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Capillary hysteresis in cylindrical nanopores has been studied using MCM-41 as the prime example of
a mesoporous material. These materials, due to their regular pore structure, can be considered to be
candidates for reference adsorbents for standardizing adsorption measurements and methods for
characterization of porous solids. They provide a unique opportunity for verification of theoretical models
employed for predicting phase equilibrium in confined geometry. Three samples with monodisperse pore
channels have been synthesized and examined using X-ray diffraction (XRD). Nitrogen adsorption isotherms
were modeled using nonlocal density functional theory (NLDFT) in a wide range of pore sizes (18-80 Á).
Theoretical isotherms for pore channels with sizes corresponding to those identified by XRD were compared
with experimental isotherms at different temperatures between 70 and 82 K. The latter have been measured
independently on two different adsorption setups. The theoretical thermal dependence of the thermodynamic
adsorption—desorption hysteresis predicted by NLDFT is confirmed by the experimental measurements.
It is shown that at 77.4 K NLDFT quantitatively predicts equilibrium phase transitions in cylindrical
channels of MCM-41. Theoretical and experimental results prove that the nitrogen hysteresis observed
at temperatures below 77.4 K is associated with metastability of the adsorption branch of the isotherm.
The absence of experimental hysteresis on samples with pore size of about 40 Á at temperatures above
77.4 K cannot be explained by the capillary critical temperature for a given pore size being achieved as
was assumed previously.

1. Introduction

Density functional theory (DFT) is regarded as a modem
powerful method for the investigation of vapor—liquid
interfaces, adsorption in pores, and calculation of pore
size distributions from experimental isotherms.1-13 How-
ever, a detailed comparison of DFT results with experi-
ments is not straightforward. Structural and energetic
heterogeneity of pores strongly influence the adsorption
in real materials.14 Cooperative effects, associated with
pore networking, also contribute to the adsorption-
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desorption hysteresis.15 DFT models have been proven
to be effective in calculating pore size distributions in
microporous carbons, providing that the carbons have a

slit-shaped pore structure and the pore lengths are much
bigger than their widths.1112 Therewith, the experimental
isotherm is described by a superposition of the theoretical
isotherms in individual pores with a certain pore size
distribution. The adsorbate—adsorbate parameters were
assumed to reflect the thermodynamic behavior of a

nitrogen fluid, and the parameters of adsorbate - adsorbent
(nitrogen-graphite) potential were fitted to the isotherm
on nonporous carbon. In this approach, a comparison of
DFT results with experimental data has been made only
for the isotherms on nonporous carbon. Since there were
no adsorbents possessing idealized slit-shaped pore struc-
tures with narrow pore size distributions and without pore
intersections, pore filling pressures predicted by the
NLDFT model could be compared only with other theo-
retical values but not directly with experimental data.
Therefore, a search for reference adsorbents available for
testing theoretical models is quite topical.

Recently, a new family of mesoporous materials has
been discovered.16’17 These materials, known as M41S,
exhibit uniform pore structures and can be synthesized
to consist mostly of hexagonal mesopores (MCM-41),
lamellar structures, or cubic structures (MCM-48).18
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MCM-41 is regarded1719’20 as the most suitable model
adsorbent currently available for verification of the
theoretical predictions for cylindrical pores. The main
advantages of MCM-41 are (1) it consists of an array of
uniform hexagonal channels, (2) the pore length in MCM-
41 is significantly larger then the pore diameter, (3) the
absence of pore channel intersections in MCM-41 guar-
antees that pore networking effects are negligibly small,
and (4) X-ray diffraction data provide an independent
estimate of pore sizes in MCM-41. Such unique properties
of MCM-41 enable researchers to compare theoretical
model isotherms in cylindrical pores directly with ex-

perimental data.
Previously reported adsorption isotherms on MCM-41

showed that the presence and size of the hysteresis loop
depend on the adsorptive,19 pore size,20 and temperature.21
For samples with a nominal pore diameter of ca. 40 Á, no

adsorption—desorption hysteresis was found for nitrogen
at a boiling temperature of 77.4 K, whereas argon and
oxygen isotherms exhibited standard adsorption—de-
sorption hysteresis of the HI type.19 Also at 77.4 K no

nitrogen hysteresis loops were found for materials with
pore sizes of25—40 A, whereas a nitrogen isotherm on 45
A material showed hysteresis.20 The trend of the argon
hysteresis loop on these samples was similar to the
behavior of the nitrogen hysteresis except that argon
hysteresis was found in all samples.20 Adsorption of
cyclopentane at different temperatures showed that the
presence and size of hysteresis depend on temperature.21

The behavior of the hysteresis loop, observed experi-
mentally, qualitatively follows predictions of the ther-
modynamic theory that the size of the hysteresis loop must
decrease with increasing the temperature or decreasing
the pore size.5 This paper addresses the following
question: how do the size and the position of the
experimental hysteresis loop correspond to those of the
thermodynamic hysteresis loop predicted theoretically?
The use of MCM-41 provides a unique opportunity to make
quantitative comparisons with the theoretical calculations.

Figure 2. Experimental nitrogen adsorption-desorption
isotherms on MCM-41 at 77.4 K. Circles, sample A; triangles,
sample B; squares, sample C. Points, static measurements;
closed symbols, adsorption; open symbols, desorption. Solid
line, continuous flow measurement.

2. Experimental Part
2.1. Synthesis of Siliceous MCM-41. Three batches of

MCM-41 samples were prepared, on the basis of the procedure
of Beck et al,17 To 38.5 g of tetramethylammonium bromide
(98%) (TMA-Br, Aldrich) was added 500 cm3 of cetyltrimethyl-
ammonium chloride (25 wt %) (CTMA CieHsaNXCHshCl, Aldrich),
and the mixture was stirred for 30 min until a homogeneous
distribution was obtained. To this mixture 90.87 g of sodium
silicate, 62.5 g Aerosil 200 (Degussa), and 500 g of distilled water
were carefully added over an extended period of time. The
mixture was thoroughly stirred before being transferred to a
stirred reactor. This premix was stirred overnight, and then
without agitation the mixture was heated to 433 K and held at
this temperature for 3 days. When it was cool the semisolid
material was filtered and washed with copious amounts of
distilled water and allowed to air dry. Before calcination the
now dry mass was carefully ground using a mortar and pestle
and placed in a wide-bottomed ceramic bowl. The samples were
calcined in air at 773 K (heating rate 2 K/min) for a period of 12
h.

2.2. X-ray Diffraction. After being calcined and cooled the
samples were subjected to analysis by XRD using a Seifert 3000
TT, APD, source = CuKa, and scans were obtained in the 2 
range of 0-25°. XRD data prove that the samples consist mostly
of a uniform hexagonal phase with very narrow pore size
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distributions and so can be used as model adsorbents. XRD
patterns (Figure 1) exhibit four peak characteristic of the
hexagonal MCM-41 phase. The first narrow peak corresponds
to a periodicity of 46—48 Á. The repeating distance between
pores is calculated by multiplying the dioo value by a factor of
2/V3. Assuming that the thickness of pore walls in MCM-41 is
about 10 ± 3 Á (about three monolayers of silica) we can estimate
the internal pore diameter. Thus pore sizes of samples A, B, and
C are 43, 43.5, and 45 Á, respectively. These pore sizes were
employed in our NLDFT calculations.

2.3. Adsorption Isotherms. Nitrogen adsorption isotherms
at 77.4 K were measured on a conventional static instrument
(ASAP 2000, Micromeritics) and isotherms at other temperatures
on an in-house-modified continuous flow setup, Omnisorp 100
(Coulter), equipped with a cryostat. Before each measurement
the sample was outgased at 200 °C for at least 4 h. No detectable
changes in adsorption at various temperatures were found after
subsequent outgasing-adsorption cycles. Quasi-equilibrium
conditions were checked by repeating measurements at slower
N2 flow rates. Usually, about 24 h was enough to obtain a full
adsorption—desorption isotherm.

Isotherms at 77.4 K (Figure 2) exhibit the characteristic steep
increase at around P/Po = 0.4. Isotherms on sample C measured
with different instruments and techniques differ slightly due to
some uncertainties in the determination of the sample mass in
volumetric adsorption measurements. For all calculations
quantities were reduced to unit area or volume, and reduced
isotherms were fairly identical to each other within an accuracy
of 1-2%. Within the accuracy of the measurements there is no

hysteresis, but the isotherm obtained by quasi-equilibrium
techniques is more accurate in the region of capillary condensa-
tion.
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3. Theoretical Part
3.1. Density Functional Theory Model of Adsorp-

tion on MCM-41. A version of nonlocal density functional
theory (NLDFT), developed by Tarazona and known as a
smoothed density approximation (SDA),4·7 is used in this
work. This model has been widely employed previously,
e.g., by Lastoskie et al. in the case of nitrogen adsorption
in slit-shaped pores of carbons.11 A full description of the
theory is given elsewhere.4-71112 We focus below on the
method of solution of the NLDFT equations and deter-
mination of the parameters of the model.

The grand potential functional for a fluid confined in
a pore at given chemical potential µ and temperature T
is represented by the standard form:

Q(p(r)) = /dr p(r) [kT(ln(A3p(r)) - 1) + fjp(r))] +

I//dr dr' p(r) p(r') <battr(jr - r'|) - /dr p(r) x

\µ - VeJr)} (1)

where p(r) denotes the local density of the fluid, Vex(r) is
the external potential, and A denotes the de Broglie
thermal wavelength in the ideal gas term. The excess
Helmholtz free energy of the repulsive hard sphere fluid
fex(p(r)) is calculated from the Carnahan—Starling equa-
tion of state.23

fJp(r)) = phCP(r))-
fhW)

p(r)
- ¿T(ln(A3p(r)) - 1) =

(1 -  )2

Ve¿rji)
kT

—V     2[63
jr^'efr*' ^sf -^-Í2 -

—)Rl
-10 "[- -  -   i

3
£1 

to 1

^13

-4
F[-1’-| - )  (5)

with  [ ,ß\ ; ] being the hypergeometric series and £eff
an effective energetic parameter. This form of potential
takes into account the curvature of cylindrical pores and
in the limit of.fi — reduces to the 10—4 potential on a
flat surface.

It would be more accurate to use a solid-fluid inter-
molecular potential developed for infinitely flat strips26
forming polygonal channels of MCM-41, but this would
require much more computational effort without giving
an essential refinement of results. As of yet the exact
structure of the pore walls of MCM-41 is not known in
detail. Most probably, in highly siliceous materials it
should be close to the structure of silicas. This is indirectly
confirmed by the comparative plot (Figure 3). The surface
of MCM-41 seems to be energetically heterogeneous as no

step-wise isotherms in the mono- and multilayer adsorp-
tion region have been found.

3.2. Method of Solution. Minimization of the grand
potential functional (1) by the method of indeterminate
Lagrange multipliers (ILM)28 leads to the following
equation:

kT + /ex(p(r)) - /dr' A(r')  (|  - r'|,p(r')) +

Vext(r) + /dr' p(r') ®attr(|r - r'|) = 0 (6)

where   = ( /6)pd3 is the packing fraction; d is the hard
sphere diameter, andph(p(r)) andPh(p(r)) are the chemical
potential and pressure of the hard sphere fluid, respec-
tively. In the SDA4’7 approximation fex{p{r)) depends on
the smoothed density p(r) defined as

p(r) = /dr' p(r') cv(|r - r'|, p(r)) (3)

Attractive contributions are modeled with the 6-12
Lennard-Jones potential, split according to the Weeks-
Chandler—Andersen prescription24 in its minimum rm —

2V6aff:

with the ILM function

A(r) = -p(r)fex'(r)l 1 - /dr' p(r')
do>(|r -r'|,p(r))'

dp(r)
(7)

Here fex'(r) = dfex(p)/dp. By considering the weighted
function as a power series expansion in the smoothed
density4,7

<y(|r-r'|, p(r)) = co0(|r-r'|) +  :(| - '|) p(r) +

<u2(|r-r |) (p(r))2 (8)

[ —eff |r - r'l < rm
 8   (| - '|) =

-   (| - ',) ra<\r- r'| < rc (4)
[ o Ir - r'| > rc

The attractive potential has been truncated at a certain
distance rc.

A simplified treatment of the adsorbent—adsorbate
interactions based upon the potential of a homogeneous
cylindrical surface with effective parameters is used.
Interactions with the adsorbent are modeled using the
form of the Lennard-Jones potential integrated over an

infinitely long cylinder:25-27

(23) Carnahan, N. F.; Starling, K. E. J. Chem. Phys. 1969, 51, 635.
(24) Weeks, J. D.; Chandler, D.; Andersen, H. C. J. Chem. Phys.

1971 54 5237
(25) Saam, W. F.; Cole, M. W. Phys. Rev. B 1975, 11, 1088.
(26) Ijatjopoulos, G. J.; Feke, D. L; Mann, J. A., Jr. J. Phys. Chem.

1988, 92, 4006.
(27) Balbuena, P. B.; Gubbins, K. E. Charact. Porous Solids III, Proc.

IUPAC Symp. 1994, 87, 41.

we obtain

C(r) (p(r))2 + B(r) p(r) + A(r) = 0 (9)

A(r) = -p(r) fex'(r)/[B(r) + 2p(r) C(r)] (10)

with coefficients

A(r) = /dr' p(r') <y0(|r—r'|) (11a)

B(r) = — 1 + /dr' p(r')  1(| - ') (lib)

C(r) = /dr' p(r') co2(|r-r'|) (11c)

In cylindrical symmetry, the fluid density is a function
of one radial coordinate r, reckoned from the pore center.
The adsorption isotherm per unit area of a channel of
radius R is calculated from the density profile p(r) as

(28) Neimark, A. V. Langmuir 1995, 11, 4183.
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Figure 3. Comparative plots for the experimental isotherms
on MCM-41 at 77.4 K. Circles, sample A; triangles, sample B;
squares, sample C. The standard isotherm, hydroxylated silica.

NS(P/P0) = ± fr dr (p(r) -

Pg) (12a)

and the adsorption isotherm per unit pore volume as

9
R

NylP/P0) = —Jr dr(p(r) -

pg) (12b)
R o

where pg is the equilibrium gas density. Here, adsorption
is defined as an excess quantity with respect to the
equilibrium density in the bulk.

3.3. Determination of Parameters of the Model.
Equation 6 without the external potential Vext(r) reduces
to an equation of state:

µ( ) = wh(p) + p f r<<rc
dr 3>attr(r) (13)

This equation must adequately describe the behavior
of the nitrogen bulk fluid at different temperatures and
must satisfy the Maxwell relation. Parameters of the LJ
potential and hard sphere diameter suitable for the
nitrogen fluid have been found by performing a direct
fitting to experimental nitrogen liquid—gas coexisting
densities. We fixed the cutoff distance rc, which was in
fact an additional parameter. First, parameters at 77.347
K had been obtained. At the cutoff distance rc = 17.86 A
(about 5Off) we have found the following parameters: €« 
= 94.45 K, Off = 3.575 A, d = 3.575 A. The equilibrium
gas—liquid coexistence curve is shown in Figure 4. Then,
parameters of the LJ potential were fixed and a subsequent
optimization at temperatures ranging from 66 to 116 K
has been made only with respect to the diameter of hard
spheres d. The thermal dependence of the hard sphere
diameter is fitted to the following equation11’29·30 which
approximates the Barker—Henderson diameter:31

d = y1kT!eñ +  2
%3 kT/eff +  4

(14)

with parameters 771,773, and  4 as in ref 11. The parameter
tj2 has been found to be 1.034.

It is worth noting that the cutoff distance at which the
Lennard-Jones potential is truncated affects the results

(29) Verlet, L; Weis, J. J. Phys. Rev. A 1972, 5, 939.
(30) Lu, B. Q.; Evans, R; Telo da Gama,  . M. Mol. Phys. 1985,55,

1319.
(31) Barker, J. A.; Henderson, D. J. Chem. Phys. 1967, 47, 4714.

Figure 4. Equilibrium gas—liquid coexistence curve for
nitrogen at 77.35 K.
of optimization, but for a given cutoff distance only one
set of suitable parameters has been found. These pa-
rameters are very close to those used by Lastoskie et al.11
The value of €¡r = 94.45 K gives a reduced critical
temperature of 1.336 which agrees with the critical
temperatures of a three-dimensional Lennard-Jones fluid,
obtained in different simulations (see ref 32 and references
therein). The value of    = 3.575 A, however, is signifi-
cantly lower than values obtained from the saturation
pressure of the LJ fluid and the value taken as the van
der Waals diameter in the dense packing on the plane.
We have found that it is not possible to choose the
parameters of the Carnahan—Starling equation of state
to reproduce the liquid-gas coexistence densities of
nitrogen at all temperatures under consideration with
the same accuracy. Starting the optimization at T =

77.347 K, the model gives the best results at this
temperature (Figure 4).

Parameters of solid-fluid interactions have been de-
termined as follows. Below the step increase of the
isotherm on MCM-41, associated with pore filling, the
experimental isotherms reduced per unit area are similar
to the isotherms on nonporous silicas. A comparative plot
(Figure 3) constructed against the adsorption isotherm
on nonporous silica22 taken as a reference proves the
absence of micropores, as the origin is bisected. Therefore,
the solid-fluid parameters have been obtained by fitting
the calculated isotherm for a large pore of diameter 80 A
to the standard isotherm on nonporous silicas. The
isotherm on hydroxylated silica22 has been chosen as the
standard isotherm. The best parameters, which fit the
standard isotherm, are osf = 3.494Áand£efr= 20.32 K/Á2.
The comparative plot for the theoretical isotherm calcu-
lated with these parameters is shown in Figure 5. It is
worth noting that these parameters are close to those
obtained by Lastoskie et al.11 in the case of nitrogen
adsorption on a graphite surface. This at first surprising
fact reflects experimental observations, dated back to
studies of de Boer, Dubinin, and other classics summarized
by, e.g., Gregg and Sing,33 that nitrogen adsorption on

nonporous substrates is very insensitive to the nature of
the adsorbent and can be approximately described by an
universal isotherm.34

4. Results and Discussion
4.1. Comparison with Experiment. To compare the

NLDFT isotherms with experimental isotherms on MCM-
(32) Bottani, E. J.; Bakaev, V. A. Langmuir 1994, 10, 1550.
(33) Gregg, S. J.; Sing, K. S. W.Adsorption, Surface Area and Porosity,

Academic Press: New York, 1982.
(34) Dubinin,  . M. Commun. USSR Acad. Sci., Chem. 1977,3,510;

1977, 3, 516; 1980, 1, 22; 1980, 2, 238.
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Figure 5. Comparative plot for the NLDFT adsorption
isotherm in an 80 Á pore.

41 either the surface area or the volume of cylindrical
pores in MCM-41 samples must be known. To avoid these
difficulties we assumed that at the points of the experi-
mental isotherms (Figure 2), corresponding to the relative
pressure of about 0.45, the amount adsorbed corresponds
to adsorption in cylindrical pores. In this case we neglect
the adsorption at P/Pq = 0.45 on the external surface and
in large mesopores. We have found it convenient to reduce
the experimental isotherms by the amount adsorbed at
this relative pressure and multiply by the density of
nitrogen at P/Pq = 0.45 obtained from NLDFT calculations
for the pore size, determined from the XRD data. This
gives the experimental adsorption per unit volume, Ny.
From eqs 12a and 12b it follows that experimental
adsorption per unit area can be calculated as Ns = NyDxrd/
4, where Dxed is the pore diameter, determined from the
XRD data. A comparison of the theoretical and experi-
mental isotherms is shown in Figures 6 and 7.

From these plots one can see that the theoretical
isotherms exhibit well-pronounced step-wise character.
Such behavior of the theoretical isotherm is determined
by the solid—fluid potential in use which neglects the
energetic heterogeneity of the adsorbent surface. To
account for the energetic heterogeneity of MCM-41, it
would be necessary to use a more sophisticated form of
the solid—fluid intermolecular potential, which would
serve to smooth the jumps on the isotherm. In this case
calculations of two-dimensional density profiles are
needed.35-36 The use of heterogeneous models leads to a
more detailed picture of adsorption than in the case of a

Langmuir, Vol. 11, No. 12, 1995 4769

axis, the grand potential.

totally homogeneous model.32·35'36 However, while the
detailed structure of the pore walls of MCM-41 is not yet
known, the use of the simplified homogeneous model seems
to be a reasonable alternative.

4.2. Equilibrium Phase Transitions. NLDFT pre-
dicts that in the region of thermodynamic hystersis there
are two solutions for the density profiles which give the
local mínimums of the grand potential (GP) at a given
chemical potential. We cannot prove mathematically that
no other solution exists and that one of the found solutions
gives the global maximum of the GP and therefore
corresponds to the absolutely stable equilibrium state.
However, from the physical point of view the solution with
a smaller amount adsorbed corresponds to the adsorbed
films and can be observed during adsorption. The solution
with a larger amount adsorbed corresponds to pore filling
and can be observed during desorption. Our calculations
imitated the real adsorption-desorption experiment.
First, the equilibrium solutions were obtained for the
increasing set of pressures starting from the lowest
pressure upward to the saturation pressure, and the
solution found at the preceding lower pressure was chosen
at a zero approximation in the iteration scheme. This
situation reflects the adsorption process. Secondly, the
equilibrium solutions were obtained for the decreasing
set of pressures starting from the saturation pressure
down, and the solution found at the preceding higher
pressure was chosen at a zero approximation in the
iteration scheme. This situation reflects the desorption
process. Therefore, we believe, in fact together with our

precursors,2™12 that these solutions correspond to the
adsorption and desorption branches of the isotherm,
respectively.

The solution with a lower value of the GP corresponds
to the stable branch, and the other solution with a larger
value of the GP corresponds to the metastable branch of
the isotherm. An equilibrium transition, associated with
condensation—desorption, occurs at a point where two
solutions have the same GP values. For example, for a

pore of size D = 45 Á the NLDFT model gives the
equilibrium transition at P/Pq = 0.4, and for a pore size
of 43.4 Á it gives P/Pq = 0.38, that is, close to the jump
in the experimental isotherms (Figures 6 and 7). Con-
ventional BJH method33 severely overestimates these
values.

(35) Lajtar, L; Sokolowski, S. ·./. Chem. Soc., Faraday Trans. 1992,
88, 2545.

(36) Chmiel, G.; Patrykiejew, A.; Rzysko, W.; Sokolowski, S. Mol.
Phys. 1994, 83, 19.
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Figure 8. The NLDFT calculated isotherm in a cylindrical
pore of diameter 80 Á. The standard nitrogen adsorption
isotherm on nonporous silica is also shown. Right axis, the
grand potential.

Figure 9. Desorption relative pressures of nitrogen in an open
cylindrical pore at 77.35 K. Squares, Kelvin equation; circles,
BJH method; triangles, Broekhoff-de Boer method; asterisks,
NLDFT equilibrium pressures.

In Figure 8 calculations for a “standard” mesopore of
diameter D = 80 Á are presented. In this case an

agreement between the equilibrium transition pressures
as predicted by different methods is better, but the BJH
method still overestimates the transition pressure and
therefore underestimates the calculated pore size. In
Figure 9 equilibrium evaporation pressures of nitrogen
in cylindrical pores predicted by different methods are
shown. In the limit of large mesopores NLDFT predicts
relative pressures close to those predicted by macroscopic
thermodynamic equations. Since there are no limitations
to modeling adsorption in small pores, transition pressures
for these pores calculated by NLDFT are expected to be
more accurate than those obtained by other methods.

4.3. Metastable States and Hysteresis. The theo-
retical isotherms form a wide hysteresis loop comprising
stable and metastable branches. We conjecture that the
GP difference between metastable and stable states at
given relative pressure can be regarded as a measure of
metastability, and metastable states with a larger GP
difference have smaller changes to be observed experi-
mentally. From this point of view, some conclusions about
the possible behavior of the hysteresis loop can be drawn.
In Figures 6-8, the GP values corresponding to each
relative pressure are shown. The metastable desorption
branch always has a larger GP difference at the same
distance below the equilibrium transition than the

- metastable adsorption branch above the equilibrium

P/P„

Figure 10. NLDFT nitrogen isotherms in a cylindrical pore
of 43 Á. From left to right: 71, 77.35, 82, and 116 K. The
isotherm at 116 K corresponds to the capillary critical tem-
perature.

Figure 11. NLDFT model isotherms in cylindrical pores at
77.35 K. From left to right: 18.2, 25.4, 32.6, 45, and 79 Á.

transition. Therefore the desorption metastable states
have a lower probability to exist in real adsorption
measurements than the adsorption metastable states. This
means that the metastable adsorption branch can be
observed experimentally, and the capillary condensation
can take place somewhere in between the point of
equilibrium transition and the limit of the thermodynamic
metastability, most likely closer to the latter, whereas
the metastable desorption branch can be barely observed
experimentally, and desorption occurs most likely close
to the point of the equilibrium transition. This conclusion
is supported by the comparison with the experimental
isotherms on MCM-41. Within the accuracy of the model,
experimental desorption takes place at the point of the
equilibrium transition (Figures 6 and 7) and certainly not
at the limit of the thermodynamic metastability of the
desorption branch.

An important prediction of NLDFT is a thermal
dependence of the thermodynamic hysteresis. For a given
pore size, with the increase in tempeature, the size of the
hysteresis loop becomes smaller, and hysteresis disappears
at a certain critical temperature (Figure 10). In this model,
for the given set of parameters, the capillary critical
temperature for a pore of D = 43.4 Á has been found to
be ca. 116 K. As a consequence, for a given temperature,
there is a critical pore size below which irreversible pore
filling, always accompanied by thermodynamic hysteresis,
transfers into reversible pore filling (Figure 11). In our

model, the capillary critical pore size at 77.4 K is about
18 Á. Nitrogen adsorption-desorption isotherms mea-
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P/Po

Figure 12. Experimental nitrogen adsorption-desorption
isotherms on MCM-41 (sample C). Temperatures from left to
right: 70.6 K; 77.4 K; 82 K.

sured at temperatures 70.6 and 82 K are presented in
Figure 12. These data support the above prediction of
NLDFT. The nitrogen isotherm at 70.6 K exhibits well-
pronounced hysteresis arising from the metastability of
the adsorption branch rather than the desorption branch.

It is worth noting that as the pore size is increased, the
limit of thermodynamic metastability of the desorption
branch, i.e., the lower closure point of the theoretical
hysteresis loop approaches the limit of metastability of
the bulk fluid. In our model this point corresponds to
P/Po = 0.3 (see Figures 4 and 8). On the other hand, it
is a well-known experimental fact that the lower closure
point of the hysteresis loop for nitrogen isotherms at 77.4
K is around P/Po = 0.4233 and namely this point was

regarded as the limit of thermodynamic stability of bulk
nitrogen.37 In this connection a question arises if the
Carnahan-Starling equation of state and the present
mean field spherical model of fluid-fluid interactions are
suitable for nitrogen. An attempt at a direct verification
has been made by the comparison of the Carnahan-
Starling equation of state with an experimental equation
of state of nitrogen fluid taken from the IUPAC tables.38
A comparison is shown in Figure 13. Unfortunately, there
are no experimental data in the region of the metastable
liquid, and the IUPAC equation of state is also a theoretical
one in this region. The IUPAC equation predicts even

larger negative pressure corresponding to the limit of
metastability of the liquid branch. Moreover, the DFT
calculations show that the confinement of fluid in nan-

opores with the wall attractive potential shifts the limit
of the metastability of the liquid phase to smaller relative
pressures (Figures 6 and 7). Desorption in mesoporous
materials with a pore size of about one hundred angstroms
takes place well above the point P/P0 = 0.42, whereas the
desorption metastable branch of the calculated isotherms
extends to the relative pressure 0.3 (Figure 8), and thus,
there is no direct correlation between the experimental
lower closure point of the hysteresis loop and the limit of
metastability of the liquid phase. However, to prove this,
additional calculations with other adsorbates are required.

The above conclusions correspond to the classical
physical scenario of capillary condensation—desorption
in an open cylindrical pore dating back to Cohen,39

(37) Burgess, C. G. V.; Everett, D. H. J. Colloid Interface Sci. 1970,
33, 611.

(38) International Thermodynamic Tables of the Fluid State-6.
Nitrogen·, Angus, S., eí al., Eds.; Pergamon Press: Oxford, 1977.

(39) Cohan, L. H. J. Am. Chem. Soc. 1938, 60, 433.

V, cm3/mol

Figure 13. Comparison of the Carnahan - Starling equation
of state with the IUPAC equation of state for nitrogen at 77.35
K. Points, IUPAC equation; line, CS equation. The inset shows
the gas region. Po = 0.101325 MPa, Vf = 34.644 cm3/mol, and
Vg = 6073.4 cm3/mol.

Deijagin,40 Kiselev,41 Everett,42 and many other research-
ers.25·44-45 According to this scenario, desorption takes
place at the equilibrium transition. Desorption branches
of isotherms on the MCM-41 samples corresponds to the
equilibrium evaporation predicted by the NLDFT model.
In this case neither the limit of metastability of the liquid
nor the formation of bubbles37 is relevant to the process
of desorption. At the point of the equilibrium transition
the meniscus at the open end of the capillary achieves a
state of indifferent equilibrium and spontaneous reversible
equilibrium evaporation occurs.42 Adsorption differs
considerably from desorption. Condensation is possible
only after nucleation of necessary “liquid” seeds. In this
case condensation is delayed and a metastable adsorption
branch is observed in the experiments. This scenario has
been confirmed in simulations of adsorption in an infinitely
long cylindrical capillary using the molecular dynamics
(MD) method which allows one to study coexistence of
two phases.44 On the adsorption branch, with the increase
in pressure an unduloid appears between the adsorbed
layers and, at the end of the adsorption hysteresis, a
biconcave lens of liquid is formed.44

In fact, one may expect the formation of the unduloid
to happen anywhere between the point of the equilibrium
transition and the limit of metastability of the gas branch.
We assume that in small mesopores capillary condensation
takes place close to the point of the equilibrium transition,
whereas in big pores it happens close to the limit of
metastability of the “liquid-like” adsorption film. This
can be explained due to the thermal fluctuations of the
fluid—gas interface. Fluctuations may contribute to the
nucleation of the capillary phase. This contribution
becomes more important in the limit of small mesopores
or with increasing the temperature. This might be the
reason why hysteresis has not been observed in nitrogen
isotherms on =»40 Á MCM-41 at temperatures equal to
and above 77.4 K.

In the literature, the absence of hysteresis on MCM-41
is explained by the capillary critical temperature being
achieved.21 Our calculations contradict this conclusion,

(40) Deijagin, B. V. Acta Physicochim URSS 1940, 12, 181.
(41) Kiselev, A. V. Uspechi Khimii 1945, 14, 367.
(42) Everett, D. H. The Solid-Gas Interface·, Flood, E. A., Ed.;

Dekker: New York, 1967; Vol. 2.
(43) Broekhoff, J. C. P.; de Boer, J. H. J. Catal. 1967, 9, 8; 1968,10,

368.
(44) Heffelfinger, G. S.; van Swol, F.; Gubbins, K. E. J. Chem. Phys.

1988, 89, 5202.
(45) Ball, P. C.; Evans, R. Langmuir 1989, 5, 714.
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at least for nitrogen. The capillary critical temperature
for nitrogen in a 43 Á pore is close to the critical
temperature of the bulk fluid (about 0.9Tc), and the
capillary critical radius is approximately several molecular
diameters. In the case of adsorption on MCM-41, a phase
transition of “gas-liquid” type associated with a sharp
uptake on the adsorption isotherm with corresponding
changes in the isosteric heat of adsorption21 is observed.

5. Conclusion
A comparison of NLDFT calculations with experimental

results for nitrogen adsorption on MCM-41 shows that
NLDFT is applicable for the modeling of nitrogen adsorp-
tion in nanotubular materials. The theory quantitatively
predicts equilibrium desorption at 77.4 K and describes
adsorption on the MCM-41 with approximately uniform
cylindrical pore structure. Desorption branches of iso-
therms on the MCM-41 samples correspond to the
equilibrium evaporation as predicted by the NLDFT
model. Therefore, when hysteresis is observed, the
desorption branch of the experimental isotherm is to be
used for calculations of pore size distributions on these
materials. The method of determination of pore size
distributions in cylindrical pores, based on the results of
the NLDFT calculations, appears to be the most accurate
method. The BJH method severely overestimates the
desorption relative pressure. Conventional thermody-
namic methods become progressively inaccurate in the
limit of small pores. The method of Broekhoff and de
Boer,43 where the influence of adsorption forces on the
shape of the liquid-vapor meniscus is taken into account,
gives better results, but on nanoscales deviations are quite
essential.

The thermal dependence of the hysteresis loop has been
confirmed by experimental observations of nitrogen
adsorption on MCM-41 at different temperatures. In this
case, a qualitative correspondence between the theoretical

and experimental isotherms has been found. This can be
explained by the very approximate temperature depen-
dence of the solid-fluid potential used in the model and
the limitations in the use of the Camahan-Starling
equation of state for nitrogen. It is possible to find
parameters for the model, satisfactorily describing ni-
trogen fluid at one particular temperature; however, it is
difficult to obtain the same accuracy at other temperatures.
We emphasize that this limitation arises from the form
of the hard sphere equation of state and from the form of
the attractive potential. Accounting for quadrupolar
interactions of nitrogen molecules32 would improve pre-
dictions of the NLDFT model for the layering and phase
transitions, and also for gas—liquid coexistence densities,
determined now by eq 13 and the Carnahan - Starling
equation of state.

However, overall, NLDFT provides quite an accurate
description of the thermodynamics of nitrogen confined
in nanopores and predicts the thermodynamic limits for
the adsorption-desorption hysteresis loops. The com-
parison of the theoretically predicted thermodynamic
hysteresis loops with experimental data on MCM-41
supports the classical physical scenario of capillary
condensation—desorption in an open cylindrical capillary.
This means that the pores in MCM-41 are open. The
absence of hysteresis in MCM-41 with «40 A pores at
77.4 K cannot be explained by the assumption that 77.4
K is a capillary critical temperature for nitrogen confined
in such pores. The question of why condensation in this
case occurs far below the limit of metastability of the
theoretical adsorption branch is still open.
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