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We present results of a systematic study on the sorption- and phase behavior of nitrogen, argon, and krypton
at 77 and 87 K in different pristine mesoporous MCM-48 silica phases (BJH pore diametgnsn2) and
MCM-48 silica/iron(lll) host compound, which consists of two interwoven, but unconnected three-dimensional
pore systems. Different methods (e.g., BET, BJH, SF) were used to analyze nitrogen (77 K) and argon (87
K) sorption isotherms in order to characterize the MCM-48 silica materials with respect to surface area, pore
volume and pore diameter. In contrast to nitrogen, argon, and krypton sorption isotherms on all MCM-48
silica materials reveal phase transitions accompanied by sorption hysteresis of type H1 (IUPAC classification)
down to temperaturet well below the bulk triple-point temperatuiig, i.e., 87 K Tlr — T ~ 28.5 K) in the

case of krypton and 77 KTg — T ~ 6.5 K) in the case of argon. Details of the sorption hysteresis depend

on temperature and pore size, e.g., with increasing temperature and decreasing pore size a shrinkage of the
hysteresis loops is observed. In contrast to the argon/MCM-48 silica system, argon sorption isotfierms at

— T =~ 6.5 K in controlled-pore glass of BJH pore diameter ca. 16 nm reveal no pore condensation and
hysteresis, indicating that in such wide pores the pore condensation line does not extend down to this
temperature for pressures up to the corresponding bulk sublimation pressure

1. Introduction of the synthesis? For further information and a more compre-

) . hensive description on the variety of different synthetic path-
The discovery of ordered mesoporous molecular sieves ways, we refer at this point to ref 11.

(denoted as M41S famil¥f has expanded the range of uniform
pore sizes from the micropore into the mesopore regime and
attracted great attention in different fields of materials science,
i.e., catalysis;* nanostructured hosiguest compoundsand
sorption materials. Originally, this family has been classified
into three subgroups: a hexagonal (MCM-41), a cubic (MCM-
48, space groupia3d), and a lamellar phase (MCM-50). All
of them will be prepared via an electrostatic templating route
using cationic quaternary ammonium micelleg)Svhich act
as structure directing agents in order to mesostructure anionic
inorganic precursors (). This electrostatic assembly, which is
driven by electrostatic and steric interactions at the organic . .
inorganic interface could be extended to further combinations 'S thq reason why only few groups havg focusled their gfforts
of ion pairs, including charge-reversed-($) and counterion  ©N this particular cubic phase in the beginnifig:" Due to its
nedited (5 1* ard SX'1) oivetcpaimasiniead e Pt ere, e meschos MO8 e v
of charged templates it is also possible to use neutl (8 interesti X101 iz ylically activ
nonionic surfactant molecules Y\ which interact with the species??* e.g., Tiz>30 V,3132 Cr3 Mn,3* Al,%37 Fe®
inorganic building units via weak hydrogen bonds. In contrast, CU*°and Zr#* onto or within the silica walls or as a host to
very strong organieinorganic interactions will be achieved in ~ @ccommodate nanostructured guest compothits.addition
the so-called ligand-assisted liquidrystal templating in which O the interest in new catalysts, several studies have been
covalent bonds are formed between the inorganic precursorPublished within the last 3 years, which were devoted to new
species and the organic surfactants prior to the self-assemblySynthetic pathways in order to optimize the synthésié to
proces$.Recently, it could be shown that appropriate surfactants OPtain single crystat§ or special morphologie¥,;*to inves-
can even act both: as template as well as reactants in the courstigate the formation mechanisth??as well as to analyze the
mechanical stability of MCM-48 type of materidfs.

* Corresponding author. Phonet49 40 42838 3137. Fax=49 40 In addition to the importance of the M41S materials for size-

42838 6348. E-mail: froeba@xray.chemie.uni-hamburg.de. and shape-selective applications, these materials have been also
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In this study we have focused our work on the cubic MCM-
48 phase. The surface-defining MCM-48 is the gyroid or
G-surface, forming a structure with the space grtagu,*2-14
which is frequently observed in watesurfactant systemis:16
The structure contains a three-dimensional network with chan-
nels running along [111] and [100], which provides large surface
areas and a high accessibility of sites within the porous network
structure even if part of the pore entrances cannot be used due
to blockage, which is a great advantage in comparison to the
one-dimensional channel system of MCM-41. In comparison
to MCM-41, the synthesis of MCM-48 is more difficult, which
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regarded as suitable mesoporous model adsorbents for testingssentially two models which contribute to the understanding
theoretical predictions of pore condensation and hysterEses of sorption hysteresi¥.58

state and thermodynamic stability of pure fluids in narrow pores (i) Independent (Single) Pore Model.Sorption hysteresis
depends on one hand on the interplay between the strength ofs considered as an intrinsic property of the phase transition in

fluid—wall and fluid-fluid interactions and the effects of g single, idealized pore, reflecting the existence of metastable
confined pore space on the other. While in micropores (pore gas states.

width < 2 nm) the sorption behavior is dominated almost (i Network Model. Sorption hysteresis is due to network
entirely by the interactions between fluid molecules and the pore gffects, which reflect the shape of the pores, the distribution of
wall, pore-filling phenomena occurring in mesopores (pore pore sizes and their connectivity in the porous medium.
}/lwd(;h_ ﬂ2.—d5(.) ?m) o!;apend brgthhon thelattrdac;tlve flaielall a(ljnd The network model takes into account that in real materials
ul did interactions, which may lead 1o pore condensa- .o pores are connected and form a three-dimensional net-

tion.>%55 q . f der oh .. work 37586468 Specific network models were developed, where
frolz)fggzntoe:ﬁztl;?c?-Iirlfeprs?;'?en:; tarllelzasct-rzrﬂﬁir d%Cii?ritrrlgn;t'téonadsorption and pore cond_ensation can pe fu_IIy descri_bed in terms
. of thermodynamics. Capillary evaporation is essentially under-
pressure Ie_ss than the cor_respond_e nt saturation pressuoé stood as caused by connectivity and pore blocking effects, which
the bulk fluid. In the classical Kelvin equation the occurrence may lead to a percolation process. This would result in a steplike

ff po_[_e copdens?tlor&,ﬂu_ed,fthe Eh:fkt of thet gﬁqw_d phase q desorption branch, i.e., type H2 hysteresis (IUPAC classifica-
ransition of a confined fluid from bulk COEXISIENCeE, 1S Expresse tion) found for instance for the adsorption of fluids in porous

in macroscopic quantities, such as the surface tensiohthe Vycor glassseso

bulk fluid, the densities of the coexistent liquiland gaso9, .

and the contact angk of the liquid meniscus against the pore In contrast to thg ngtvvork m.odel, theorethal apprqaches based

wall. For cylindrical pores, the Kelvin equation is given by on methods of statistical physics (e.g., density functional theory)
' support the picture that hysteresis may occur also in a single

In(o/p.) = —2vco/k TA —t 1 pore caused by the fact that the adsorption branch persists to
(P/po) v K TAX(R, ~ ) @ the limit of metastability before jumping to the liquid brarféi¥°
where Ap = pl — p9, T = experimental temperaturds, = In principle metastability is thermodynamically feasible on either

Boltzmann constan®, the pore radius, ant the thickness of branch, but in practice it occurs only during the adsorption
an adsorbed mulilayer film at the onset of pore condensation, Process as the nucleation of the liquid capillary phase may be
which is formed prior to pore condensati$hThe stability of delayed. Assuming a pore of finite length, vaporization during
this multilayer film, which covers in the case of complete the desorption process can occur via a receding meniscus;
wetting the pore walls, is determined by the attractive fluid- nucleation and therefore metastability do not occur during
wall interactions, the surface tension, and curvature of the Capillary evaporatiofi? Hence, the jump from liquid to gas on
liquid—vapor interface. In the range of small film thickness, desorption occurs more likely at thermodynamic equilibrium.
the attractive fluig-wall interactions dominate and multilayer "€ independent (single) pore model to explain hysteresis is
adsorption occurs. When the adsorbed liquid-like film becomes important for sorption isotherms exhibiting the hysteresis type
thick, however, curvature effects become dominant. At a certain H1, which was found to be characteristic for sorption isotherms
critical film thicknesst. = R, — Ry, whereR, is the pore radius ~ Of fluids in MCM-41 material$> which consists of a one-
andRy is the so-called core radius, pore condensation occurs,dlmensmna}l channel system of cylindrical pores and in m_ater_lals
controlled by intermolecular forces in the core fluid. Hence, Of Well-defined pore shape and narrow pore size distribution
pore condensation occurs not in the entire pore but rather in like controlled-pore glass&%* or ordered xerogel®:
the inner core. In the case of sufficient wide mesopores the state of the pore
Different models attempt to account for the multilayer fluid and the shift of the gasliquid phase transition (pore
(statistical) film thickness by combining the Kelvin equation ~ condensation) from bulk coexistence can be expressed by
with a standard isotherm or a so-calledurve, which usually ~ classical approaches like the Kelvin equation in terms of
refers to adsorption measurements on a nonporous solid. In themacroscopic quantities. However, these macroscopic concepts

spirit of the FrenketHalsey-Hill theory the film thickness do not account for the peculiarities of the critical region and
on flat substrates is expected to vary wiiha$* In(p/pg) = cannot be applied to describe the state of the pore fluid in small
—at™™, wherea is the fluid-wall interaction parameter. Inthe ~ mesopores anymore. Recently developed, microscopic theories
case of nonretarded van der Waals flaislall interactionsm based on recent advances in statistical mechanics as for instance

has the theoretical value 3. However, experimental values for the density functional theory (DFT};* lattice model calcula-
m are often significantly smaller than the theoretical value, even tion’? and various computer simulation studie®:"“provide a
for strongly attractive adsorbents such as graphite, rie= detailed description of the structure of fluids confined to narrow
2 .52 75455 pores on a molecular level and have thus led to an improved
Pore condensation is often accompanied by hysteresis, i.e. understanding of the sorption and phase behavior of fluids in
capillary evaporation occurs at a lower relative pressure as Mmicro- and mesopores.
capillary condensation. The details of sorption hysteresis depend These microscopic models suggest, that a fluid in a pore can
on the thermodynamic state of the pore fluid and on the texture exist with two possible density profiles corresponding to
of the adsorbent, i.e., the presence of a pore network. It is nowinhomogeneous gas and liquid configurations in the pore. In
widely accepted that there is a correlation between the shapethis sense pore condensation is considered as a first order phase
of the hysteresis loop and the pore size distribution, geometry transition between an inhomogeneous gas configuration, which
and texture of the mesoporous adsorbent, although the detailecdtonsists of vapor in the core region of the pore in equilibrium
effects of these various factors on hysteresis are still not fully with a liquid like adsorbed film, and a liquid configuration,
understood. An empirical classification of hysteresis loops is where the pore is completely filled with liquid. At the critical
given by the IUPACS However, the mechanism and origin of  point of the confined fluid these two hitherto distinct fluid
sorption hysteresis is still a matter of discussion. There are configurations, but with the same grand potential become
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indistinguishabl€! However, the locus of the critical point of 211 d,, [om] afnm]
the pore fluid is not identical with the bulk critical point. The C 375 919
critical temperature of the confined fluid is shifted to lower B 346 848

A 330 88

temperatures, i.e., in contrast to the predictions of the Kelvin
equation pore condensation and sorption hysteresis are not
expected to persist up to the critical temperaflyef the bulk

fluid, but will vanish already at temperatures beldw The

shift of the pore critical temperature is correlated with the pore
width, i.e., the more narrow the pore, the larger is the shift of
the pore critical temperature to lower temperatdfe’s.”

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 be also shifted to lower A
temperature relative to the bulk triple poffit,” if the wall fluid > 4 6 & 10
attraction is not too strong, i.e., the pore walls do not prefer the 29
solid phasé? In fact, recent theoretical and experimental studies rigyre 1. XRD patterns of three highly ordered pristine MCM-48 silica
led to the conclusion that the complete coexistence curve of phasesA, B, andC, which can be indexed in the space grdafd.
the confined fluid is shifted to lower temperature and higher
mean densit§?-# Hence, the shape of the observed sorption white precipitate was filtered and washed several times with
isotherms depends not only on the pore width, pore shape andyarm deionized water. Drying gave a white powder which was
texture of the porous material (as is reflected in the appropriate calcined at 823 K in flowing air fio6 h giving the products\,
IUPAC classification of sorption isotherms and hysteresis loops), B, C, andD.
but also on the thermodynamic state of the confined fluid. 2.2 Synthesis of MCM-48 Silica/lron(lll) Oxide Host—
Within this context one eXpeCtS pore condensation and hysteresi%uest Compounds_The impregnation procedure was carried
to disappear already at temperatures, which are still below the gyt by stirring producB in a 1.6 M aqueous solution of iron(lil)
bulk critical temperature, but may be observed even at temper-nitrate for 10 min. The dispersion was separated by centrifuga-
atures below the bulk triple point. This has to be taken into tion. The residue was dried in vacuum and calcined at 673 K
account for the characterization of porous media by the analysisin a N, flow for 6 h toyield the producB—Fe;03.42
of appropriate sorption isotherms (e.g., nitrogen, argon and 2 3 Sorption and Powder X-ray Diffraction Experiments.
krypton sorption at 77 and 87 K). So far most systematic Njtrogen (purity 99.999 vol %), argon (purity 99.999 vol %)
sorption studies on model adsorbents such as the M41S materialgq krypton (purity 99.996 vol %) supplied by Messer Griesheim
have concentrated on MCM-4%-92The occurrence of sorption  gmpH were used as adsorptives. In this work the sorption
hysteresis of Type H1 (IUPAC Classification) in MCM-41  jsotherms of nitrogen, argon, and krypton at 77 K (i.e., 77.35
silicates and aluminosilicates, which consist of a one-dimen- K) and 87 K (i.e., 87.27 K) in different MCM-48 silica materials
sional channel system indicates that sorption hysteresis can be&yjth BJH pore diameters-23 nm were determined in a pres-
considered here in fact as an intrinsic property of the pore fluid g e range fronp/py = 0.005 to 1 using a static volumetric
and thus supporting the single pore model of sorption hysteresis.technique (QUANTACHROME AUTOSORB). To investigate

To assess the influence of a well-defined three-dimensional the existence of micropores in the material, argon sorption
pore network structure on pore condensation and hysteresis wesotherms at 87 K in the rang#p, = 1 x 1075 up to 1 were
performed systematic sorption studies on pure fluids in MCM- measured. The analysis station of the volumetric apparatus was
48 silicas. We present the first systematic study on the pore equipped, in addition to the pressure transducers in the dosing
size- and temperature dependence of the sorption- and phasgolume of the apparatus, with high-precision pressure transduc-
behavior of nitrogen, argon and krypton in the well defined, ers (MKS Baratron) dedicated to read the pressure just in the
three-dimensional pore network of pristine mesoporous MCM- sample cell from which adsorbed gas volumes are computed.
48 silica and MCM-48 silica/iron(lll) oxide hostguest com-  Hence, the sample cell was isolated during equilibration, which
pounds In addition, we compare the sorption and pore ensured a very small effective void volume and therefore a
condensation behavior of argon in the small pores of MCM-48 highly accurate determination of the adsorbed amount. The
silica (BJH pore diameter ca. 3 nm) and in the much wider pores saturation pressur@, was measured throughout the entire
of a controlled pore glass sample (mean pore diameter ca. 16analysis by means of a dedicated saturation pressure transducer
nm) at temperatures above and below the bulk triple-point which allowed the vapor pressure to be monitored for each data

C

intensity

temperature. point recorded. Before each sorption measurement the sample
was outgassed at 393.15 K for 12 h under turbomolecular pump
2. Experimental Section vacuum.

Powder X-ray diffraction patterns were recorded on a Bruker
AXS D8 advance diffractometer (Cud in 6/6 geometry with
a secondary monochromator.

2.1. Synthesis of Pristine Mesoporous MCM-48 Silicalhe
MCM-48 silicas were synthesized by stirring 1.0 moles of TEOS
and 0.5 moles of KOH in 62 moles of-® for 10 min. After
adding the cationic quaternary ammonium bromide surfactant
(A: 0.7 moles of tetradecylammonium bromide 1{CAB;
Fluka); B, D: 0.65 moles of hexadecylammonium bromide 3.1. Results of Systematic Sorption Studies on Nitrogen,
(C16TAB; Merck); C: 0.62 moles of octadecylammonium Argon, and Krypton at 77 and 87 K in Different Pristine
bromide (GsTAB; Fluka)) and 10 min of vigorous stirring the ~ MCM-48 Silica Materials. 3.1.1. Characterization of Pristine
white and creamy solution was filled into a Teflon-lined steel MCM-48 Materials.Figure 1 shows the XRD patterns of the
autoclave and statically heated at 388 K for 48 h. The resultant three highly ordered pristine MCM-48 silica phagesB, and

3. Results and Discussion
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Figure 2. N; sorption isotherms (77 K) for pristine MCM-48 silica
phasesA, B, andC.
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Figure 3. BJH pore size distributiondDy(log d) =dV/d(log D)) for
pristine MCM-48 silica phased, B, and C obtained from (a) K
sorption isotherms (77 K, Figure 2) and (b) Ar sorption isotherms
(87 K, Figure 4).

C, which can be indexed in the space gréaBd. As a function
of the increasing carbon chain length within the serie8 0B,
andC, the reflections are shifted to loweé alues and higher
d spacing, respectively.

In Figures 2 and 4 nitrogen and argon sorption isotherms
measured at 77 and 87 K for different pristine MCM-48
materials are shown. TheyNsotherms at 77 K as well as the
sorption isotherms of Ar at 87 K reveal for MCM-48 phages
andB reversible pores condensation at relative presspfigs
< 0.4 with no sorption hysteresis. With increasing pores size
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Figure 4. Argon sorption isotherms (87 K) for pristine MCM-48 silica
phasesA, B, andC.

Pore condensation accompanied by hysteresis could be
observed for argon sorption at 87 K in samflen a relative
pressure rang@/pp 0.365-0.413. (In addition in the same
isotherm a very small hysteresis loop at relative presskres
0.4 could be detected, which may be caused by larger meso-
and macropores combined with pore blocking, i.e., networking
effects). The MCM-48 silica phases exhibit no microporosity
as revealed by measurements in the low-pressure region and
by appropriatd-plots.

Different methods were used to analyze the nitrogen isotherms
on the pristine MCM-48 materials with respect to surface and
pore size characteristics. In Table 1 appropriate results for the
pristine MCM-48 materials and the MCM-48 silica/iron(lll)
oxide host compoun®—Fe,O3 are summarized. In the fol-
lowing section we discuss only results for the pristine MCM-
48 materials; the pore size characteristics eff&,03; will be
discussed in section 3.2.2. The results given in Table 1 indicate
that specific surface areas decrease, but the pore widths and
pore volumes increase from MCM-48 silicAs-C. The BET
surface areas were determined from nitrogen isotherms at 77 K
in a range of relative pressurpf prior to the occurrence of
pore condensation for each sampfg 0.07-0.15; B, 0.07—

0.15; C, 0.07-0.25) by taking the cross-sectional area of a
nitrogen molecule as 0.162 AntHowever, as already indicated
for small pore MCM-41 materid® the BET method is inac-
curate for estimating the surface area for MCM-48 materials
because pore condensation also occurs within the relative
pressure range 0.69.3, where the BET theory is usually
considered to be valid. Thus, pore filling is observed at pressures
very close to the pressure range where monotaymrltilayer
formation on the pore walls occurs.

Most classical methods used for the analysis of mesopore
size distributions (PSD) from sorption isotherms, like the most
prominent method of Barett, Joyner, and Halenda (B33,
are based on macroscopic thermodynamic models such as the
modified Kelvin equation (see eq 1). We applied the BJH
method to derive from nitrogen (77 K) and argon (87 K)
isotherms the pore size distributions of the MCM-48 phases.
In both cases the BJH pore size distributions were calculated
from the desorption branches of the sorption isotherms by
estimating the (statistical) thicknegsof the adsorbed film at
the pore walld; = R, — Ry, whereR, is the pore radius ane
is the Kelvin or core radius by employing the Frenkel-Halsey-
Hill approach. The BJH pore diameter (maximum of pore size

the occurrence of pore condensation is shifted to higher relative distribution curves) calculated from nitrogen and argon adsorp-
pressures as expected from classical theories of pore condensdion isotherms are in good agreement with each other as shown

tion.

in Figure 3. The obtained narrow pore size distributions and
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TABLE 1: Characterization of the Pristine MCM-48 Silica Phases and MCM-48 Silica Iron(lll) Oxide Host/Guest Compound
B—Fe,O3; with Respect to Specific Surface Area, Pore Size, and Pore Volume Using Various Methéds

sBET.Nz- Vp,sz dp.Nz(B~J H), Dh,Nz- dp.Ar(BJ H): dp,Ar(SF)v Vp,Ar(SF)v

adsorbent [m?/g] [107¢ m¥/g] [nm] [nm] [nm] [nm] [1078 m3/g]

A 1261 0.70 p/po = 0.32) 2.05 2.21 2.02 2.42 0.68
0.77 (/po = 0.95)

B 1202 0.81 p/po = 0.40) 2.52 2.68 2.39 2.86 0.72
0.91 @/po = 0.95)

C 1078 0.82 p/po = 0.40) 2.81 3.04 2.65 3.31 0.78
0.95 (/po = 0.95)

B—Fe03 695 0.40 p/po = 0.40) 2.23 2.31 2.16 2.61 0.38

0.45 @/p, = 0.95)

aSger: BET-specific surface ared,(BJH): BJH-mode pore diametdd, = 4V,/Sser: average pore diameter. In addition, argon sorption isotherms
at 87 K for both materials were analyzed with respect to pore si£8FK)) and pore volumeV,(SF)) by applying the SaiteFoley method.

the powder X-ray diffraction patterns (see Figure 1) indicate in the primary mesopores of MCM-48. In addition the SF pore
both that the MCM-48 materials investigated in this work are diameters are still in the same range as the BJH and average
highly ordered. pore diameters.

Pore volumes were calculated from the measured adsorbed However, it should be noted, that classical methods such as
gas volume by assuming the density of the capillary fluid to be BJH, which are based on macroscopic, thermodynamic assump-
equal to the density of liquid bulk nitrogen at the same tions provide not a reliable basis for the calculation of pore
temperature (Gurvich meth#f. Using the values of the pore  widths H below 78 nm in the case of porous carbon
volumes determined in this way (afpo ~ 0.4) allows the materials®® and for pore diameters ca. 3.5 nm in the case of
determination of the average pore diameter for the primary oxide materialg* These classical approaches are macroscopic
mesopore system of MCM-48 according Dy = 4Vy/2SgeT. in a sense that they do not start from a well-defined molecular
As indicated in Table 1 the obtained values [y are slightly model, so that a connection between molecular behavior and
higher than the BJH pore diameters. The average pore diametemacroscopic properties (like the surface tension or densities of
Dn is defined for a mesopore structure, which consists of a set coexisting phases) is not defined. In narrow pores attractive
of open-ended nonintersecting cylinders and is based on thefluid—wall interactions become dominant, so that the concept
assumption that the specific surface area is confined to theof a smooth liquid-vapor interface and bulk-like core fluid
cylindrical pore walls. This condition should be fulfilled in the  cannot realistically be applied. In contrast, DFT and molecular
case of the one-dimensional channel system of the MCM-41 simulation (Monte Carlo and Molecular Dynamics) provide
phase. However, although MCM-48 comprises of two three- more accurate methods on the basis of an accurate molecular
dimensional pore systems, tli& pore diameters are still in  theory. Hence, pore sizes obtained by application of the BJH

reasonable good agreement with the BJH values. method should be regarded as apparent rather than real pore
In addition, the SaiteFoley (SF) method?° which is an sizes, although a number of studies revealed that pore sizes
extension of the original HorvatfKawazoe (HK) methotf for calculated with the BJH approach are still probably in the right

slit-pore geometry (i.e., nitrogen/carbon system), was applied range®® Compared with new methods that rely on microscopic
to the argon data at 87 K. The SaitBoley method is based on  descriptions such as the density functional theory (DFT) and
a fundamental statistical analysis of a fluid (argon) confined to Monte Carlo computer simulation (MC), the macroscopic
a microporous cylindrical-pore (zeolite) including details of the thermodynamic methods underestimate the calculated pore
fluid—wall interaction. The HK and SF methods are widely used, diameter by ca. 1 nrff:%0.%8However, it should be noted that a
and provide, because they take into account details of the-solid new method, combining the Kelvin equation with an improved
fluid attractive forces in narrow pores, a better measure for model of the statistical adsorbed film thickness, has very recently
micropore filling pressures than the macroscopic, classical been propose® The pore filling pressures obtained with this
methods of micropore analysis. It is assumed that the filling of method are in good agreement with DFT results, except for
micropores takes place at a characteristic relative pressure, whicharrow micropores.

is directly related to the fluigtsolid interaction energy and the 3.1.2. Pore Condensation and Hysteresis Bétwaof Nitro-
effective pore radius. Thus, micropores can either be full or gen, Argon, and Krypton in Pristine MCM-48 Silica Materials.
empty according to whether the pressure of the adsorptive is As already described in section 3.1.1, nitrogen isotherms at 77
higher or less than the value characteristic for a particular K (T/T. = 0.61, wherél. = 126.20K is the critical temperature
diameter, which is similar to the pore filling mechanism of pore  of the bulk fluid; T/T, = 1.22, whereT, = 63.15K is the triple-
condensation in the mesopore range. Hence, some workerspoint temperature of the bulk fluid) show for all sorption
applied the SF method also for pore size determination in narrow jsotherms pore condensation without hysteresis (Figure 2). The
cylindrical mesopores of MCM-41 materi8d$” and good argon isotherms at 87 KT(T. = 0.58, T, = 150.66 K;T/T, =
agreement between pore diameters determined by the SF method .04; Figure 4) reveal also reversible pore condensatiov for

and Kelvin equation based methods were repottethis is  and B, but in the case o a small hysteresis loop can be
remarkable because as described above the SF method igletected. With increasing pore size the occurrence of pore
originally dedicated to microporous materials. condensation is shifted to higher relative pressures as expected

Within this context we applied the SF method also to our from classical theories of pore condensation. In contrast to the
argon sorption isotherms of MCM-48 silica. As shown in Table nitrogen isotherms at 77 K and argon sorption isotherms at 87
1 the SF values obtained for pore volumes are in good agreemenK the argon isotherms at 77 KT, = 0.51;T/T, = 0.92;Tg —
with the (Gurvich) pore volumes obtained from the nitrogen T = 6.8 K, whereTr = 83.81K is the triple-point temperature
isotherms at cap/po = 0.4, which corresponds to the plateau of the bulk fluid) reveal for all MCM-48 silicas studied here
of the sorption isotherm after pore condensation has occurredpore condensation accompanied by hysteresis (Figuré 5)
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Figure 5. Argon sorption isotherms (77 K) for pristine MCM-48 silica ~ Figure 6. Comparison of argon sorption isotherms (87 and 77 K) for
phasesA, B, andC. MCM-48 silica phaseC. Here, the saturation pressure of undercooled
liquid argon is chosen gs for the correspondent sorption isotherm at
77 K.

qualitatively similar pore condensation and hysteresis behavior
of argon sorption at 77 and 87 K was recently also observed
for MCM-41 silica phase& As shown in Figure 5, the widths

of the hysteresis loops of the sorption isotherms decrease with
decreasing pore width, indicating that the fluid confined to the
pores in phasé& may be closer to pore criticality as the fluid
confined in the pores a at 77 K (T, — T = 73.3 K). According

to theoretical predictios§7! it is expected that, at constant

temperature, pore criticality can be approached by reducing the ,,qercooled liquid fo,iquia = 229.1 Torr}% was chosen ago

pore diameter. _ _ in the case of the 77 K sorption isotherm, also because it can
In all cases the steep portions (pore condensation steps) ofpe assumed that the capillary phase at this temperature is still
the argon isotherms are much sharper than the correspondingiquid_gl,go However, in general the choice of the supercooled
nitrogen isotherms and the adsorbed amount after the pores argiquid po as a reference state is not straightforward because
filled is higher because of the smaller size of the argon molecule T < Tr. As also discussed in context with the results shown in
and the higher density of liquid argop' (= 1.396 g cm? at Figure 7, there are arguments to choose the saturation pressure
87.29 K) compared to liquid nitrogenp'(= 0.870 g cm?® at of the solid instea8*55 The disappearance of hysteresis
77.35 K). However, we note that also the argon pore condensa-for argon sorption isotherms at 87 K in the pore diameter
tion steps are smeared out over a finite pressure range for tWo(d,,Nx(BJH)) range from 2.81 nm (sampl€) to 2.52 nm
reasons: (i) the nonvanishing width of the pore size distribution (sampleB) is again in agreement with the expectation that for
of the present material (cf. Figure 4); (ii) intrinsic feature of 5 gjven temperature pore criticality is approached with decreas-
phase transitions in systems of small size.e., in small  ing pore diametef! The difference in the occurrence of
cylindrical pores a rounding of the first-order phase transition hysteresis for nitrogen and argon at 77 K can be explained
caused by finite size effects is to be expected. as a consequence of the lower reduced temperature of argon
The reversible pore condensationpity < 0.4 observed for (T/T. = 0.51) compared to nitrogeMT, = 0.61).
nitrogen sorption at 77 K in the MCM-48 silicas used in this ~ To compare the sorption behavior of fluids in the small
study was also observed in MCM-41 silica materials of pore mesopores of MCM-48 silica with the pore condensation and
diameters 24 nm?&3-92 These observations are in accordance hysteresis behavior in much larger silica pores, we have also
with the expectation that the lower closure point for nitrogen studied the argon sorption behavior at 87 and 77 K in controlled-
sorption hysteresis at 77 K is aroupfp = 0.42, which was pore glass (supplied by BAM, Germang nABJH) = 16 nm,
originally considered as the limit of thermodynamic stability Sger = 120 n#/g, V, = 0.63 x 10® m?/g), which consists of
of the liquid nitrogen meniscus. Recent theoretical stdffies  an interconnected pore system with narrow pore size distribution.
and computer simulatio#¥ indicate that pore wall roughness  In Figure 7 the pore condensation and hysteresis behavior of
and details of the fluid-wall interaction may also be significant argon at 87 and 77 K in a well-defined MCM-48 phase (sample
for the disappearance of nitrogen sorption hysteresis in M41S D, d, nyBJH) = 2.67 nm,Sger = 1060 n¥/g, V, = 0.88 x
materials. 107 m3¥(g) is compared with the behavior in the controlled-
In a comprehensive discussion on the lack of hysteresis in pore glass. Figure 7a (Ar, 87 K) shows pore condensation and
N, isotherms at 77 K in MCM-4%? it was assumed that the  hysteresis for the argon sorption isotherm in CPG, and reversible
absence of experimental hysteresis of samples with mean porgpore condensation for argon in MCM-48. The adsorbed amount
size ca. 4 nm cannot be explained by the capillary critical of fluid in MCM-48 is much higher in comparison to controlled
temperature for a given pore size being achieved. Pore pore glass, which is due to the much higher specific surface
condensation without hysteresis was also observed f@r SF area and pore volume of MCM-48. This sorption behavior
confined to controlled pore gladsand in novel ceramic silica  underlines the unique texture of MCM-48 and its potential for
materials of mean pore sizes3.5 nni%in a temperature range  several practical applications in comparison with other well-
from the triple point up to the pore critical temperature. defined mesoporous materials.
Accordingly, one would expect that sorption hysteresis disap- In contrast to the argon sorption behavior at 87 K, Figure 7b
pears already in a certain temperature range below the poreshows that at 77 K pore condensation and hysteresis occurs only

critical temperature. The observed disappearance of sorption
hysteresis in the temperature range from 77 to 87 K for argon
sorption in the MCM-48 silicag\ andB is consistent with this
picture as well as the decrease of the width of hysteresis loop
for MCM-silica C as shown in Figure 6. For the comparison of
the temperature dependence of the hysteresis and pore conden-
sation behavior of sampl€ the saturation pressure of the
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4 a first-order phase transition is not possible anymore. To explain

TS0 s the observed pore size dependence of the sorption hysteresis
<& 400 D (MCM-8) —v— one could argue similar as in the case of the argon isotherms at
_% i 77 K, that the pore fluid oA (dp,n2(BJH) = 2.05 nm) is much
g 300 ‘/ des closer to pore criticality as the confined fluid @ (dy,n2(BJH)

3 Jﬁ"”f — = 2.81 nm). However, the nature of the observed phase
g W0r ~ transitions ca. 122 K below the bulk critical temperature and
100 y)’ CPG 28.5 K below the bulk triple point is not clear. In fact, in a

.o soe seaeod recent paper the observation of a solidification of the krypton
%o 0‘2 e 06 08 o capillary phase at 77 Rin the pores of MCM-41 (mean pore
relative pressure p/p, diameter ca. 4 nm) was reported by employing microcalorimetric

techniques, neutron diffraction and sorption measurements. In

Figure 7. Temperature dependence of sorption hysteresis for argon gqdition, a systematic study of adsorption hysteresis of different
sorption in MCM-48 silica materigD [dyn2(BJH) = 2.67 nm] and for

comparison in controlled-pore glasd f(BJH) = 15.7 nm]. (a) 87 K, gases (C(_Q Xe, Np) in porous Vycor glass (mean pore dlameter
(b) 77 K, po represents the saturation pressure of solid argon at 77. ca. 6 nm) in a temperature range from well below the bulk triple-
point temperature up to the critical temperature revealed the
g disappearance of sorption hysteresis on approaching the bulk
critical temperature and in a temperature range below the bulk
triple point, indicating a critical point shift to lower temperature
and a closure of the (hysteresis) phase diagram of the pore fluid
below the triple-point temperature of the bulk fluit§.Also with
respect to these observations the sorption behavior of krypton
in the MCM-48 silicas will be investigated in more detail in a
further study3
To discuss the described different sorption and phase behavior
T, =042 of krypton and argon in MCM-48 silica and controlled-pore
T/T,=0.75 glass at temperatures below the bulk triple-point temperature
1075 02 o 06 0 1o in more detail, we employ a schematjeT) diagram (Figure
relative pressure p/p, 9) of a fluid confinegl to pores _of different widthslH?nd H
Figure 8. Krypton sorption (87 K) for pristine MCM-48 silica materials l(.Hl - Ijrzg.togeﬁher V,:{Ith ';]hep g.d'agram %fthedbulk ﬂu'ﬂt(bolg ined
A andC. The chosemo value is the saturation pressure of solid krypton _|nes). IS Schemalic phase diagram IS based on results obtaine
at 87 K. in theory, computer simulations and experiments in recent
years!17782 The pore condensation line of a pore fluid, which
in MCM-48, but not in CPG. The observed very different defines the locus of states of the unsaturated vapor at which
sorption and pore condensation behavior for the systems argonfpore condensation will occur in pores of given size and shape,
MCM-48 and argon/CPG at 87 and 77 K reflects that for a given terminates in a pore critical point (R€and PG,), which is
temperature the thermodynamic state of the confined fluid is shifted to lower temperature and pressure with respect to the
different in the narrow pores of MCM-48 compared to the much bulk fluid. Moreover, the pore condensation lines are expected
larger pores of CPG. to extend down to an appropriate pore triple pointgRTand
Phase transitions of the pore fluid were also observed for PTg 1), which may also be shifted to lower temperature. In
krypton in MCM-48 silica materials at 87 KI(T, = 0.42, T, such a case the shift of the pore triple-point temperature
= 209.4 K) which is 28.5 K below the bulk triple-point compared to the bulk value is expected to increase with
temperatureTg = 115.8 K). The sorption isotherm at 87 K for  decreasing pore width-7® Unfortunately, compared with the
A andC presented in Figure 8, exhibit both a hysteresis loop relatively large number of publications in recent years dealing
of type H1, which is much broader in width f@ as compared  with pore criticality, not much work is published so far
to A, i.e., as in the case of the argon isotherms at 77 K the concerning the details of the phase diagram of a pore fluid below

500 |

volume [10'6m3/g]
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the bulk triple point. As a consequence the loqusT) of the
pore triple point in a general phase diagram is not very well-
known. Because of this situation the pore condensation and
freezing lines for the pore fluid in the low-temperature region o
are shown as dashed lines indicating the speculative status of
the low-temperature region in the schematic phase diagram.

However, a similar phase diagram as shown in Figure 9 was

indeed derived for C®confined to porous Vycor glass from S
. . . . . : 20 +
positron and positronium annihilation experimefftén these
experiments it was found that the pore condensation line 0 "

terminates in aquas) pore triple point, which is reduced both 10 20 30 40

in temperature and pressure from that of the bulk. Similar results 28071

were obtained from a Monte Carlo simulation of a Lennard Figure 10. XRD pattern of the mesoporous heguest compound
Jones fluid confined to a slit pofélunder consideration of these ~ B~F&Os. The inset shows an enlargement of the low-angle region.
results the very different argon sorption behavior observed for
MCM-48 silicas and controlled-pore glass at 87 and 77 K
described above may be discussed in the following way: At
87 K (Figure 7a) pore condensation occurs for argon in CPG
and MCM-48 silica, which indicates that in both cases the pore
condensation line (see Figure 9) is crossed below the pore
critical temperature. Hysteresis is observed for the Ar/CPG
system but not in the narrow pores of MCM-48 silica, in
accordance with theoretical expectatidhghat at a given
temperature hysteresis should eventually disappear with decreas
ing pore size. The lack of pore condensation and hysteresis for
argon at 77 K (Figure 7b) in CPG indicates however that there
is no extension of the pore condensation line down to this
temperature (which is ca. 6.5 K below the triple-point temper-
ature of the bulk fluid) at pressures lower than the corresponding
sublimation pressure of the bulk fluid. Only adsorption exists
in the pores without any phase transition until solidification of

the bulk fluid occurs (in the case of Ar sorption at 77 K the  jyestigations and the existence of small, slightly disordered
saturation pressure of Ar solidified in a specptcell was iron(l1) oxide nanoparticles was proved by X-ray absorption

measured simultaneously during the sorption experingsdiia spectroscopic measuremeftg he respective XRD pattern of
~ 195 Torr). However, the sorption isotherms of Ar in MCM- sampleB—Fe,03 is shown in Figure 10. The 211 and 220

48 still reveal pore condensation and sorption hysteresis at 77gfiections of the mesoporous silica host-structure are clearly

K, indicating that here in contrast to the Ar/CPG system the ,pseryable. Nevertheless, the overall intensities are reduced in
pore condensation line extends at least down to this temperaturecomparison to the pristine material. This a common effect

This implies that the (quasi) triple point of the confined argon pecause the introduction of scattering material into the pores

60 | 40

intensity [cps]

confined argon. Further work is necessary to come to a more
comprehensive understanding of the observed phenotfi&na.
3.2. Results of Systematic Sorption Studies on Nitrogen,
Argon, and Krypton at 77 and 87 K in MCM-48 Silica/
Iron(lll) Oxide Host Compound. 3.2.1. Characterization of
MCM-48 Silica/lron(lll) Oxide HostGuest CompoundBe-
cause of their specific pore structure the cubic MCM-48 phase
is considered as a matrix to accommodate certain guest
compounds. We have focused our work especially on the cubic
MCM-48 phase because the channels within the three-
dimensional pore structure of MCM-48 contain intersections
which allow a higher accessibility to catalytic sites. As already
described in the Experimental Section, the introduction of iron
oxide into mesoporous MCM-48 phagewas performed by
wet impregnation technique. A decoration/coating of the inner
surface of the silica walls was indicated by HRTEM, EDX

in MCM-48 silica of pore diameterdg,N>(BJH) = ca. 3nm)is  |eads to an increased phase cancellation between scattering from
shifted more than ca. 6.5 K to lower temperature compared {0 the wall and the pore regions and therefore to reduced scattering
bulk argon. intensities of the Bragg reflectiort3.The possible formation

It is often argueef>® that the saturation pressure of super- of a crystalline bulk phase of iron(lll) oxide can be excluded
cooled liquid argon should be employed instead of the saturationbecause no XRD pattern of the corresponding can be detected.
pressure of solid argon at 77 K (as used in this study). In this  An additional indication for a decoration/coating of the inner
case one may conclude that it is not possible to measure asurfaces by iron(lll) oxide should be the observation of a
complete argon isotherm at 77 K as bulk solidification occurs decrease of the pore diameter. Whereas the sorption properties
before the saturation pressure for liquid argon is achieved, whichof the pristine MCM-48 phasd were already described
would lead to a truncated isotherm without capillary condensa- extensively in section 3.1, we report here nitrogen, argon, and
tion and hysteresis for argon in CPG at this temperature. krypton sorption data obtained for the impregnated phase.
However, this would mean that for 77 Kg — T ~ 6.5 K) the Different methods were used to analyze nitrogen (77 K) and
pore condensation pressure would be higher than the corre-argon sorption (87 K) isotherms to obtain surface and pore size
sponding sublimation pressure of the bulk fluid, indicating that characteristics foB andB—Fe,Os. The correspondent results
for the system Ar/CPG the pore condensation line would cross are shown in Table 1. The in-situ formation of iron(l11) oxide
the bulk sublimation line somewhere below the bulk triple-point  within the pores of the pristine MCM-48 silica phase results in
temperature but above 77 K. However this is not to be expecteda decrease of specific surface area, pore volume, and pore
from a theoretical point of view: For instance, in a recent free- diameter. A direct comparison of BJH pore size distribution
energy study Dominguez et & calculated the complete phase curves obtained from nitrogen isotherms (77 K) and argon
diagram for weakly attractive and repulsive walls; their results sorption isotherms (87 K) foB and B—Fe,O3 is shown in
did not show any indication for such a crossing of the bulk Figure 11a,b (the appropriate sorption isotherms are shown in
sublimation line by the pore condensation line. Hence, one may Figures 2, 4 and 12, 13b, respectively). Argon and nitrogen BJH
conclude that pore condensation of argon in the pores of CPGcurves reveal both a decrease in the BJH mode diameter of phase
does not occur at 77 K, because this temperature seems to b&8—Fe,O3, whereas the width of the pore size distribution is
already below the (quasi) pore triple-point temperature of the similar in both cases. Although the absolute values obtained
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for the BJH and SF (Ar, 87 K) pore diameters are slightly 250
different, in all cases the pore diameter of the impregnated
MCM-48 silica phase was lowered of about 623 nm e
compared to the pristine MCM-48 phase. A similar shift of the ME
pore diameter was obtained by calculating the average pore % 150 L
diameter according tB, = 4V/Sget, by assuming cylindrical %
pores. In conclusion, these results still reveal mesoporosity for E
the MCM-48 silica/iron(lll) oxide system, accompanied by a S Ar/ des
reduction of the pore width, which is together with results from 5 r/87K —o—B-Fe,0;—=—

HRTEM, EDX, and XAF$2 a good indication for a coating of N,/87K —o—B-Fe,0;——

the inner surface of the silica walls.

3.2.2. Pore Condensation and Hysteresis Bébraof Nitro-
gen, Argon, and Krypton in MCM-48 Silica/lron(Ill) Oxide
Host—Guest Compoundsorption isotherms of nitrogen, argon

1 1 1
0.2 0.3
relative pressure p/p,

0.4

Figure 13. (a) Nitrogen sorption in MCM-48 silica/iron(lll) oxide

and krypton for MCM-48 silica/iron(lll) oxide hostguest
compoundB—Fe;,O3 are shown in Figures 1214. The nitrogen
sorption isotherms at 77 and 87 K @+Fe,O3; depicted in

host-guest compound BFe,0; at 77 and 87 K (Enlargement of the

sorption isotherm up to relative pressure of ca. 0.4). (b) Comparison

of nitrogen and argon sorption behavior (87 K) in MCM-48 silica/
ni’ron(III) oxide host-guest compound BFeO; (Enlargement of the

Figures 12 and 13 reveal a small step due to pore condensatio e . ;
but no hysteresis. The temperature dependence of the pore fiIIingSorptlon isotherm up to relative pressure region of ca. 0.4.)
step of nitrogen isotherms is shown in Figure 13a. At higher
temperature (87 K) the relative pressure for pore filling is shifted the solid) in order to compare with the nitrogen isotherm at 77
to higher value and the adsorbed amount is smaller as compare&. Figure 12 shows that the adsorbed amount for nitrogen is
to 77 K. This behavior is expected from classical theories of higher at lower pressures, but then the sorption isotherms cross
pore condensation and from the fact that the density of the at a relative pressurp/po ca. 0.15 due to the onset of pore
capillary liquid decreases slightly with increasing temperature. condensation for thAr/B —Fe,O3 system. The pore-filling step

A comparison between the sorption and pore condensationfor No/B—Fe,O3 occurs at a slightly higher relative pressure.
behavior of argon and nitrogen B—Fe,Oz at 77 K is made in The argon isotherm reveals a much more pronounced pore
Figure 12. For the argon isotherm at 77 K the saturation pressurecondensation step and the adsorbed amount corresponding to
of the undercooled liquid was taken as reference (instead ofthe plateau of the sorption isotherm is higher as for the nitrogen



Sorption and Pore Condensation Behavior J. Phys. Chem. B, Vol. 104, No. 33, 2000941

300 - Kr/8 K . impregnation of a pristine MCM-48 silica phase with iron(lll)
o oxide has led indeed to a coating of the inner pore walls. In
250 F 5 addition, the observed sorption and pore condensation behavior
] ,,_.,_.o-e-oo—o—oo—‘——_°"'°p of nitrogen, argon and krypton in MCM-48 silica/iron(lll) oxide

was found to be qualitatively similar as for pristine MCM-48
silica materials, which indicates that the mesoporous host
structure is still intact.
The current work shows that also for MCM-48 silica phases
ads des the occurrence of sorption hysteresis depends on temperature
—o— B-Fe,0,—— and pore size, i.e., the thermodynamic states of pore fluid and
bulk fluid. Nitrogen sorption isotherms at 77 K on all materials
did not reveal any sorption hysteresis, whereas in the case of
: . ' : B e— : argon sorption at BK a small hysteresis loop could be detected
02 0,4 06 08 1,0 .
| for a pore diameted,,N2(BJH): of ca. 2.8 nm (sampl€), but
relative pressure p/p, not for pores smaller than 2.52 nm. For argon adsorption at 77
Figure 14. Krypton sorption (87 K) in MCM-48 silica/iron(l11) oxide K (Tr — T =~ 6.5 K), pore condensation and hysteresis could
host-guest compoun8—Fe;Os. The chosem value is the saturation  pe resolved for all MCM-48 materials studied here. The widths
pressure of solid krypton at 87 K. of hysteresis loops decrease with decreasing pore diameter, in
accordance with the expectation that the fluid confined to the
smaller pores oA may be closer to pore criticality as the fluid
in the wider pores otC.
Argon sorption isotherms at 77 and 87 K in MCM-48 silica
C show also that the width of the hysteresis loop decreases, as
expected from theoretical predictions, for a given material with
increasing temperatuP&.The difference in the occurrence of
hysteresis for nitrogen and argon at 77 K can also be explained
as a consequence of the lower reduced temperatlgef argon
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isotherm, due to the smaller molecule size and the higher liquid
density of argon compared to nitrogen. For the argon sorption
isotherm at 77 K even a small hysteresis loop could be resolved,
which disappears at 87 K, as shown in Figure 13b, where argon
and nitrogen sorption behavior at 87 K is shown up to a relative
pressure of ca. 0.4. Similar to the isotherms at 77 K the argon
isotherms reveal a much sharper pore filling step; a crossing of
the nitrogen and argon sorption isotherms occurs at a relative

pressure op/po = ca. 0.22. compared to nitrogen, wherk is the critical temperature of

While for argon and nitrogen sorption isotherms at 87 K no - o . -
sorption hysteresis could be observed anymore, the appropriatethe bulk fluid (T/Te(Ar) = 0.51;T/Te(N2) = 0.61). The observed

krypton sorption isotherm oB—Fe;0s (Figure 14) reveals a argon sorption hysteresis loops in MCM-48 silica materials are
yp puc . €55 (719 . of type H1, indicating that networking effects are not dominant
clear hysteresis loop in agreement with the krypton isotherms

S .. for sorption hysteresis in the MCM-48 silicas studied here,
measured at the same temperature for pristine MCM-48 silica . . -
. . oo despite the fact that MCM-48 consists of a unique three-
materials. The steep increase of the krypton sorption isotherm

at p/po ca. 1 (o is the saturation pressure of solid krypton) dimensional pore network.
at p/po ca. 0> = P yp The occurrence of pore condensation and hysteresis in argon
indicates the solidification of bulk krypton.

The different behavior of nitrogen, argon, and krypton at 87 sorption isotherms at 77 K for MCM-48 with BJH pore diameter

K reflect as discussed in section 3.1.2 different thermodynamic = 3 nm reveals that the (quasi) triple point of the pore fluid is

; . shifted at least 6.5 K to lower temperature as compared with
states of the pore fluid compared to the bulk fluid. The nature e .
of the phase transition observed for krypton at 87 K, i the triple-point temperature of the bulk fluid. In contrast, argon

- ST . sorption isotherms at 77 K in the much wider pores of
T~ .122 K’. R=Tx 28'5 K) will be explored as already controlled-pore glass (BJH pore diameter ca. 16 nm) did not
mentioned in a forthcoming pap&g

Summarizing. it can be stated that the sorption and haseshow any pore condensation and hysteresis, indicating that in
. 9, Sorp P such wide pores the pore condensation line does not extend
behavior of nitrogen, argon and krypton in MCM-48 silica/ . .
. . ) o e down to this temperature for pressures up to the corresponding
iron(lll) oxide host compound is qualitatively similar to the

; - e e X bulk sublimation pressure.
behavior observed in pristine MCM-48 silica materials. The - . .
results indicate that the mesoporous host-structure is still intact Phase transitions and pronounced sorption hysteresis of type

in B—Fe,0s Hl were also found for krypton sorptiqn at 8? Kin MCM 48
' silica, i.e., ca 28.5 K below the bulk triple-point temperature.
As in the case of argon sorption (77 K) it was found that the
width of the hysteresis loop decreases with decreasing pore
A systematic study on the sorption- and phase behavior of diameter, but is still observable for a BJH pore diameter as small
nitrogen, argon and krypton at 77 and 87 K was performed for as 2.1 nm. More work is necessary to explore details of the

different, highly ordered pristine mesoporous MCM-48 silica nature of the observed krypton phase transitions well below the
materials and for a MCM-48 silica/iron(lll) oxide hesguest bulk triple-point temperatur’?

compound with pore diameter 4 nm. Different methods (BJH,
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