a  percolation transition. In such a 
case the desorption branch of the hysteresis loop is much steeper as 
compared to the adsorption branch) leading to H2 hysteresis according to 
the IUPAC classification. Work by Everett [86] and others have led to the 
development of several specific network models. Advanced network or 
percolation models were introduced for instance by Mason [91] Wall and 
Brown [92], Neimark [93]  Parlar and Yortsos [94],  Ball and Evans [87],  
Seaton et al. [95] and Rojas et al. [96].  Page et al [97] suggested the 
existence of a percolation mechanism in case of the observed H2 hysteresis in 
porous vycor glass based on experimental results obtained by combining 
gravimetric and volumetric adsorption measurements with ultrasonic and 
optical measurements. Hoinkis et al [98] performed in situ small angle 
neutron scattering experiments in a disordered mesporous silica glass (Gelsil 
75). A H2 hysteresis loop was observed together with clear evidence of 
differences in the mechanisms of capillary condensation and evaporation, i.e., 
the latter was indicative of a percolation transition.       
      However, the existence of the conventional pore blocking mechanism as 
described above was recently questioned by Sarkisov and Monson [99]. They 
used molecular dynamics to study the adsorption and desorption of fluids in 
various simple geometries, including a simple ink-bottle pore geometry. Their 
data indicated clearly that the shape of the obtained H2 hysteresis loop was 
not caused by the occurrence of conventional pore blocking. The large 
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cavities could be emptied by a diffusional mass transport process from the 
fluid in the large cavity to the narrow neck and from there into the gas phase, 
hence the pore body can empty even while the pore neck remains filled. 
        A very recent experimental study of  N2, Ar and Kr at 77.4 and 87.4 K in 
ordered mesoporous materials with 3D cage-like structure (FDU-1 and SBA-
16) combined with a NLDFT study (applying NLDFT) by Ravikovitch and 
Neimark focussed on a detailed description of  the effect of an ink-bottle pore 
geometry on adsorption hysteresis. This work suggests that both, 
conventional pore blocking and cavitation (i.e., spinodal evaporation, see 
figure 5) can occur depending on temperature and pore size. The cavitation 
effect is correlated with the occurrence of a lower limit of hysteresis 
(classically described as the so-called tensile strength effect, which we will 
discuss in section 3.3.3).  
 
 (c)  Pore condensation and hysteresis in disordered systems 
     
Even with the incorporation of network and percolation effects the 
adsorption thermodynamics is still modeled at a single pore level , i.e., the 
behavior of the fluid in the entire pore space is not assessed. In order to 
achieve this one needs to consider models which attempt to describe the 
microstructure of porous materials at length scales beyond that of a single 
pore. According to Gubbins et al. [100] there are two general approaches 
to construct a model of nanoporous materials by methods of molecular 
simulation. The first is the so-called mimetic simulation, and involves the 
development of a simulation strategy, that mimics the development of the 
pore structure in the materials preparation. The second approach is the 
reconstruction method. Here one seeks a molecular model, whose structure 
matches available experimental structure data. Monson and Co-workers 
investigated by Monte Carlo simulation the condensation and hysteresis 
phenomena of a Lennard Jones fluid in a reconstructed model of silica 
xerogel [101]. Their adsorption isotherms exhibited hysteresis loops of 
type H1 and H2 in agreement with experimental results obtained on the 
same type of material. The observed hysteresis was attributed to 
thermodynamic metastability of the low and high density phases of the 
adsorbed fluid – however these phases span the entire void space of the 
porous material and are therefore not associated with the individual pores. 
Pellenq et al [102] studied the pore condensation and hysteresis behavior 
of argon in a pseudo-vycor glass, which was obtained by a off-lattice 
reconstruction method over a wide temperature range via Monte Carlo 
simulation. Hysteresis loops of type H2 were observed; the steep 
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evaporation/desorption branch was associated with a first-order phase 
transition in a disorderd system (no pore blocking effects were invoked). 
       Gelb and Gubbins [103,104] have recently reproduced the complex 
network structure of porous glasses such as vycor and controlled-pore 
glass by applying molecular simulation. Grand Canonical Monte Carlo 
simulation results for xenon adsorption in these pores suggest strongly that 
the shape of the adsorption/desorption hysteresis does here not depend on 
the connectivity of the material model, supporting the hypothesis that in 
materials of this type (e.g., a porous Vycor glass with a porosity of 30%) 
the fluid in different pores behaves quasi-independently, and that no 
system-spanning phase transitions occur during adsorption or desorption 
[104] The origin of hysteresis in disordered porous glasses was recently 
also investigated by lattice DFT models [105]  and  Monte Carlo 
simulations [106]. These studies indicate that hysteresis is due to the 
presence of a large number of metastable states. It was concluded that the 
origin of the hysteresis is associated with long time dynamics, which is so 
slow that on (experimentally) accessible time scales, the systems appear to 
be equilibrated, which leads to the observed reproducible results in the 
observation of the hysteresis loop.   
     Thes results discussed above  indicate that the nature of   hysteresis in 
disordered systems is very complex. More theoretical and experimental 
work is  necessary to (i) clarify what determines the shape of the hysteresis 
loop  in such disordered systems to be H2 and (ii) to obtain a clearer 
picture of the nature of phase and also critical behavior of fluids in 
disordered porous systems. 
 
3.3.3 Lower limit of the hysteresis loop - tensile strength hypothesis  
 
It was observed already a long time ago, that the hysteresis loop for 
nitrogen adsorption at 77.35 K closed at relative pressure at or above 0.42, 
apparently independent of the porous material (see [54]). Experimental 
results with other adsorptives also supported the view, that for a given 
temperature this lower closure point of hysteresis is never located below a 
certain critical relative pressure. It was suggested that the lower closure 
point of hysteresis is determined by the tensile strength of the capillary 
condensed liquid, i.e., there exists a mechanical stability limit below which 
a macroscopic meniscus cannot exist anymore and which leads to a 
spontaneous evaporation of the pore liquid. This is in contrast to the 
situation of pore blocking where the evaporation of the liquid is controlled 
by the necks of the ink-bottle pores.  The tensile strength theory was 
analysed by Burgess and Everett [107] and very recently by Sonwane and 
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Bhatia [108], Ravikovich and Neimark [109], as well as by Findenegg et al 
[110]. Based on an extensive theoretical (by NLDFT) and experimental 
studies on capillary condensation of N2, Ar and Kr in materials with well 
defined ink-bottle pores (SBA-16, and FDU-1) Neimark and Ravikovitch 
found that the lower limit of the hysteresis loop also depends on the pore 
geometry, which questions the conventional assumption, that the lower 
limit of the hysteresis loop is a unique function of the adsorbate and the 
temperature.   
      Findenegg et al. [110] performed a systematic experimental study of  
the pore condensation hysteresis of CHF3 and C2F6 in mesoporous silica 
with open cylindrical pores of uniform size (MCM-41 and SBA-15) and in 
a silica material consisting of  large cellular mesopores, which are 
accessible only via narrow mesopores (which resembles an  ink-bottle 
geometry). Their sorption results show that the lower closure point of 
hysteresis observed in the materials with ink-bottle geometry and the pore 
condensation pressure observed at the hysteresis critical temperature (i.e., 
the temperature at which hysteresis disappears) for the sorption isotherms 
in ordered  MCM-41 and SBA-15 almost coincide. Hence, there appears to 
be a relation between the lower closure point of the hysteresis loop and the 
hysteresis critical temperature in uniform cylindrical pores.  A correlation 
between the lower closure point of hysteresis and the hysteresis critical 
temperature was also suggested by Bhatia et al. [108].  
      Despite the fact, that the occurrence of the lower closure point of 
hysteresis is still not sufficiently understood, it is clear that it leads to a 
problem for pore size calculations. The existence of a lower closure point 
affects primarily the position of the desorption branch with regard to its 
position and steepness, i.e.,the desorption isotherm exhibits a characteristic 
step at the lower closure point.  Hence a pore size calculation based on an 
analysis of the desorption branch is here not straightforward.  
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Figure 10.  Nitrogen adsorption/desorption at 77.35 K on a disordered alumina catalyst  
and BJH pore size distribution curves from adsorption and desorption  branches.   

 
     A typical example is given in Figure 10, which shows nitrogen sorption 
data on a highly disordered alumina catalyst sample together with BJH 
pore size distribution curves obtained from both, adsorption and 
desorption branches. As it can be clearly seen the hysteresis loop closes at 
a relative pressure of ca. 0.4-0.45 and exhibits the mentioned characteristic 
step down. This step is not associated with the evaporation of pore liquid 
from a specific group of pores, i.e., the spike in the desorption pore size 
distribution curve (PSD) reflects an artifact, caused by the spontaneous 
evaporation of metastable pore liquid (cavitation, i.e.,the tensile strength 
effect).  In contrast, the PSD derived from the adsorption branch does not 
reveal this artifical peak and represents the wide pore size distribution 
curve, which is characteristic for such an disordered sample.   
 
4    Pore size analysis of mesoporous solids 
 
4.1 Classical, macroscopic thermodynamic methods versus microscopic 
models (NLDFT) for pore size analysis 
 
Among the classical methods for mesopore size analysis, the method of 
Barett-Joyner-Halenda (BJH), which was proposed in 1951 is certainly the 
most popular one. The BJH-approach provides an algorithm to calculate 
the pore size distribution (PSD) by assuming a cylindrical pore geometry 
from nitrogen desorption data (obtained at 77.35 K). The BJH-approach 
attracted much attention and was later modified by Dollimore and Heal, 
Cranston-Inkley [52,53] and others.   
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     All methods related to the original BJH approach are based on the 
modified Kelvin equation and the accuracy of the calculated PSD depends 
on the applicability and the deficiencies of the Kelvin equation, which 
were already discussed to some extend in sections 3.1 and 3.2. In narrow 
pores attractive fluid-wall interactions are dominant and the macroscopic, 
thermodynamic concept of a smooth liquid-vapor interface and bulk-like 
core fluid cannot realistically be applied. In addition, methods based on the 
modified Kelvin equation do not take into account the influence of the 
adsorption potential on the position of the pore condensation transition. It 
is further assumed that the pore fluid has essentially the same 
thermophysical properties as the correspondent bulk fluid. For instance, 
the surface tension of the pore liquid is thought to be equal to the 
properties of the corresponding bulk liquid, but the surface tension of the 
pore liquid depends on the radius of curvature. Significant deviations from 
the bulk surface tension are however expected to occur in narrow 
mesopores [52,55, 111]. Another problem is that the thickness of the 
preadsorbed multilayer film is assessed by the statistical thickness of an 
adsorbed film on a nonporous solid of a surface similar to that of the 
sample under consideration.  However, in particular for narrow pores of 
widths  < ca.10 nm this mean thickness does not reflect the real thickness 
of the preadsorbed multilayer film, because curvature effects are not taken 
into account. 
      A direct experimental test of the validity of the Kelvin equation and its 
modifications became possible (as indicated before) after mesoporous 
molecular sieves became available, where the pore diameter could be 
derived by independent methods (such as x-ray-diffraction, high resolution 
transmission electronic microscopy). It is found that the BJH- and related 
approaches based on the modified Kelvin equation underestimate the pore 
size up to 25 % for pores smaller than 10 nm.   
      Corrections of the modified Kelvin equation in the spirit of the 
Broeckhoff de Boer and Cole-Saam approach were for instance developed 
by Lu et al. [111], Lukens et al. [38], Galarneau et al [56], Bhatia et 
al.[112],  Groen et al [113]. These modified  classical models were tested 
using MCM-41 and/or SBA-15 materials in combination with pore size 
data derived from the aforementioned independent experimental methods. 
In general good agreement, but only over a limited pore size range was 
found. An empirical approach, which is meanwhile widely used was 
proposed by Kruk, Jaroniec and Sayari (KJS) [36,114]. This method is 
based on a corrected (modified) BJH equation, which was properly 
calibrated using MCM-41 mesoporous silica materials. Series of MCM-41 
silicas of cylindrical pores of size between 2 and ca. 7 nm were originally 
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used to establish a relation between capillary condensation/evaporation 
pressures and pore size. A pore size assessment independent from the pore 
condensation pressure could be obtained from XRD interplanar spacing 
and the primary mesopore volume. The KJS approach is strictly valid only 
for MCM-41 type silica materials over a pore size range which reflects the 
range over which a calibration curve exists (i.e.,meanwhile  2 –  ca. 12 
nm), however the KJS-approach tends to overestimate the pore size for 
diameters  > 8 nm [110]. The method is meanwhile also available for 
argon adsorption in MCM-41 silica at 87.27 K [116] and 77.35 K [117], as 
well as for the analysis of hydrophobized mesoporous solids [118].  
      In contrast to the Kelvin equation based methods, microscopic methods 
based on Density Functional Theory [119-125] and the Grand Canonical 
Monte Carlo simulation (GCMC) [68,69] methods correctly describe the 
local fluid structure near curved solid walls on a microscopic level. These 
methods also capture correctly (as discussed before in section 3.2)  that the 
thermodynamics of the confined fluid is altered as compared to the bulk 
fluid (e.g., critical point shifts) and consequently that pore condensation 
and hysteresis disappear already below the so-called hysteresis critical 
temperature and for pore sizes below a certain critical pore width. This is 
important for an accurate pore size analysis of narrow mesopores.  
Because the equilibrium density profiles are known for each pressure 
along an isotherm (i.e., these isotherms are calculated by integrating of the 
equilibrium density profiles, ρ(r), of the fluid in the model pores) no 
assumptions about the pore filling mechanism are required as in case of the 
macroscopic methods. As a consequence these microscopic methods can 
be applied for pore size analysis over a large range of pore widths, i.e.,  
from  micropores up to well into the meso-macropore range.  It is a general 
practice to adjust interaction parameters (fluid-fluid and fluid-solid) in 
such a way that the model would correctly reproduce fluid bulk properties 
(e.g., bulk liquid-gas equilibrium densities and pressures, liquid-gas 
interfacial tensions) as well as standard adsorption isotherms on well-
defined non-porous adsorbents.  A set of isotherms calculated for a set of 
pore sizes in a given range for a given adsorbate constitutes a model 
database, which is called a so-called kernel.  
     The calculation of pore size distribution is based on a solution of the 
Generalized Adsorption Isotherm Equation (GAI), which correlates the 
kernel of theoretical adsorption/desorption isotherms with the 
experimental sorption isotherm: 
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where, N(P/P0) = experimental sorption isotherm data, W = pore width 

N(P/P0,W) = theoretical sorption isotherm on a single pore of width W 
f(W) = pore size distribution function. 
     The GAI equation reflects the assumption that the total isotherm 
consists of a number of individual single pore isotherms multiplied by 
their relative distribution, f(W), over a range of pore sizes.  The set of 
N(P/P0W) isotherms (kernel) for a given system (adsorptive/adsorbent) can 
be obtained, as indicated above, by either Density Functional Theory or by 
Monte Carlo computer simulation. The pore size distribution is then 
derived by solving the GAI equation numerically. In general, the solution 
of the GAI represents an ill-posed problem, which requires some degree of 
regularization. However, existing regularization algorithms allow to obtain 
meaningful and stable solutions of the GAI equation [ 89 ]    
      Figures 11 [126] and 12 [127] compare the predictions of various 
methods such as BJH, 4V/S (i.e, pore volume determined by Gurvitch rule, 
S is the BET surface area), Broeckhoff and de Boer (BDB), and DFT for 
the pore size analysis of  MCM-41 and SBA-15 samples with pore 
diameters determined by experimental methods which are independent of 
the position of the pore condensation/evaporation steps of adsorption 
isotherms (e.g., XRD + Vmeso). The data displayed in figure 11 reveal that 
both the DFT and BDB method agree quite well with the pore size values 
obtained from the independent method, whereas the BJH results clearly 
disagree.   Figure 12 shows clearly, that over the complete pore size range 
good agreement exists between the experimental pore sizes and the ones 
determined by NLDFT from adsorption and desorption branch. It is also 
visible, that the BJH method significantly underestimates the pore sizes 
over a wide pore diameter range. Again, better agreement is obtained with 
methods based on the Broeckhoff and de Boer approach. However, 
significant deviations between the BDB- and  NLDFT methods occur for 
pore diameters < 7 nm [126], mainly due to the fact that the Broeckhoff 
and de Boer method cannot predict the existence of pore criticality and the 
associated disappearance of sorption hysteresis below a certain critical 
pore diameter at given temperature (see section 3.2). 
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Figure 11.  Pore size dependence of the relative pressure of evaporation (desorption) of 
nitrogen in MCM-41: Comparison of predictions of BJH, BdB and DFT with 
experimental pore size data (4V/S, DVmes + XRD). From [126]. 

 
Figure 12.  Pore size dependence of the relative pressure of condensation and 
evaporation for N2 in cylindrical pores: Comparison of theoretical predictions ( NLDFT- 
and BJH (Kelvin-Cohan) with experimental pore size data  for MCM-41 and SBA 15. 
From  [127]. 
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4.2  Use of the adsorption or desorption branch for pore size calculation? 
 
The presence of the hysteresis loop introduces a considerable 
complication, and of course the question arises whether the adsorption 
branch or the desorption branch of a hysteretic sorption isotherm should be 
used for the pore size analysis. The answer of this question depends on the 
texture of the adsorbent, and in case of highly disordered systems, where 
the nature of hysteresis is very complex, it might be even impossible to 
correlate the adsorption or the desorption branch of the hysteresis loop 
with the true pore size and pore size distribution. In the following we 
discuss the question whether the adsorption or desorption branch should be 
used for pore size calculations based on our discussion of the origin of 
hysteresis in section 3 of this review. However, the nature of hysteresis is 
still under investigation and a general agreement could not even be 
reached for simple systems. Hence, our conclusions have therefore to be 
considered as to be preliminary.  
       In case of ordered materials such as MCM-41 and SBA-15 a lot of 
progress was made with regard to the understanding of the nature of pore 
condensation and hysteresis.  The typically observed H1 hysteresis can be 
modeled by the independent pore model (see section 3.3.2). Hysteresis can 
here be attributed to the occurrence of metastable states of the pore fluid 
associated with pore condensation. It is believed that the desorption branch 
of the hysteresis loop reflects the equilibrium phase transition, i.e.,  
theories and methods which describe the equilibrium phase transition (e.g., 
BJH, NLDFT etc..) should be applied to the desorption branch in order to 
calculate the pore size correctly. The adsorption branch can also be taken 
for pore size analysis if a theory (method) is applied which takes 
metastability into account and provides a correlation between the relative 
pressure where spinodal condensation occurs and the pore size. As 
mentioned before (section 3.3) such a method, based on NLDFT (NLDFT-
spinodal condensation method), was suggested by Ravikovitch and 
Neimark [89]. Another possibility is to apply an empirical method such as 
the KJS approach [36], which however can only be applied for pore size 
analysis over a limited pore size range, i.e., the range over which a kind of 
calibration curve exists, which represents a correlation between the pore 
size and the pore condensation pressure. 
       The situation is more complex for materials consisting of a three- 
dimensional network of pores. Based on our discussion in section 3.32(a)  
it appears that pore condensation hysteresis of type H1 as observed in 
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ordered three dimensional pore systems (e.g MCM-48, some ordered sol-
gel glasses, CPG) is still dominantly caused by metastabilities associated 
with the pore condensation transition. Also here it is believed that the 
desorption branch of the hysteresis loop can be associated with the 
equilibrium gas-liquid phase transition, i.e., the desorption branch should 
be chosen for pore size analysis if theories/methods are applied which are 
based on the equilibrium transition (e.g., BJH, equilibrium transition 
NLDFT, see also section 3.3.2.a).   
      In case of highly disordered materials (e.g., porous vycor glass), the 
occurrence of hysteresis is as discussed before in section 3.3 associated 
with a variety of effects including metastable states of the pore fluid, 
potential pore blocking and percolation phenomena, effects from possible 
system-spanning transitions, long time dynamics etc. The significance of 
each mechanism for the shape of hysteresis depends on details of the 
texture of the porous material. Very often sorption hysteresis of type H2 is 
observed in such cases. In contrast to the situation in ordered materials, the 
desorption branch of the hysteresis loops can then not be used for pore size 
analysis by methods based on the equilibrium transition (e.g. BJH).  This 
is also true if the evaporation of the pore liquid is caused by cavitation, 
i.e., evaporation occurs close to the lower limit of hysteresis as observed 
for instance in materials, which give rise to type H3 hysteresis (see  Figure 
10 in section 3.3.3 and discussion of so-called tensile strength effect). Here  
a more realistic pore size analysis can be obtained from an analysis of the 
adsorption branch. Again, the application of empirical methods based on 
experimental calibration (e.g., KJS approach [36]) is certainly a good way 
to assess the pore size, but a pore size analysis over the complete 
mesopore range can be performed by applying the NLDFT-spinodal 
condensation method [89]. 
       It was further suggested to check the consistency of the pore size 
analysis by applying the conventional NLDFT method (describing the 
equilibrium condensation/evaporation transition) to the desorption branch 
and the NLDFT-spinodal condensation method to the adsorption data [89]. 
This allows to compare theoretical and experimental “widths” of the 
hysteresis loops. Hysteresis loops, which are wider than those predicted 
theoretically (i.e., the pore size distribution curves calculated from 
adsorption and desorption branch do not agree), indicate that hysteresis 
cannot be solely explained within the framework of the independent pore 
model (see section 3.3.2.(a)).  
     We applied this approach on nitrogen data obtained at 77 K on ordered 
SBA-15, controlled-pore glass (CPG) and porous vycor glass (which can 
be considered as a disordered system compared to SBA-15). The results 
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are shown in Figures 13 – 15. The observed hysteresis loops for SBA-15 
as well as for controlled pore glass are of type H1, whereas the porous 
vycor glass clearly exhibits type H2 hysteresis. The pore size distribution 
curves obtained from the adsorption branch (by applying the NLDFT-
spinodal condensation method) and desorption branch (by applying the 
NLDFT equilibrium method) are in perfect agreement for SBA-15. This 
confirms that sorption hysteresis in this SBA-15 silica sample is caused by 
delayed condensation (i.e., by metastable states of the pore fluid occurring 
during adsorption/condensation). Good agreement between the PSD’s 
calculated from the adsorption and desorption branches can also be found 
for the controlled-pore glass sample. Although controlled-pore glasses 
consist of a network of cylindrical-like pores, the hysteresis appears to be 
mainly due to metastability effects, i.e., the observed hysteresis can be 
described to a large extend by applying the independent pore model. This 
conclusion is partially in agreement with results obtained by Findenegg et 
al, who applied the  Saam-Cole theory to describe the H1 hysteresis 
observed for the adsorption of organic vapors in controlled-pore glasses 
[128]. Here, a semi-quantitative agreement with theoretical prediction of 
the Saam-Cole theory could be obtained.  
 
 
      
 
 
 
 
 
 
 
 
 
        
 
 
Figure 13.   N2 adsorption/desorption at 77 K in SBA-15 and  pore size distributions 
from adsorption and desorption  by applying NLDFT methods dedicated to describe the 
pore (spinodal) condensation (adsorption branch) and the equilibrium evaporation 
(desorption branch) transitions.  
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Figure 14.  N2 adsorption/desorption at 77 K in controlled pore glass and pore size 
distributions from adsorption and desorption branch by applying NLDFT methods 
dedicated to describe the pore (spinodal)condensation (adsorption branch)  and the 
equilibrium evaporation (desorption branch) transitions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.   Nitrogen adsorption/desorption at 77 K in porous vycor glass and pore size 
distributions from adsorption and desorption branch by applying NLDFT methods 
dedicated to describe the pore (spinodal) condensation (adsorption branch) and the 
equilibrium evaporation (desorption branch) transitions. 
 
       However, the situation is different for the vycor glass sample. The 
pore size distribution obtained from the desorption branch is artificially 
sharp leading to the observed H2 type hysteresis. The disagreement 
between the pore size distribution curves obtained from adsorption and 
desorption branch  indicates that hysteresis cannot be described within the 
single pore model. The mechanism of pore condensation and hysteresis in 
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vycor is in contrast to controlled pore glass much more complex and not 
fully understood (see section again sectons 3.3.2 and 3.3.3). The observed 
H2 hysteresis in porous vycor is often attributed to the occurrence of pore 
blocking and percolation phenomena [e.g., 87,91,97], which however do 
not occur during adsorption (i,e condensation). Hence, the pore size 
distribution calculated from the adsorption branch can here be considered 
as to be more realistic. 
         The examples discussed here and in section 3.3 confirm that the 
IUPAC classification of hysteresis loops can be in principle quite helpful 
to determine the “correct” branch of the hysteresis loop for pore size 
analysis. It seems that in ordered system very often H1 hysteresis occurs, 
whereas H2 and H3 hysteresis is typically observed for disordered 
mesoporous systems. There is some evidence that in many  cases where 
type  H1 hysteresis occurs – even if observed in materials consisting of 
three dimensional  pore networks - the desorption branch is correlated with 
the equilibrium phase transition, and therefore with the pore size if 
methods based on the determination of the gas-liquid phase transition (e.g, 
BJH, equilibrium-NLDFT) are applied for pore size analysis. This is not 
the case for H2 and H3 hysteresis, and the analysis of the adsorption 
branch by applying  a proper method (e.g., NLDFT-spinodal condensation 
method or Kelvin equation based approach calibrated for adsorption 
branch) may lead here to a more accurate pore size analysis.   
    However, it should be clearly stated, that the suggestions given above 
are certainly not justified for highly disordered materials, where a clear 
decision with regard to the type of hysteresis loop is not always possible. 
In such cases it is very helpful to include in the sorption experiment the 
measurement of so-called scanning curves (of the hysteresis loop), which 
allow to reveal details of the mechanisms of pore condensation and 
evaporation (e.g., effects of connectivity, existence of cooperative 
processes etc.) [86, 87,96]. In addition, the factors which determine the 
shape of the hysteresis loop are still not completely known for disordered, 
connected pore systems (see section 3.3.2). For instance, theoretical 
studies reveal the occurrence of H2 hysteresis without the implementation 
of pore blocking and percolation effects [105,106]. More work is needed 
to correlate such theoretical predictions with sorption experiments on 
disordered porous materials, where the texture can be explored by 
independent methods (e.g., SANS, SAXS [129]).   
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5     Concluding Remarks 
 
Significant progress was achieved during recent years with regard to the 
understanding of sorption phenomena in narrow pores. The shape of 
sorption isotherms depends on pore size and temperature (which reflects 
differences in the thermodynamic states of the pore fluid and the bulk 
fluid) and on the chemical and geometrical heterogeneity (i.e. the degree 
of disorder) of the porous material. These factors have to be taken into 
account in order to obtain a comprehensive and accurate pore size 
characteristics from the analysis of sorption isotherms. From an 
experimental point of view, nitrogen sorption at liquid nitrogen 
temperature (77 K) and argon sorption at liquid argon temperature (87 K) 
can be used to obtain a  pore size analysis over the complete range of 
micro- and mesopores.  In contrast, pore size analysis with  argon at 77 K 
is limited to pores of  diameters smaller than ca. 15 nm.  
     Major improvements with regard to the pore size analysis of 
mesoporous materials could be achieved  mainly because of the following 
reasons: (i) the discovery of novel ordered mesoporous materials, such as 
MCM-41, MCM-48, SBA-15, which exhibit a uniform pore structure and 
morphology and can therefore be used as model adsorbents to test theories 
of gas adsorption; (ii) carefully performed sorption experiments; (iii) the 
development of microscopic methods, such as the Non-Local-Density 
Functional Theory (NLDFT) or computer simulation methods, which 
allow to describe the configuration of adsorbed molecules in narrow pores 
on a molecular level. These methods allow to obtain an accurate pore size 
analysis over a wide pore size (i.e., combined micro/mesopore analysis). In 
contrast, classical methods based on macroscopic thermodynamic 
assumptions (e.g., BJH) underestimate the pore size up to 25 % (for pore 
sizes < 10 nm), if not properly corrected or calibrated. Microscopic 
methods for pore size analysis take into account details of the fluid-fluid 
interactions and the adsorption potential (which depends on the strength of 
the fluid-wall interactions and the pore geometry). However, appropriate 
methods for pore size analysis based on NLDFT and GCMC are 
meanwhile  available for many important fluid/substrate systems.  
       Despite this progress, a satisfying verification of theoretical models 
for  the pore size analysis of mesoporous materials could be achieved so 
far only for highly ordered materials (such as mesoporous molecular 
sieves), which can be modeled within the framework of an independent 
pore model.. It is found that methods and theories based on a single pore 
model are in some cases applicable (to some extent) to describe the 
sorption and phase behavior of fluids in porous materials consisting of 
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ordered three-dimensional pore networks. However, the phase and 
hysteresis behavior of fluids in disordered porous systems is still not well 
understood and more theoretical and experimental work is clearly required 
to understand the combined effects of confinement, pore geometry, 
connectivity, etc. on the origin of pore condensation and hysteresis. 
Furthermore, more work is necessary to evaluate to which extent pore size 
analysis in terms of a pore size distribution curve (which is essentially 
based on the single pore model) is appropriate in order to characterize 
materials consisting of complex, disordered pore networks. Therefore, it is 
important to develop more realistic adsorbent models, which attempt to 
describe the microstructure of porous materials at length scales beyond 
that of a single pore model. Predictions of such advanced models should 
be evaluated in combination with carefully performed sorption 
experiments.   
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