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Abstract

Mesoporous and microporous silica substrates, each of these kinds endowed with unique textural characteristics, have been prepared vie
sol—gel and micelle-templating techniques and characterized througbrption. Materials consisting of a lattice of cage-like monodisperse
cavities interconnected by narrow throats (SBA-16), a set of individual cylindrical pores of about the same size (SBA-15), a network of
long sinuous ganglion-like sequences of bulges and throats (mesoporous glass, MG), or microporous arrangements of globular nanoparticles
(microporous Si@) have been developed. The Bbrption isotherms of microporous silica at 76 K correspond to International Union of Pure
and Applied Chemistry (IUPAC) type I, while those of mesoporous SBA-16, SBA-15, and MG silica match a type IV with hysteresis loops of
types H1 or H2 depending on the regularity and nature of the void elements constituting the substrate. A characteristic common to all kinds
of porous SiQ solids herein synthesized is the rigidity of the arrangements, since the total pore volumes attain limiting values. Pore-size
distributions of mesoporous Sj®naterials can be calculated by density functional theory (DFT) and sometimes by Barrett—Joyner—Halenda
(BJH) methods. The microporous Si@dsorbent depicts a larger amount of big micropores (supermicropores) rather than small micropores
(ultramicropores), this being a very useful characteristic for the entrapment and ulterior release of volatile compounds. MG substrates depict
a percolation vapor threshold while the SBA-16 material shows a cavitation phenomenon during capillary evaporation. Additional properties
of SBA-16, SBA-15, MG silica substrates are studied via primary desorption scanning curves.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction model systems that are liable to proper interpretation for the
part of theoretical researchers.

A long-standing scientific aim regarding the characteriza-  Among the collection of substances that have been em-
tion of porous media is related to the validation of the ad- ployed to generate model pore systems, silica occupies one
vancements posed by classical or brand-new theories withof the most prominent of positions. Silica is without a doubt
respect to the interpretation of capillary phenomena in terms an outstanding material due to its remarkable physicochem-
of the pore structure features of model substrates. In recentical propertieqg1] that allows it to be used in the form of
years, it has been possible to see how very idealized voidultra-low density[2] insulating bricks covering the shell of
structures such as systems of independent cylindrical poresspace shuttles or in more mundane activities such as adsor-
or interconnected spherical cavities or even disordered struc-bents or catalysts. The possibility of achieving a low, regular
tures gifted with narrow pore-size distributions have come to or an astonishing amount of pores ranging from thousands
light. Experimental chemists are now providing a myriad of to trillions of voids per unit mass of SgOn sizes extend-

ing from millimeters to&ngstroms[3] makes feasible a wide
* Corresponding author. range of applications by virtue of the variety of surface areas
E-mail addressfernando@xanum.uam.mx (F. Rojas). and pore volumes therein developed.
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Nomenclature

a
AB
AgeT

A
BdB

Om
by

BJH

CPG

d100
DB

DFT
Diol
DSBM
E

EO
FDU-1

F127
H1-H4
IUPAC

M
MG
P
PDS
PO
p/p°
PSD
P104

SBA-15 mesoporous solid made of independent cylin-

SBA-16 cage-like porous solid made of spherical por

adjacent cylinders center-to-center distance
adsorption boundary curve

BET surface area

surface area calculated from-alot
Broekhoff—-de Boer

mean pore diameter

wall thickness calculated fromy oo measure-
ments

Barrett—Joyner—Halenda pore-size distribution
determination method

controlled pore glass

pore diameter

interplanar space of diffraction plane (100)
desorption boundary curve

density functional theory

ethylene glycol

Dual Site-Bond Model

ethanol

poly(ethylene oxide)

porous material made of large cage-like inter-
connected cavities

Pluronic triblock co-polymer surfactant
IUPAC's types of sorption hysteresis loops
International Union of Pure and Applieg
Chemistry

methanol

mesoporous glass

propanol

primary desorption scanning curve
poly(propylene oxide)

relative vapor pressure

pore-size distribution

Pluronic triblock co-polymer surfactant

drical pores

interconnected by narrow necks
supermicropores

adsorbed layer thickness employed in de
Boer’s surface area and pore volume deterni-
nation method

tetraethoxysilane

transmission electron microscope
ultramicropores

pore width

ultramicropore volume

supermicropore volume

volume of micropores

pore volume

mean pore size calculated from XREymea-
surements

X-ray diffraction

Greek symbols

as Sing’s surface area and pore volume determi-
nation method
e porosity

standard deviation

A great perspective for Sidnaterials concerns the induc-
tion of porous structures displaying vapor sorption isotherm
shapes that can be associated to each of the five types (types
I-V) of sorption curves devised by the International Union
of Pure and Applied Chemistry (IUPAGY]; types I, IV,
and V even having the possibility of depicting different hys-
teresis loop profiles (i.e. H1-H4 shapes) associated;to N
sorption.Fig. 1 depicts the classification of pore structures
[5]. The latter classification is due to the Dual Site-Bond
Model (DSBM) of porous medifb], which categorizes void
structures in terms of the size distributions of two kinds of
void entities sites (cavities, chambers) and bonds (necks,
throats) that constitute the void arrangement. The lyophylic
or lyophobic nature of the silica surface can nowadays be
controlled to different extents by the attachment of suitable
functional group$7,8]in order to create the appropriate sur-
face properties that are required for the generation of sub-
strates that can render the desired type of sorption isotherm.
Due to the above reasons, Si€an nowadays be prepared in
the form of microporous, mesoporous, or macroporous speci-
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Fig. 1. Classification of porous structures according to the Dual Site-Bond
Model. Blank areas correspond to the pores while gray areas correspond to

the solid phase.
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mens with clean or functionalized surfaces. The pore shape ofstructures have been predicted a good &P 1]thanks to
SiO, substrates can be induced via the revolutionary micelle- the above structural fact and also because of the spherical
templating techniquf9,10]to eventually obtaining cylindri-  shape of the pore cavities.
cal, spherical, or slit-like voids regularly arranged throughout
a mesoporous and sometimes a microporous solid matrix.1.1.2. SBA-15 cylindrical pore material
In this way, it has been possible to create substrates made One of the most striking materials that have made possible
of parallel non-intersecting cylindrical mesopofdd-15] the materialization of perhaps the most famous of classical
(SBA-15) or cage-like structures (SBA-16, FDU{15-19] porous structures is indeed the SBA-15 substrate. This mate-
composed of interconnected spherical cavities. Everyday newrial is formed by arrays of individual independent cylindrical
developments are continuously increasing the variety of well- pores of diameters between 4 and 8 firh,12] The cylin-
defined porous systems. ders are arranged as sets of six collateral elements in hexago-
The idea of thiswork is to describe the principal pore struc- nal (honeycomb) packing. The great regularity of pore sizes
ture characteristics of some model and typical void structuresand the independent nature of these voids have brought to
that are currently employed for the study of diverse phenom- reality two great achievements: (i) the coincidence into one
enarelated to surface science and capillary phenomena. Firstsingle curve of the pore-size distribution (PSD) results calcu-
a brief description of the main structural aspects of SBA-16, lated from both the ascending boundary (AB) and descend-
SBA-15, MG, and microporous Simaterials synthesized ing boundary (DB) curves delimiting the hysteresis loop of
by the sol-gel and micelle-templating methods will be sup- the corresponding sorption isotherm, (ii) the realization that
plied. Afterward, the specific methods of preparation that the above matching is highly due to the inclusion of the ad-
were employed for the production of these substrates will sorption potential in the methods employed to perform this
be succinctly mentioned. Finally, the sorption properties and calculation. This potential arises from the pore walls toward
the exposition of some usual and unusual mechanistic aspectshe adsorbed molecules and its inclusion guarantees the cal-
relative to the sorption phenomena developed in these modelculation of realistic values of the PSD in these cylindrical
systems will be undertaken. pore systems. Additionally, it has been realized that the clas-
sical Barrett—Joyner—Halenda (BJH) method underestimates
1.1. Description of the geneses and porous structures of  the PSD of mesoporous materials having pores smaller than

some model and typical silica substrates 10 nm by 1 nm or sometimes even more nanometers. Further
advantages of characterizing SBA-15 substrates by sorption
1.1.1. SBA-16 cage-like porous material methods include the calculation of the pore wall thickness

This silica material has outstanding properties as it con- and the possibility of making evident some subtle properties
sists of a regular arrangement of interconnected sphericalof the cylindrical voids such as the sinuosity of the tubes
cavities of about the same sizes. This substrate is preparednaking the arrangement by means of the analysis of sorption
through the micelle-templating technig(®,10] by seed- scanning curves.
ing spherical surfactant aggregates during the synthesis of
a SiQ sol performed by the hydrolysis of tetraethoxysi- 1.1.3. Mesoporous silica glass
lane (TEOS). The micelles are later entangled within the  Cross and Hayng&2] have optically observed the phase
ensuing gel environment and can leave holes inside theseparation that occurs when borosilicate glasses are exposed
amorphous silica phase after being eliminated by a sub-to high temperatures. Between 500 and 760a borax-rich
sequent thermal treatment. Large pore cage-type meso-phase separates from a silica-rich one; acid or basic leach-
porous silica, designated as SBA-166-18] or FDU-1 ing can then remove the borax phase. The final product con-
[19], can be synthesized in acidic media with poly(ethylene sists of a labyrinthic network of interconnected pore enti-
oxide)—poly(propylene oxide)—poly(ethylene oxide) triblock ties distributed inside a solid silica matrix that resembles to
co-polymers (EQPQOREQ;, for brevity) and TEOS as the a certain extent the ganglion channel system of living be-
silica source. Typical cage-like substrates consist of spher-ings. The morphology of porous glass can be seen by elec-
ical cavities of 6-10nm in diameter arranged in the form tron microscopyas an interconnected 3-D network of bulges
of a body-centered cubic array (i.e. wilth3m symmetry), and throats. Porous Vycor glass corresponds to the so-called
and connected through mesoporous openings of 2.0-2.5 nntontrolled pore glass (CPG) familg3], which involves sub-
which lie along the crystallographic (1 1 1) plane. Due to the strates endowed with pores of about uniform (i.e. controlled)
symmetry of the arrangement, each spherical cavity is sur-sizes, especially when these voids are not too small. The main
rounded by eight neighboring void entities; pairs of nearest cause of phase separation in borosilicate glasses is the spon-
neighbor cavities are linked through narrow necks alongside taneous process of fluid—fluid spinoidal decomposition that
the (111) directiorj16]. occurs at elevated temperatures and that leaves two individual

The advantage on counting with a SBA-16 material is due interconnected silica and borax phases in coexist@4ca5]
to the fact of achieving a real type | porous structffikin

WhiCh_ big pore entitie_s are delimited by very narrow necks 1 a njce electron micrograph of the structure of porous glass can be seen
(seeFig. 1). The sorption properties of this kind of porous at the sitehttp://www.cpg-biotech.com/cpgp/
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It is also pertinent to say that due to the way by which solid 0.7 nm) and the supermicropores (a pore width between 0.7
phase separation occurs, the silica-rich phase remaining af-and 2 nm). These latter voids are believed to be rigid interpar-
ter acid etching is delimited by a surface of approximately ticle pores caused by primary corpuscle agglomerd8@n
constant mean curvature. Another important feature of con- and which appear after the drying process of the silica gel
trolled porous glasses prepared from borosilicate compoundsmicrostructurg33].

is the considerable rigidity of the arrangement; consequently, Microporous silica materials have been prepared in
the ensuing vitreous substrate usually displays a fixed porethe form of microporous spherg84], by incorporating
volume. Furthermore, the porous glass network is eminently porogenic agents within the SiGstructure either by co-

a mesoporous structure (usually involving void widths ex- hydrolysis of two alkoxide compounds, as for instance 3-
tending from 4 to 20 nm) with almost no incidence of either aminopropyltriethoxysilane and TEOS, or by the incorpora-
micropores or macropores. tion of an organic compound (glycerol) in the gel structure.

A great theoretical development related to the genesis andA microporous silica structure results after calcination of the
visualization of the morphology of porous glass is due to porogenic organic compounds. A computer visualization of
Gelb and Gubbinf26,27] These authors have simulated the the structure of microporous Sithas been performed al-
phase separation occurring in porous glasses through molecready([2].
ular dynamics; initially, molecules of two types A and B are
randomly seeded to start creating a precursor glass substrate.

Interaction potentials between molecule pairs are established?. Experimental

in terms of van der Waals forces; an unbalance between A—A

and B-B interactions with respect to weaker A-B interactions 2.1. Materials

represents the driving force for phase separation. The final

phase configuration is similar to that arising from borosil- ¢ TEOS (Aldrich, 98%) was employed in all Si@yntheses.
icate glasses. Afterward, one of the clusters formed by the ¢ Ethanol analytical grade (Aldrich, 99.8 wt.%) was used in
same type of molecules (i.e. A-A-Aor B-B-B-) is taken all SiO, syntheses. Methanol and propanol of similar an-
away from the particle conglomerate to finally obtaining an  alytical purity as ethanol were utilized for the preparation
interconnected porous glass structure. of microporous Si@.

The sol-gel methodl8] constitutes nowadays an alter- e Pluronic P104 (EQ)(PO)1(EQ)7 and Pluronic F127
native route to synthesize porous silica glasses without in-  (EQ);06(PO)0(EO)106 triblock co-polymers obtained
volving the deployment of excessively high temperatures;  from BASF were used for the synthesis of SBA-15 and
additionally, this experimental technique allows controlling  SBA-16 materials.
to a certain extent the sizes of the solid particles constituting ¢ HCI (Monterrey, 38%) was required for the syntheses of
the silica xerogel, which after calcination leads to the final SBA-16 and SBA-15.
porous glass material. e Fe(NG3)3:9H,O  (Aldrich, 99.99%), CuG-2H,O

(Aldrich, 99.99%), and ethylene glycol were reactants
1.1.4. Microporous Si@material employed in the synthesis of CPG substrates.
Both sol-ge[29] and micelle-templatingB30] techniques o Ultra-high purity N> and He gases (99.99%; Praxair) were

can produce microporous SiOThe genesis of such material
starts with the creation of solvated Sittrahedral species,
which then polymerize to form a g&]. The final result af-
ter the drying and calcination of the precursor 2l is a
vitreous silica skeleton in which a network of pores of vari-

ous sizes and shapes is intertwined. During the gelation pro-

cess, SiQtetrahedrons aggregate in the form of a silica net-

selected to perform the sorption experiments on all silica
materials.

A natural non-poroua-quartz solid was required as a ref-
erence substrate for the estimation of the micropore vol-
umes of microporous silica samples.

All chemicals were used as supplied without further pu-

work to make primary particles of 3-10 nm diameters. Even- fification.

tually, these particles cluster in a fractal packing on length

scales ranging from 6 to 100 nm. Because of its large surface2.2. Preparation and characterization of assorted silica
area (this pore structure parameter that can sometimes atsubstrates

tain values larger than 960%g—1), significant pore volume
(~1cnmPg1), high thermal stability, and rigid structure, mi-
croporous SiQ is a suitable adsorbent for both small and
bulky moleculeg31]. An additional valued characteristic of

2.2.1. Cage-like SBA-16 silica

An amount of 1.6 g (1.26& 10-*mol) of Pluronic F127

was mixed with 2.6 crhof HCI 0.037 M at room conditions;

SiO, microporous adsorbents is the possibility of introduc- afterward, 12.2 cf(0.2096 mol) of ethanol was incorporated
ing metal species (e.g. Ag, Pt, etc.) into the structure during to the latter system. The mixture was kept under stirring to
the sol-gel synthesis to render highly dispersed catalytic ma-attain ahomogeneous solution and then 3.8 6fiTEOS was
terials. Two micropore kinds are usually incumbent in 5i0 added dropwise; the stirring rate was maintained for further
substrates: the ultramicropores (i.e. a pore width of less than5 h. The theoretical molar composition of the ensuing sol was
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as follows: 1TEOS:9b0:0.006HCI:13.1EtOH:0.0079F127. by using the same amounts of the above reactants but this
Finally, the above sol was allowed to gelify atroom conditions time including 14 cr extra of ethylene glycol which were
during a period of about 2 weeks. A transparent, monolithic added to the TEOS—ethanol solution prior to its mixing with
and rigid specimen was finally obtained; the monolith was cut water. All gels were dried in an oven at 383K for 48 h. The
into several pieces, which were washed with distilled water final xerogels were obtained in the form of soft, gelatinous
and treated at 500C during 6 h (a heating ramp of tnin—! but consolidated (i.e. no fractures were observed) cylindrical
was chosen). masses that could be easily removed from the glass cylin-
N> sorption isotherms at 76 K were measured via a Quan- ders. These xerogels were calcined at 773K during 10 h to
tachrome Autosorb-1 instrument. The sample was outgassedinally obtain a series of mesoporous silica rigid cylindrical
overnight at 473 K. Adsorption and desorption boundary monoliths.
curves as well as primary descending scanning curves mea- Fe and Cu-doped silica monoliths were synthesized in the
sured at different points of reversal were determined to char- same way as the pure silica specimens. In the case gf&©

acterize the SBA-16 material. monoliths, the iron source was 1.3 g of Fe(jy$9H,0, a
TEM images of the SBA-16 material were taken by means mass that was introduced together with the water employed
of a JEM-2010F FASTEM instrument. forthe reaction. For the Si&2Cu materials, the copper source
was 0.56 g of CuGl2H,0. The drying and calcination pro-
2.2.2. SBA-15 cylindrical pore substrate cedures of Fe and Cu-doped Si®onoliths were the same

The SBA-15 silica material was synthesized as follows. as those employed for the pure silica substrata.
1.5g of Pluronic P104 block co-polymer was dissolved in An automatic Quantachrome Autosorb-1 sorption appa-
48cn? of an aqueous HCI 2 M solution. The temperature ratus was used to obtain the isotherms of the ;SiTl,
of the solution was then raised to 323K and 3.7cofi SiO,—Fe, and Si@-diol glasses. Samples were outgassed
TEOS was added drop-by-drop to the above mixture while at 573K for 10 h and stored under helium previously to the
the system was being subjected to a vigorous stirring for adsorption run.
5 min. The stirring rate was then lowered down and kept un-
der this condition for further 24 h. Subsequently, the reac- 2.2.4. Microporous Si@
tion beaker holding the reacting mixture was placed inside a  Microporous silica monoliths were synthesized as follows.
sand-containing heating mantle and heated up taC3@ur- TEOS was first dissolved in the selected alcohol (methanol
ing approximately 48 h. The ensuing white precipitate was (M), ethanol (E), or propanol (P)) and then mixed with deion-
separated from the liquid phase by filtering and washed abun-ized water according to the ratio 1TEOS:4alcohol:26H
dantly with deionised water. Afterwards, more residual sur- Each reactant mixture was prepared inside aglass columnthat
factant was removed from the as-synthesized solid product bywas maintained at 303 K for several days, during which the
slurring this specimen in 40 chof a 50 vol.% ethanol/6O sol—-gel hydrolysis—condensation reactions took place. The
solution for 2 h, after which time it was once more filtered resulting sols were kept in the original glass columns so that
and washed with distilled water and later dried at 373 K to be gelation occurred eventually (i.e. a period of 3—4 months

finally calcined in air for 6 h at 823 K (heating raterhin—1). was usually required). The ensuing gel was then dried in
The nominal molar composition of the synthesized gel was situ at 373K for 48 h so that cylindrical monoliths of mi-
1TEOS:158H0:6HCI:0.016PI104. croporous silica were finally attained. The specimens that

The SBA-15 material was characterized by transmission were prepared, namely S§oM (methanol being used as the
electron microscopy (TEM) employing a Leo EM-910 in- TEOS solvent), Si@-E (TEOS dissolved in ethanol), and
strument operated at 120 kV. SiO,—P (propanol being the TEOS solvent), displayed a sig-

A N2 sorption isotherm at 76 K was measured by means nificant surface area to pore volume quotient, a characteristic
of a Quantachrome Autosorb-1 automatic volumetric instru- that facilitates the occurrence with great effectiveness of im-
ment. The sample was degassed atZ5€or 8 h previously portant physical and chemical processes. As will eventually

to the adsorption run. be evident, the microporous Si@naterials synthesized here
are suitable for high temperature industrial applications and
2.2.3. Mesoporous silica glass transport of volatile compounds captured inside their pores

The synthesis of MG substrates was performed in a glassfor posterior release.
round-bottom flask kept at room temperature (298 K) by dis- N2 sorption isotherms were measured on microporous
solving 37.9 cm of TEOS in 59 crd of ethanol under gentle  solids at 76K (i.e. the boiling point of liquid nitrogen at
magnetic bar stirring. Afterward, the amount of water neces- 2200 m of Mexico City) in an automatic volumetric adsorp-
sary to carry out the hydrolysis reaction (12%mwas added tion system (Micromeritics ASAP 2000). Nitrogen adsorp-
together with some drops of HF and HCI acids; the stirring tion isotherms were determined in the interval of relative
was continued for further 30 min. Subsequently, the resulting pressuresp/p°, extending from 102 to 0.995. The satura-
sol was poured into a glass cylinder where gelation eventu-tion pressurep®, was continuously registered in the course
ally occurred. One of the silica monoliths (hereafter labeled as of the adsorption—desorption measurements. Powder particle
SiOy,—diol) was prepared under the presence of a diolic agentsizes corresponding to 60—80 mesh were sampled from all
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specimens under analysis. Prior to the sorption experiments,Table 1
solids were outgassed at 623 K for 20 h at a pressure of abouytore structure parameters of SBA-16 silica determined frersdiption and
XRD

10~ mbar.

3. Results and discussion

3.1. SBA-16 substrate

BET area (Mg™1)
Mesopore area (Ag—1)
Micropore area (fhg~1) 79

256
177

Kiselev mesopore area fg1) 169
Total pore volume (mrhg—1) 293
Mesopore volume (mfg 1) 259

Micropore volume (mrig™1) 34

This substrate means a really good opportunity to test sev-BdB-BJH mean pore size 1o (nm) 8.9+0.71
eral predictions that have been made with respect to type |XRD mean pore width (nm) 8.9 0
1.77x 1

porous structures. This kind of solids possesses very smallSPherical cavity number ()

throats linked to large cavities; therefore, during the devel- ¢ Standard deviation.

opment of the AB curve, necks fill with condensate well in
advance of sites. In turn, these latter voids fill sequentially
from smaller to larger sizes. A proper analysis of the AB
curve (i.e. if assuming spherical menisci and if taking into
account the adsorption potential) should lead to convincing
values of the site size distribution. Since the SBA-16 material
is made from a well-known surfactant (F127) which forms
monodisperse spherical micelles with hard-core dimensions
of about 9 nm (this quantity corresponds to the size of the
(PO);0 hydrophobic micelle corg85], a magnitude of this
sortwould be expected for the mean value of the PSD inferred

from adsorption data. The spherical shape of the chambers

would also allow the calculation of the number of sites of
the SBA-16 adsorbent considering that the volume of bonds
is almost negligible. Interesting too would be to know if the
Kiselev equatior[36] can render appropriate values of the

mesopore surface area. In the next paragraphs, an attempt to

clarify all the above premises will be undertaken.

Let us start providing the values of some main pore struc-
ture parameters of the SBA-16 cage-like solid. These quanti-
ties were derived from the analysis of thegislotherm Fig. 2)
and are given imable 1 Several points deserve attention:

e The N, hysteresis loop is a wide cycle depicting a plateau;
the isotherm shape is proper of a type | porous structure

200+

-

w

o
1

100 —o—AB
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) —e— PDS72
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' —e— PDS68
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—»— PDS65
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o
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Fig. 2. N, sorption isotherm at 76 K on sample SBA-16. Boundary (AB,
DB) and primary desorption scanning (PDS) curves are plotted. The numeric
labels of the PDS curves correspond to/p8", wherep/p®* represents the
vapour pressure at the point of reversal of the PDS path.

[5] while the hysteresis cycle corresponds to a typg4i2
This hysteresis shape involves a vapor percolation thresh-
old of the DB curve occurring at@p® value around 0.42
thus meaning that a cavitation phenomenon is taking place
[37,38] This latter phenomenon consists in the nucleation
of bubbles within the liquid-like condensed phase thus al-
lowing an abrupt release of most of the totality of this latter
phase toward the bulk vapor surrounding the sample.

The pore size distribution was obtained from the adsorp-
tion branch of the N isotherm by means of a BJH treat-
ment[39] that employs a Broekhoff-de Boer (BdB) cor-
rected Kelvin equatiof40] to render the curve shown in
Fig. 3. The mean cavity size happens to be 8.9 nm, a value
very close to the expected 9 nm hard-core size of the F127
micelle. The bond size distribution is not possible to be
evaluated from desorption data due to the cavitation phe-
nomenon. Note also that the PSD has a certain standard de-
viation (0.71 nm), this fact then causing the sloping shape
of the AB curve. The mean cavity size can also be calcu-
lated from the XRD pattern knowing that the main (111)
signal appears at 0.99seeFig. 4) and supposing that the
cavities are connected to each other by narrow volumeless
windows. In this way the XRD calculation renders a value
of 8.9 nm a magnitude very close to the sorption and hard
core micelle values.

150 4
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1

dVv/dD (mm®g'nmi’)
&
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Fig. 3. Site-size distribution of simple SBA-16 determined fropeldsorp-
tion.
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111
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Fig. 4. XRD diffraction pattern of sample SBA-16.

e Thestructure canbe regarded as atype | inthe Mayagoitia’s

classificatior{5], this assertion is supported by the appear-
ances of the boundary ascending and descending curves
as well as by the aspect of primary desorption scanning
curves (PDS). The filling of the cage-like structure of the
SBA-16 material starts with the development of an ad-
sorbed layer on the walls of all pore entities; at certain 4
stage during the development of the isotherm the necks
become filled of condensate due to their small sizes; at
higher vapor pressures the cavities start to be occupied by
condensate according to their sizes. Desorption along the
descending boundary curve first occurs gently from the
saturation point downward to some critical point at which
cavitation takes place abruptly and most of the liquid is
removed from the pores. The nucleation of bubbles would
take place at points located on the wall delimiting the pore
cavities rather than in the core of the condensed pldd3e

The t-method[42] indicates that the SBA-16 sample in-
cludes a certain amount of micropores (34finThese
micropores can be due to the occlusion of individual or
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Fig. 6. N, sorption at 76 K on SBA-15 (first lot) substrate.

of some tunneling between contiguous cavif#3]. The
low-pressure hysteresis region depicted by theshitherm
fromp/p® = 0.4 downwards may also be an indication of the
existence of these microporgq. Another important fact
about thet-plot is that the area due to mesopores amounts
to 177nfg-! and that capillary condensation starts oc-
curring atp/p®=0.55 approximately (at which point the
t-curve starts showing a noticeable upward deviation).
The Kiselev equatiof86] has been used in the form given
by Broekhoff and de Bo€#4] to calculate the area due
to mesopores. This area calculation renders a value of
169nf g1 that is close to that provided by theplot
(176 nf g~1). The quantity of condensed phase that is in-
volved in this method is negligible up pap° = 0.55, there-
fore the Kiselev area method is taking into account only the
cavities that are filling from this relative pressure onwards.

TEM photographsKig. 5) show some interesting aspects

about the spherical cavities that form this regular porous ar-
rangement as well as some of the crystal planes related to the
body-centered cubic configuration of the SBA-16 sample.

small clusters of surfactant molecules within the mass 3.2. SBA-15 substrate

of the SiQ substrate; these occluded molecules can be
located around the zone at which two spherical cavities

The sorption isothermHig. 6) of the SBA-15 solid indi-

communicate with each other and can even be the causecates a type IV isotherm and a type H1 hysteresis loop for

Fig. 5. TEM micrographs of sample SBA-16. (a) Regular distribution of pore cavities, (b) arrangement of neighboring cavities.
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Table 2
Pore structure parameters of sample SBA-15 determined frosohbtion
and XRD

BET area (Mg 1) 645
Mesopord-area (M g—1) 491
DFT-DB mesopore area fy1) 477
Micropore area (fhg~1) 154

Total pore volume (mrhg—1) 890
Mesopore volume (mfg 1) 828
Micropore volume (mrg™1) 62
DFT-AB mean pore sizé 1o (nm) 7.59+0.71
DFT-DB mean pore siz¢ 1o (nm) 7.90+£0.5
XRD mean pore size¥y,,, (nm) 8.08
Interplanar spacel; oo (NmM) 10.11
Adjacent cylinders center-to-center distareénm) 8.12

Wall thicknesspy, o, (NM) 2.03

drical mesopores of fairly uniform diameters. The BET sur-
face area is 645 g ! of which 491 nf g1 is due to meso-
pores; this latter quantity as well as the micropore volume
(62mn? g~—1) was obtained from the corresponditglot
[42]. Therefore, besides of cylindrical capillaries occupying
a volume of 828 mrig—1 there exist a certain amount of in-
trawall micropore channelgl3] within a total pore volume

of 890 mn¥ g~L. Finally, it will be pertinent to mention that
the density functional theory (DFT)-DB mesopore area of the
SBA-15 sample renders 4772m~1 and that the onset of cap-
illary condensation in SBA-15 is located at abp{i® = 0.65
according to the-plot.

Cylindrical pore diameters with means of 7.59 and
7.90nm were obtained by applying the DFT treatment
[45,46]to the AB and DB isotherm curves, respectively (see
Fig. 8). The XRD patternkig. 9) depicts a distinctive diffrac-

this sample. These two profiles together with the values of the tion band corresponding to the (1 0 0) plane while less intense

structural parameters of this material that are listethinle 2
and the series of TEM photographs showirig. 7a—c indi-

signals can be attributed to (1 1 0) and (2 00) planes. A mean
pore diameter of 8.08 nm was calculated by means of the

cate that this solid is preponderantly a co-acervate of cylin- Kruk—Jaroniec procedufd?] and an average wall thickness

Fig. 7. TEM photographs of sample SBA-15. Pore mouths (top, LHS), pore walls (top, RHS), and curved pore walls (bottom) of cylindrical pores.
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diameter (nm) necks (throats B-B inside a tubular pore. Condensation of vapor at throat
B produces the advancement of a hemispherical liquid—vapor meniscus into
Fig. 8. Pore-size distributions measured fromdérption on simple SBA- cavity A and then into throat'B

15. AB: adsortion boundary curve, DB: desorption boundary curve.

same figure. Consequently, advanced adsorption is a possi-
of 2.03nm has been obtained from the XRD pattern, thus able explanation of why the PSD curve calculated from the
very good agreement has been found with the DFT-DB result. AB curve is somewhat shifted toward smaller pore diameters

The fit between AB- and DB-DFET PSD curves is fine but than the PSD outcome proceeding from the BD isotherm.

not perfect. The reason for this may be due to some sinuosity A second lot of sample SBA-15 was employed to deter-
of the cylindrical pores of the SBA-15 material. When hay- Mine a set of PDS curve§ig. 11). The appearance of these
ing a close look of the pore walls (s&g. 7), it is evident scanning isotherms underlines the fact that this porous sys-
that the capillaries are not perfect, straight cylinders but someteém is an assortment of independent cylindrical pores: each
wall deformation and bending in the form of U-turns existin  Of these paths approaches straightforwardly the DB isotherm,
this material. This sinuosity causes the existence of bulgessince there are no pore network interconnection effects in
and throats (se€ig. 10 and as explained by Everd#8] this sample. Contrastingly, as we will see later for the case
the filling of a bulge in a tubular system can be caused by 0f mesoporous glasses, a PDS curve associated to these sub-
the formation of liquid—gas menisci at the necks surround- strates approaches the BD curve in a much more steadily and
ing such cavity. Once these menisci are formed then can ad-2symptotic way.
vance straightforwardly into the bulges replenishing them
with condensate. This phenomenon is cadelyanced ad-  3.3. Mesoporous silica glasses
sorption[49] and causes that, during the development of the
AB curve, tubular pores can fill at relative pressures smaller ~ As mentioned before mesoporous silica glasses have been
than those required for condensation to occur in individual traditionally acknowledged as consisting of an intercon-
bulges. The advanced filling of bulges along the AB isotherm nected void network that display cavities (i.e. chambers, sites,
and the delayed emptying of these same cavities down the DBantrae) linked to each other through narrower throats (necks,
curve (by reason of the pore blocking created by the delim- bonds, capillaries) thus conforming a non-independent pore
iting throats of the cavity) causes that the area marked as Aarrangement. The sorption isotherms of porous glasses match
in Fig. 8is about the same as the area marked as B in the
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Fig. 11. N> sorption isotherm on sample SBA-15 (second lot). Boundary
Flg 9. XRD spectrum of Simple SBA-15 ShOWing distinctive bands. and primary descending Scanning curves are shown.
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Fig. 12. N> sorption isotherms at 76 K on mesoporous glasses.

IUPAC types H1 or H2 hysteresis loop4]. Depending on

adsorption. Another induction about the sloping character of
the AB curves of the latter MG samples is that their resultant
PSD's should be rather wide.

On the other hand, the hysteresis loop of the sSidiol
substrate is of type H1, a characteristic that is typical of
CPG and arrangements of monodisperse solid globules, thus
meaning that the sizes of neighboring sites and bonds are not
now too different; here it would be expected a larger inci-
dence of advanced adsorption if compared to the,SEI
glass. According to the structural characteristics found for
this SiQ—diol sample Table 3, the sizes of the precursory
colloidal particles that lead to the formation of this porous
solid should be larger (while their standard deviations should
be relatively small) if compared with the situation occurring
in SiO,—Fe and SiQ-Cu samples (smaller particles, wider
standard deviations). Definitely, the presence &flee CL?*
ions produces smaller primary colloidal particles than when

the relative sizes of sites and bonds, it can happen that theabsent as in the case of the $i@iol sample.

N2 primary desorption scanning curves are shown in

outcome of the AB isotherm could be controlled by conden- .
sation in either sites or bonds, while condensate evaporationFig. 13a—c. The appearances of these curves point out to the
from bonds would be in control of most of the volume des- fact that vapor percolation takes place more gradually along

orbed along the DB path.

these scanning curves than along the DB curve. This behavior

N, sorption isotherms at 76 K determined on samples is @ manifestation of the fact that a primary desorption path

SiOy—Cu, SiQ—Fe, and Si@-diol are shown irFig. 12 the
resultant surface areas and pore volumes are listéalile 3

starts at a certain point of reversal at which not all the pores
are filled with condensate (this contrasts with the situation of

Allthese isotherms correspondto atype IV inthe IUPAC clas- the DB curve that initiates when all pores are already full of
sification. One of the first things to note is that the surface condensate). Due to this circumstance, the pore entities that
areas and porosities of the various porous glasses prepare@re full of condensate at the onset of a primary desorption
by the sol-gel procedure are significantly large. The three process can be emptied of it through shorter and more ac-
isotherms depict a saturation plateau thus providing confidentcessible vapor-filled trajectorigS0]. This assertion will be
values of the total pore volumes. Another important obser- further discussed in the next paragraph.

vation to note is the absence of micropores in all samples,a A PSD analysis of the Sig-Cu sample through the

characteristic that is evidenced by the negligikxis inter- NLDFT treatment (by simplifying the tortuous structure of
cept depicted by either or as-plots. porous glass in terms of cylindrical voids) sheds light about

N> hysteresis loops of Si¥2-Cu and Si@-Fe glass sub-  severalinteresting characteristics. First, the DB curve renders
strates match type H2 cycles although the DB curves of these@ sharper PSD than the AB pathig. 14a), then reflecting
isotherms are sloping rather than steep thus reflecting thatthe existence of vapor percolation at some narpte re-
although bonds sizes are still somewhat smaller than sites,gion during the development of the DB isotherm. The pore
this size difference is not as pronounced as in type | porous Sizes measured from the AB curve are located within a pore
solids; therefore, a type Il or more likely a type IV or V la-  size interval of 3.3—-9.4 nm while the bond sizes inferred from
beling would be more appropriate for these silica glasses. the DB curve extend from 3.5 to 6.6 nm. This is a possible
As a consequence of this hysteresis shape, vapor percolatiofndication that the mesoporous glass substrate is compatible
(instead of cavitation) should be taking place during desorp- With the structure of a type IV or V porous sol[d]. The
tion. The AB isotherm is even more sloping than the DB Vvapor percolation process observed in these scanning curves
curve and this indicates that the pore cavities of SiCu is in reality due to the interconnection characteristics of the
and SiQ—Fe are filling gradually with condensate according Vvoid network made of sites and bonds. A second important
to their pore sizes unless for the occurrence of some advancedealization is the fact that scanning curves reflect the fact that

Table 3

Pore structure parameters of mesoporous glasses determined freongtion

sample Aot (Mg ) A (Mg WP (mi g V™ (g ) : dn (A)
SiO—Cu 843.6 843.6 958 0 0.68 68
SiO—Fe 787.4 787.4 1163 0 0.72 89
SiOx—diol 413.1 413.1 1382 0 0.75 201

AgeT is the BET surface ared, thet-surface areayP the pore volume evaluated pip® = 0.99,V™ the volume of micropores; the porosity, andi, is the
mean pore diameter calculateddas= 6VP/AgeT (sites assumed as spherical cavities).
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Fig. 13. N primary desorption scanning curves on mesoporous glasses.

pore-blocking effects less affect pores that are being emptiedwork corresponded to type | curves (d6ig. 15. The sam-
of condensate along a PDS pafig. 14 shows the PSDF's  ples showed practically neither mesopores nor macropores
calculated from the AB curve and two scanning curves, one and according to the results @§-plots[51] these substrates
having an inversion point g#/p®=0.70 and another one at depicted two micropore classes (J&g. 16): ultramicrop-
p/p®=0.75. The PSD obtained from the PDS with lower re- ores(voids of size smaller than 0.7 nm) asdpermicropores
versal point p/p®=0.70) is closer to the PSD obtained from  (voids having sizes between 0.7 and 2 f&2). The isotherm
the AB isotherm; on the other hand the curve started at aof a-quartz also shown ifrig. 15is a IUPAC type Il curve,
higher reversal pointp{p®=0.75) displays a sharper peak. since this material was chosen as the reference non-porous
This means that most pores lodging condensgi&t 0.70 adsorbent required to perform the method. Then again
are still enjoying of a relatively free pathways to the vapor due to the microporous essence of the Ss@mples, thes-
phase when the inversion pointpg®=0.70, however this  plots illustrate two kinds of behavig1]: a primary filling
is not the case for voids holding condensatg/a? =0.75, process occurring at very low pressures and due to the very
since these entities will be facing pore-blocking effects dur- strong adsorption of molecules in the ultramicropores, and
ing an interval of relative pressures when trying to dislodge a secondary process in which the supermicropores are be-
their condensate along the descending scanning path. ing occupied by condensate by reason of the cohesive forces
Fig. 14c illustrates in a PSD diagram several zones of arising between the adsorbed and upcoming molecules. The
sorption behavior of pores located in sample Si@lol. PSD primary mechanism is linked to the very steep initial aspect
calculated by the DFT method to AB, DB, and two PDS of the adsorption curve (i.e. the ultramicropores are being
curves with reversal points g@fp®=0.87 and 0.89 render filled whenp/p®<0.01) while the secondary one reflects a
account of several types of behavior. Pore-blocking, vapor more gradual filling of the pore space (supermicropores) and
percolation, or pores remaining open at the points of reversalis responsible of the rounded shape attained by the isotherm

of sorption curves are therein illustrated. knee.
Table 4shows pore structure parameters corresponding to
3.4. Microporous silica the microporous Si@samples. There it can be seen that all

samples depicta large superficial areas (500-7§ ) and
The whole assortment of Nsorption isotherms measured  significant micropore volumes (300-360 mgrl). Choos-
on the series of microporous silica samples synthesized in thising the density of amorphous silica as 2.2 gchthe poros-
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different qualities of pore entities.

ity of these simples oscillates between 0.40 and 0.47; thesemolecules are irreversibly retained. Therefore, this kind of
values are an indication of the fine capacity of these adsor-microporous substrates would be very adequate for trans-
bents to capture molecules of organic or inorganic vapors in porting in a safe manner considerable amounts of volatile
their interiors. Furthermore, the volumetric preponderance of organic compoundg?2] that can be employed after their re-
supermicropores over ultramicropores would guarantee thelease from the supermicropores by thermal treatment or some
eventual release of the trapped substances, since adsorptioather suitable operation.

in ultramicropores is very strong and sometimes the adsorbed
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Table 4

Pore structure parameters of microporous silica samples

Sample AseT Woag Wum Wsm
(m*g™) (mm’gh)  (mmPgh)  (mmPg)

a-SiO 2.680 0 0 0

SiO—-P 5336 297 76 221

SiO-E 6134 310 68 242

SiO-M 7177 358 61 297

a-SiO, is the a-quartz reference materiahger the BET areaWo,g the
total micropore volumeW,, the ultramicropore volume, andisy, is the
supermicropore volume. All micropore volumes were obtained fogm
plots.

reactants involved in their syntheses and also on the thermal
conditions at which the xerogels are obtained.
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