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Acidic and adsorptive properties of SBA-15 modified by aluminum incorporation
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°L.CT.P.CM., UMR 5624, Université de Pau et des Pays de L’Adour, 2 Av. P. Angot, 64053 Pau Cedex 9, France

In this work, Al-SBA-15 samples with different Si/Al ratios were synthesized; Al was incorporated in the mesoporous SBA-15 structure either using the
direct synthesis method, with tri-block copolymer P123 as surfactant, or by the post-synthesis method. The porous solids were characterized using
different tech-niques, such as: XRD, pore size distribution, 2’Al MAS NMR, and XPS. Acidic properties were estimated by adsorption and titration
microcalorimetry, respectively. Ammonia and pyridine were used as probe mol-ecules in the first case, while aniline in n-decane was used in the second
one. FT-IR of pyridine adsorption and XPS of ammonia adsorption completed the characterization of acid properties. The increase of acidity with the
incorporation of aluminum was evidenced; lower Si/Al ratios led to higher acidity of the sample. Microcalorimetry was also used to test the adsorption
properties of these mesoporous materials toward pollutants such as methyl ethyl ketone, propionaldehyde and acetonitrile (in gas phase) and nicotine (in
aqueous phase). The ketone was better retained in comparison to the other two molecules. Regarding nicotine, its adsorption was strongly influenced by
the aluminum content in the solids; the higher the quantity of aluminum, the lower the adsorption of nicotine.

1. Introduction

Microporous zeolites with regular arrays of uniformly sized
channels have been widely used for many purposes including
adsorption, separation, ion exchange and catalysis for many years
[1]. However, their relatively small pores (with a diameter usually
less than 2 nm) cannot admit large molecules, leading to the limi-
tation of their applications. The synthesis of mesoporous MCM-41
materials by Mobil researchers [2] in 1992 with pore size in the
range of 1.5-10 nm satisfied the size requirements, but their rela-
tively low hydrothermal stability and weak acidity would limit
their practical applications. In 1998, Zhao et al. [3] synthesized a
new type of mesoporous material with uniform two-dimensional
hexagonal structure, named SBA-15, by using neutral polymeric
surfactants (e.g., Pluronic 123) as templating agents. Compared
with microporous zeolites, this material is characterized by larger
pore sizes, up to approximately 30 nm, and allows bulky molecules
to enter into the pores. At the same time, it has higher hydrother-
mal stability and thicker pore walls (3.1-6.4 nm) compared to
mesoporous MCM-41 materials. For these reasons, the discovery
of SBA-15 provided a potential for designing new materials, appli-
cable as catalysts and adsorbents for bulkier molecules. On the
other hand, the purely siliceous SBA-15 materials have only silanol
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groups on their surface, which are of low acid strength and catalyt-
ically non-active. Therefore, in order to make these materials use-
ful for catalysis, stronger acidic sites have to be introduced into
their framework. Generally, the substitution of heteroatoms with
valence lower than silicon creates negative charges in the frame-
work which can be compensated by protons, thus generating acid-
ity in these materials. Concerning mesoporous materials
containing aluminum, Trombetta et al. [4] argued that the Bron-
sted acid sites result from terminal silanol groups in the vicinity
of an aluminum atom, so-called bridging hydroxyl groups, as illus-
trated in Fig. 1.

Two methods have been developed in order to incorporate alu-
minum atoms into the framework of mesoporous materials: direct
synthesis [5,6] and post-synthesis [7-9]. The direct synthesis is dif-
ficult to perform because of the dissociation of the metal-O-Si
bond in acid media as well as the high difference in the hydrolysis
rates between silicon alkoxides and aluminum alkoxides; thus it is
a challenge to directly synthesize Al-substituted SBA-15 materials
through a standard hydrothermal method [10]. The incorporation
of aluminum in SBA-15 follows the same mechanism as for pure
SBA-15, namely through (S°H")(X'I*) where (S°H")= nonionic
polymeric surfactant, X~ = halogen anions, and I" = the protonated
inorganic SiO, species [5,11]. Post-synthesis alumination in aque-
ous solution was developed by Mokaya and Jones [12,13] on pure
silica MCM-41 support. The post-synthesis method could be
considered as a strategy for improving the amount of aluminum
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Fig. 1. Formation of terminal Bronsted acidic OH groups in mesoporous materials.

incorporated in the sample. This method leads to a fairly high
amount of EFAL aluminum, but the amount of tetrahedral alumi-
num is nonetheless higher than in the case of direct synthesis.

The aim of this work was to perform a detailed characterization
of the structural and acidic properties of Al-containing mesoporous
materials obtained by both methods, as well as to investigate their
relationship with the adsorption performance in the retention of
four organic compounds namely propionaldehyde or propanal,
methyl ethyl ketone or 2-butanone, acetonitrile or ethanenitrile,
and nicotine, belonging to the VOC class of pollutants.

2. Experimental
2.1. Materials and synthesis

Purely siliceous SBA-15 was synthesized following a previously
published method [3]. Aluminum incorporation into the SBA-15
lattice was performed either by direct synthesis [14], using a
slightly improved procedure, or post-synthesis [7,8]. Modified
SBA-15 samples were denoted as Al-SBA-15. The precursors were:
tetraethylorthosilicate (Si(OC,Hs)4,TEOS, 98%, Aldrich) as silica
source, aluminum iso-propoxide (AI[OCH(CHs),]s, 98%, Aldrich)
and aluminum hexachloride (AlCls; - 6H,0, 99%, Aldrich) as alumi-
num sources, non-ionic triblock co-polymer Pluronic P123
(poly(ethylene oxide)-block-(poly(propylene oxide)-block-poly
(ethylene oxide), EO,oPO,0EO,9, molecular weight =5800, BASF
Corp.) as template, tetramethylammonium hydroxide ((CHs)4NOH,
TMAOH 10%, Aldrich), distilled water and hydrochloric acid.

Adsorption capacity experiments were performed using propi-
onaldehyde (C,HsCHO, 98%, Merck), methyl ethyl ketone
(CH3COC,Hs, 99%, Merck), acetonitrile (CH3CN, 99%, Merck), and
nicotine (C;oH14N>, 99%, Fluka).

2.1.1. Synthesis of SBA-15 and Al-SBA-15 by direct-synthesis method

In a typical synthesis of SBA-15, 4 g of Pluronic P123, water and HCl
0.28 M were stirred at 35 °C for 16 h. The appropriate amount (8.5 g)
of TEOS was then added dropwise to the surfactant solution, followed
by stirring for 24 h. The resulting gel was introduced into a Teflon-
lined stainless steel autoclave and heated at 100 °C for two days.

Al-SBA-15 was prepared as follows. The required amounts of
aluminum iso-propoxide necessary to get the desired Si/Al ratio,
distilled water, TEOS (9 g) and hydrochloric acid (0.28 M) were
stirred at 35°C. After a clear solution was obtained, Pluronic
P123 was added and the mixture was stirred for another three days
at 35 °C. The hydrothermal treatment was carried out in a Teflon-
lined stainless steel autoclave at 100 °C for 24 h. All the samples
obtained by direct and post-synthesis were washed with distilled
water and dried at 80 °C overnight. The open pore structure was
obtained by removing the surfactant by calcination in air flow at
500 °C for 6 h with a heating rate of 2.5 °C min~'. Synthesized Al-
SBA-15 samples were denoted as Al-SBA-15 (Si/Alge; = n) where n
represents the Si/Al ratio in the gel.

2.1.2. Synthesis of AI-SBA-15 by post-synthesis method
10 ml of aqueous solution of AlCls; - 6H,0 (the molar concentra-
tion of the solution was depending on the required amount of alu-

minum) and the appropriate amount of TMAOH 10% (TMAOH/AI
molar ratio = 2) were heated under stirring at 70 °C. After a clear
solution was obtained, 1 g of pure SBA-15 was added under stir-
ring. The mixture was stirred for 2 h at the same temperature. After
filtration, washing and drying at 80 °C, the product was calcined at
500 °C for 3 h in air flow with a heating rate of 2.5 °C min~'. Syn-
thesized AI-SBA-15 samples were denoted as Al-SBA-15ps (Si/Al-
gel = 1) wWhere n represents the Si/Al ratio in the gel.

2.2. Characterization

X-ray powder diffraction patterns were recorded on a Bruker
D5005 diffractometer using a monochromatized CuK, radiation
(2=0.154 nm) in the angular range from 0.5 to 10° (20) with a
scanning rate of 0.002° (20)/s.

Nitrogen physisorption measurements were carried out at
—196 °C on an ASAP 2010 Micromeritics apparatus. The isotherms
were used to quantify the textural properties of the samples. The
specific surface areas (Sger) of the samples were calculated using
the BET method in the standard pressure range 0.05-0.3 p/p°.
The total pore volume V,, was evaluated on the basis of the amount
adsorbed at a relative pressure of about 0.98, by converting the
amount of nitrogen gas adsorbed at STP to the liquid volume at
—196 °C (using the conversion factor c = 0.001547). The pore size
distributions were obtained from the desorption branch of the iso-
therm using the corrected form of the Kelvin equation by means of
the Barrett-Joyner-Halenda method with a cylindrical pore model.
The external surface area (Sex;) and the micropore volume (V,;)
were assessed by the t-plot method, using the Harkins-Jura equa-
tion to estimate the thickness of a monolayer of nitrogen adsorbed
at —196 °C, t (t=[13.99/(0.034-log p/p°]'/.

The amount of aluminum present in the samples was deter-
mined by chemical analysis using inductively coupled plasma emis-
sion spectroscopy (ICP-ES). For that purpose, the samples were
treated with a mixture of HCl+ HF + HNO3 in order to dissolve
them completely.

XPS experiments for surface composition determination were
carried out on a VG Scientific ESCALAB 200R spectrometer includ-
ing a hemispherical analyzer and working at a pressure lower than
1077 Pa. The measurements were performed using the Al Ko line of
the dual anode and a pass energy of 50 eV. The peaks were refer-
enced to the C-(C, H) components of the Cls band at 284.6 eV.
The XPS experiments for ammonia adsorption were performed
on a SSI 301 spectrometer using a monochromatic and focused
AlK,, radiation under a residual pressure of 1077 Pa. Ammonia
was adsorbed at 80 °C on the calcined samples and then outgassed
under helium at 350 °C. The proportion of each type of site was
evaluated by analyzing the N1s band.

Infrared spectra were recorded on a Bruker Vector-22. Samples
were used as self-supported wafers (around 10 mg) obtained un-
der 1000 kg m~2 pressure. The wafers were calcined overnight un-
der O in the IR cell at 400 °C and then evacuated under vacuum for
2 h. After cooling down to room temperature and adsorption of
pyridine, the cell was evacuated for 20 min at several temperatures
(25, 100, 200, 300, 400 °C). A spectrum was collected for each stage
at room temperature.

The state of the aluminum in the SBA-15 lattice was investi-
gated by 2’Al MAS NMR spectroscopy. After hydration of the samples
for two nights in a desiccator, the spectra were recorded at
104.27 MHz on a Bruker DSX 400 spectrometer.

Gas phase adsorption microcalorimetry. The experiments were
carried out in a microcalorimeter of Tian-Calvet type (C80 from
Setaram) linked to a volumetric line. NH3 and pyridine were cho-
sen as base probe molecules for characterizing the acidic proper-
ties. The adsorption capacities of the mesoporous samples for
organic molecules were evaluated by choosing four test molecules



which belong to four different categories of organic derivatives,
namely: acetonitrile (nitriles), propionaldehyde (aldehydes),
methyl ethyl ketone (ketones) and nicotine (alkaloids with two
nitrogen atoms). These organic molecules are among the most fre-
quently encountered pollutants in both air and water. The solids
were pretreated under vacuum at 350 °C overnight. The adsorption
experiments consisted in repeatedly sending small doses of gas
onto the solid while the heat flow signal and the concomitant pres-
sure evolution were recorded (until an equilibrium pressure of
67 Pa was reached). The adsorptions were carried out at 30, 80
and 150 °C for VOCs, NH3 and pyridine, respectively. A readsorp-
tion was performed after outgassing the samples for 0.5 h at the
same temperatures in order to determine the chemisorbed uptake
(Virr)‘

Titration microcalorimetry. The adsorption heats of aniline
(CeH7N, 99.5%, Aldrich) diluted in n-decane (C;gH55, 99%, Sigma)
and of nicotine (CioH14N;, 99%, Fluka) dissolved in water were
measured in a differential heat flow reaction calorimeter equipped
with a stirring system (TITRYS, from Setaram). Using a syringe
pump, successive pulse injections of known amounts of a solution
(0.03 M) of the probe molecule were sent onto the sample main-
tained at 35 °C at 2 h time intervals. A preheating furnace allowed
the injection of the solution at the same temperature as the calo-
rimeter. The reference and measurement cells contained the pure
solvent (1.5 ml) and the solvent with a weighted amount of the
outgassed solid sample (ca. 150 mg), respectively. A programmable
syringe pump (PH 2000, Harvard Apparatus) was linked to the cal-
orimeter by capillary tubes. The samples were pretreated under
vacuum at 350 °C for 4 h before being transferred into the calorim-
eter cell. Each dose was accompanied by an exothermic peak. The
evolved heat was evaluated by the SETSOFT acquisition and pro-
cessing software from SETARAM and represented as a function of
the probe amount injected.

3. Results and discussion
3.1. Materials characterization

Using triblock copolymer P123 as organic directing agent under
acidic conditions, SBA-15 and Al-SBA-15 with different Si/Al ratios
and ordered two-dimensional hexagonal (P6mm) mesostructure
and thick uniform silica walls (16-62 A) were obtained (Fig. 2
and Table 1).

The small angle XRD patterns (Fig. 2) show three different peaks
that can be indexed as (100), (110) and (200) reflections. The
most important peak (100) reflects a large dioo spacing (91-
103 A) corresponding to a large lattice parameter (a,=105-
119 A). All the diffraction patterns suggest the preservation of
the SBA-15 structure after incorporation of Al either by direct or
post-synthesis methods. Anyway, only a slight broadening of the
(110) reflection peaks for the Al-SBA-15 obtained by direct synthe-
sis can be observed, as well as a slight shifting of the (100) peak to
higher 20 values and a lower d-spacing after Al incorporation either
by direct synthesis or grafting. The same behavior has been re-
ported for AI-MCM-41 obtained by grafting [15], Al-SBA-15 ob-
tained by grafting [16] and AlI-MCM-41 obtained by direct
synthesis [17]. This behavior might possibly be caused by a slight
distortion of the mesoporous channels or pore narrowing due to
the deposition of the Al clusters on the inner pore walls.

Analysis of the N, sorption isotherms (Table 1 and Supple-
mentary material 1) indicates that all samples are predominantly
mesoporous solids although some amounts of intrawall pores can
be found in all samples. Surface areas found for our samples range
from 522 to 993 m? g !, while pore volumes vary between 0.96
and 1.44 cm? g~ '. Moreover, an increasing of the Sger of pore vol-
umes as compared to pure SBA-15 was noticed when aluminum
was introduced by direct synthesis while grafting led to a decreas-
ing of these parameters. Compared to MCM-41, the ordered meso-
porous silica SBA-15 has an additional system of secondary
mesopores (around 20 A) and micropores, which intersect the reg-
ular structure of parallel mesopores [18-21]. Though this addi-
tional microporous system facilitates the diffusion of small
molecules, often it also exhibits a “pore blocking effect” [22]. This

3 Ao TRpe SN pore blocking effect leads to a delayed capillary evaporation and
z ArSBAISpei SN renders the relation between the capillary evaporation pressure
g S and the pore size ambiguous [23]. Moreover, the post-synthesis
E Aroprs SN method could induce a partial degradation of the pore structure
ALSBAS SINZ 2 by alkaline dissociation, since the alumination was performed in
AISBA-15; SUAI= 15 basic media. This could explain the reduction in the surface area
ALSBA-15; SUAI=8 and pore volume of the Al-SBA-15 samples obtained by grafting,
05 15 25 35 45 55 as well.
2 Theta As mentioned above, aluminum incorporation by direct synthe-
sis led to an increase in total surface area and in micropore volume
Fig. 2. XRD patterns of studied samples. compared to purely siliceous SBA-15. As a general trend, the values
Table 1
Structural properties of samples.
Sample Si/Al XRD analysis N, adsorption-desorption isotherm
gel CA. XPS dioo (A) ao (A) Sper (m?g ") Sext (M*g ") Vo (cm®g ™) Vip (cm®g™") Dy (A)
Al-SBA-15 8 265 27.2 98 113 840 91 1.33 0.037 63
Al-SBA-15 15 254.2 - 102 117 948 89 1.44 0.076 61
Al-SBA-15 25 307.5 - 100 115 993 65 1.33 0.1 53
Al-SBA-15 35 307.5 - 91 105 991 67 1.23 0.12 50
SBA-15 - - - 103 119 721 38 1.18 0.046 65
Al-SBA-15ps 8 2.7 135 - - 522 34 0.96 0.012 66
Al-SBA-15ps 30 13.4 27.3 92 106 657 40 1.13 0.043 68

Bold corresponds to the reference sample.

Lattice parameter, a,: ap = Zd%; ps = post-synthesis; C.A.=chemical analysis, Sex. = external surface, V,, = total pore volume, V,,, = micropore volume, D, = average pore

diameter.



of these parameters decrease as the aluminum content increases.
These findings suggest an important contribution of the microp-
ores and secondary mesopores. If the formation of micropores is
due to the penetration of the hydrophilic poly(ethylene oxide)
chains of the Pluronic P123 in the silica walls [16], then it could
be considered that the presence of Al would facilitate this penetra-
tion and thus the formation of micropores is favored. For the sam-
ple with high Al content (labeled AI-SBA-15; Si/Alge=8), the
surface area, total pore and micropore volumes are decreased in
comparison with the samples prepared by direct synthesis. This
trend is in good agreement with the results of Ooi et al. [24],
who found that too high an aluminum loading stimulates the dete-
rioration of pore structure. However, the XRD pattern for our sam-
ple indicates a hexagonal arrangement of the pores. In this case, a
narrowing of the pores due to the presence of non-framework alu-
minum could explain the decrease of the surface area and pore vol-
ume. It could be supposed that the micropores and secondary
mesopores of this sample are most probably blocked by this EFAL
aluminum.

The examination of the results obtained by chemical analysis
(Table 1) shows an increase of the Si/Al ratio in the final product
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Fig. 3. 2’Al MAS NMR spectra of three Al-SBA-15 samples; Al-SBA-15 (Si/Alge = 8);
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for the samples synthesized by direct-synthesis method, while
for the samples obtained by post-synthesis, this ratio is much low-
er than in the synthesis gel. This finding was observed in previous
studies, as well [5]. Thus, for the direct synthesis, it seems that the
solubility of the aluminum iso-propoxide used as aluminum source
in the acidic medium allows only statistical replacement of Si by Al,
leading to higher Si/Al ratio. Of course, the possibility of losing part
of the extra framework aluminum during the washing of the solid
at the end of synthesis should also be taken into account. On the
other hand, post synthesis incorporation of Al takes place in a basic
medium (pH around 9), and lower silica to alumina ratios could be
explained by partial alkaline extraction of silicon from the frame-
work [7].

The 27Al NMR analysis was performed only for the samples with
the highest aluminum contents. For the other samples, it seems
that the small amounts of aluminum which were introduced in
the samples (see chemical analysis results in Table 1) probably ex-
ist as so-called “NMR invisible” 2’Al [ 14]. All recorded spectra show
aluminum in two different coordination states corresponding to
two different resonances as illustrated in Fig. 3.

For the three samples, the most important peak is around
50 ppm which is typical for tetrahedrally coordinated AlO4 groups.
The presence of extra framework six fold coordinated AlOg octahe-
dra is indicated by a resonance near 0 ppm [25]. The sample de-
noted by b in Fig. 3, obtained by post-synthesis (Si/Alge = 30),
exhibits a single resonance indicating that almost all aluminum
atoms are in tetrahedral coordination (Table 1).

The acid character created by aluminum incorporation was
evaluated using gas phase adsorption microcalorimetry. Ammonia
(pK. = 9.24, proton affinity in gas-phase = 857.7 k] mol~!, kinetic
diameter = 0.375 nm) and pyridine (pK, =5.19, proton affinity in
gas-phase =922.2 kf mol~!, kinetic diameter=0.533 nm) were
chosen to probe the overall acidity of the solids, since both Lewis
and Bronsted acid sites retain these molecules. Generally, the heat
evolved during the adsorption of a molecule on a solid surface at
constant temperature is known as the differential heat of adsorp-
tion (Quq;fr = 0Q;ne/ON,) and it is graphically represented as a function
of the surface coverage (n,). It is claimed that the heat evolved dur-
ing the adsorption of a basic molecule on an acidic site reflects the
acid strength of this site. Moreover, the dependence of the heat of
adsorption on coverage provides information about the heteroge-
neity of the acid strength. For this purpose, the temperature of
adsorption has to be high enough to ensure that the probe mole-
cule reaches the sorption equilibrium on the sites of interest. The
temperature of the pretreatment is also very important, since it
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o= ALSBA-15 ps; SilAl=8
—#— SBA-15

—&— ALLSBA-15; SilAl = 35
—B—Al-SBA-15; SUAl =25
—&— Al-SBA-15; SilAl =15
—>—Al.SBA-15; Si/Al=8

Quy (kJ.mol")

V (umol.g)

Fig. 4. Volumetric isotherms (a) and differential heats (b) of NH3 adsorption at 80 °C for all studied samples.



can affect the surface acidity of the samples and thus the heat spec-
trum [26]. A typical differential heat plot shows different regions
[27]. The first region corresponding to a sharp decrease of Qi at
low coverage represents the adsorption on the strongest sites. Usu-
ally, these sites are attributed to Lewis sites. The next region of the
curve is attributed to the interactions of probe molecules with sites
of intermediate strength, which are predominantly of Brénsted
type. When this part forms a plateau, it is an indicator of the homo-
geneity of the acid strength, while heterogeneity is reflected by a
continuous decrease of the heat vs. coverage. At high uptake, the
heat of adsorption is almost constant, which is characteristic to
hydrogen bonds between the probe and the sample or physisorp-
tion of the probe. Differential heats of adsorption are presented
in Fig. 4b, which plots the heat evolved for each dose vs. adsorbed
NHs3 amount for AI-SBA-15 prepared by direct and post-synthesis,
respectively.

The results obtained for Al-substituted SBA-15 can be compared
with those for purely siliceous SBA-15. The heat evolved for SBA-15
is almost insignificant, around 30 k] mol~!, indicating that no acid
sites of noteworthy strength are present in this sample. In accor-
dance with the amount of aluminum present in the sample, and
thus with the existence of acid sites, the heat evolved increases
with decreasing of Si/Al ratio. Calorimetric curves for the samples
with Si/Alg = 35, 25 and 15 indicate the existence of only a few Le-
wis sites on which NHjs is firstly adsorbed. After that, the heat
evolved is almost similar to that measured for SBA-15. Bronsted
sites are more evident in the sample with Si/Alg, = 8. After the
strong Lewis sites are covered, the subsequent region of the heat
curve presents a slow and continuous decrease until around
150 k] mol~'. Then a continuous decrease of the heats is observed
until the physisorption region is reached; this also indicates the
heterogeneity of the acid strength distribution. Calorimetric curves
obtained for samples prepared by post-synthesis show the exis-
tence of Bronsted type sites, as well. Moreover, it seems that
although the 27Al NMR spectra show higher incorporation of Al
in the post-synthesis sample with Si/Alge =8, the strength of the
acid sites is similar to that of the sample with the same Si/Al ratio
but prepared by direct-synthesis.

The volumetric isotherms (number of adsorbed molecules, 1, as
a function of the equilibrium pressure, p) presented in Fig. 4a con-
sist of two distinct parts.

The vertical part can be assigned to irreversible adsorption,
namely chemisorption, while the horizontal part corresponds to
reversible adsorption (physisorption). Of course, the samples with
higher amounts of acid sites present more chemisorption than the
samples containing a small amount of acid sites.

a 800 - o
"_U.’

S 600 A

€

=

g

3 400 -

£

©

2 - <o+ A-SBA-15ps; SI/Al = 30

5 :

g 03L& e A-SBA-15ps; SVAl = 8

o —o— A-SBA-15; SIA = 15

—X— A-SBA-15; Si/Al = 8
0% ; ‘ ‘ ‘
0.0 20.0 40.0 60.0 80.0
P (Pa)

It is known that in the case of molecules larger than ammonia,
the initial heats are only a statistical average of the sites which are
firstly exposed. For this reason, it is recommended to increase the
mobility of these kinds of molecules by increasing the adsorption
temperature. As a consequence, pyridine adsorption was per-
formed at 150 °C. Experiments carried out for post-synthesis sam-
ples and two of the direct-synthesis samples (Fig. 5) confirm the
results obtained by ammonia adsorption. However, for the sample
Al-SBA-15, Si/Alge = 8, prepared by post-synthesis, there is a pla-
teau of adsorption heats at low coverage, usually attributed to an
energetic homogeneity of the adsorption sites. It seems that in this
case, pyridine is adsorbed on sites of similar strength. It is worth
emphasizing here that the acidic properties of the two types of sol-
ids (i.e., samples obtained by direct synthesis and by grafting) are
influenced by the nature of the aluminum precursor as well as
by the method of aluminum incorporation. As it can be seen, the
heat evolved for pyridine adsorption is higher than for ammonia
adsorption. This difference was explained by Lee et al. [28] based
on the gas phase affinity of these two probes. Another supplemen-
tary explanation is the way in which probe molecules bind on the
solid surface. Thus, it was proven for zeolites H-ZSM-5 and H-MOR
that pyridine forms a monodentate complex adsorbed on the sur-
face, because the pyridinium ion only has a single proton available
for H-bonding, while ammonium binds with two sites forming a
bidentate complex [27,28]. Of course, the presence of the aromatic
ring in the pyridine molecule has to be taken into consideration, as
well. The electronic effects from the aromatic ring favor three cat-
ionic positions on the ring which are able to interact with the neg-
ative charges of the silica surface. These interactions could also
explain the higher adsorption heats of pyridine compared to
ammonia.

Table 2 summarizes the acidity measurement results obtained
by adsorption calorimetry at 80 °C for NH3 and 150 °C for pyridine,
respectively. The total number of acid sites (in pmol probe per
gram of sample) at the given equilibrium pressure of 27 Pa, the
number of strong acid sites (derived from the irreversibly adsorbed
probe volume), the integral heat at 27 Pa (in ] g~!), and the average
differential heat (integral heat divided by probe uptake) over the
0-27 Pa range are listed.

Fig. 6 presents the heat evolved for each dose of diluted aniline
as a function of the amount of probe sent on the samples dispersed
in n-decane at 35 °C. The concerned samples are those which have
the highest aluminum content: Al-SBA-15 obtained by post-syn-
thesis, and two samples obtained by direct-synthesis, namely Al-
SBA-15 (Si/Alge;=8 and 15). The results are compared to the
evolved heat for aniline sent on purely siliceous SBA-15.
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Fig. 5. Volumetric isotherms (a) and differential heats (b) of pyridine adsorption at 150 °C for samples obtained by post-synthesis and two samples obtained by direct-

synthesis.



Table 2

Acidic properties of samples based on ammonia adsorption at 80 °C and pyridine adsorption at 150 °C, respectively.

Solid Total number of acid sites (umol g~')? Number of strong acid sites (pmol g~ ')° Integral heat (Jg=!) ¢ Average heat (k] mol~')?
NH; Py NH; Py NH; Py NH; Py
Al-SBA-15 (Si/Al = 8)¢ 435 408 246 260 40 46 88 107
Al-SBA-15(Si/Al = 15)° 153 302 56 121 10 18 57 58
Al-SBA-15(Si/Al = 25)¢ 135 - 36 - 7 - 47 -
Al-SBA-15 (Si/Al = 35)° 139 - 36 - 6 - 39 -
SBA-15 124 - 33 - 4 - 25 -
Al-SBA-15 ps (Si/Al = 8)° 491 470 263 301 45 46 89 94
Al-SBA-15 ps (Si/Al = 30)¢ 314 303 314 204 26 33 78 105

Adsorbed amount under an equilibrium pressure of 27 Pa.

Integral heat of adsorption corresponding to an equilibrium pressure of 27 Pa.
Integral heat divided by probe uptake.
Molar ratio in gel.

b
d
To our knowledge, until now the surface acidity of AI-SBA-15 has
not been investigated by calorimetry in liquid phase. In fact, even in
the broader context of solid acid catalysts, there is only a limited
amount of literature reporting calorimetric measurements of the
reaction of bases with solid acids slurried in non-basic solvents
[29]. Contrary to gas phase, in liquid media the adsorption is accom-
panied by complex phenomena. In this case, the active sites are cov-
ered by liquid which first of all has to be removed before the
molecules to be adsorbed are retained by the solid. Depending on
the strength of the acid sites, some of them could react with the sol-
vent, thus preventing activity of these sites towards the probe. On
the other hand, the solvent nature has a great influence on the
strength of the acidic or adsorption sites of the solid [30]. The
molecular interactions which can take place in the liquid phase
are as follows: solvent-solid, solvent-solvent; solvent-probe mol-
ecule, solid—probe molecule, and probe molecule-probe molecule.
As it will be seen below, these complex relationships all participate
in determining the acidity of a solid in liquid phase. Knowledge of
the behavior of the solid in liquid media provides key information
for finding the most appropriate solid-solvent-probe molecule
triad when the maximum catalytic performance of the solid is de-
sired. Moreover, the combination of adsorption gas phase microcal-
orimetry with titration microcalorimetry gives more complete and
realistic information about the acidity of the solid.
The evolved heats for the first injected doses were between 6 and
2] g~!. The next doses found a surface partly occupied by the probe
and therefore a smaller number of molecules were adsorbed, leading
to the decreasing of the evolved heat. For our samples, the heat of
adsorption gradually diminished to values of 1.5-0.3 ] g~!. A general
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Fig. 6. Evolved heat for each dose of aniline as a function of the amount of probe
sent onto the samples in n-decane.

Number of strong acid sites obtained by difference between the adsorption and readsorption isotherms (V).

analysis of the curves shows a reversed acidity scale compared to gas
phase experiments (see Figs. 4 and 5), except for SBA-15 which man-
ifests the lowest acidity in both media. First of all, it could be sup-
posed that, due to the competition between solvent and probe, in
liquid phase the active sites are not occupied depending on their acid
strength but rather depending on their ability to liberate the solvent.
The evolved heats measured upon aniline adsorption are in fact the
sums of the contributions of two effects: the exothermic enthalpy of
neutralization of the acid site, AHpey and the endothermic enthalpy
of the solvent displacement, AHqjp,, respectively. Regarding the ther-
mal effects due to other phenomena such as stirring, dispersion,
dilution and solvation by decane, these are compensated by the ref-
erence cell, which contains the solvent only [30,31]. Moreover, the
exothermic enthalpy of neutralization, AH,ey, represents a sum of
different contributions, as well: the loss of one proton by the acid
site, the recovery of one proton by the probe, the changes in solvation
by decane caused by the conversion of the acid and the base into the
conjugated base and conjugated acid, and also all other enthalpic ef-
fects associated with the ion pairs which could be formed or broken
during the neutralization reaction [31]. It can be seen in Fig. 6 that
the Al-SBA-15 (Si/Alge; =8) sample manifests the lowest acidity
(similar to aluminum-free SBA-15) while Al-SBA-15 (Si/Alge; = 15)
exhibits the highest acidity. It could be concluded that a more precise
estimation of the acidity of AI-SBA-15 (Si/Alge; = 8) requires a differ-
ent solvent or probe. By the same argument, it could be noticed that
the adsorption in decane causes an overestimation of the acidity of
Al-SBA-15 (Si/Alge; = 15) sample. These findings are in opposition
with the results obtained in gas phase adsorption measurements,
where both sets of experiments clearly show that Al-SBA-15
(Si/Alge; = 8) is more acidic than Al-SBA-15 (Si/Alge = 15). Carniti
et al. [30] have studied the influence of the solvent (toluene, decane
and cyclohexane) on the adsorption of aniline and 2-ethyl-phenyla-
mine on niobic acid and niobium phosphate. The heat evolved for
aniline adsorption on niobic acid in toluene was nearly twice that re-
leased in decane. The measured heats were similar for the adsorption
of aniline in toluene and cyclohexane on niobium phosphate but
greater than in decane. These results emphasize the importance of
the nature of the liquid dispersing phase and how particular solids
are differently affected.

The calorimetric data indicate the number, the strength and the
strength distribution of the acid sites, and give some indications
about the nature of these sites. Infrared spectroscopy of pyridine
adsorption gives a more complete picture, making a better distinc-
tion between the two types of sites (Bronsted and Lewis); this
makes it a good technique to complete the calorimetric results.
Fig. 7(a-c) displays the spectra of pyridine desorption at different
temperatures (25-400 °C) on Al-SBA-15 (Si/Alge = 8) (a), Al-SBA-
15ps (Si/Alge;=30) (b) and Al-SBA-15ps (Si/Alg=8) (c) after
adsorption at room temperature on the pretreated wafers.



All spectra contain bands corresponding to vcy vibrations of
pyridine which appear at

e 1545 cm™! due to the formation of pyridinium ions (PyH*) on
Bronsted sites,

e 1490 cm~! which is associated to pyridine adsorption on Bron-
sted and Lewis sites at the same time, and

e 1455 cm™! characteristic of pyridine coordinated to a Lewis site

(PyL).

The evolution of the intensity bands as a function of desorption
temperature can offer information about the acid strength of the
solids. Thus, the presence of these bands at high temperature is a
sign of the high acid strength of the solids.

The band which appears at 1444 cm™! is attributed to physi-
sorbed pyridine. Above 100 °C, this band completely disappears,
indicating that only chemisorbed pyridine remains on the solids.
A phenomenon that it was observed for all three samples is a shift
of the band at 1490 cm™! to 1495 cm™!, at temperatures above
300 °C. For Al-SBA-15 prepared by post-synthesis (b and c), the
band at 1490cm™' is divided into two bands (1490 and
1495 cm™') at 300 °C. At 400 °C, only the band at 1495 cm™' was
observed. To our knowledge this band at 1495 cm~! has not been

reported in any previous studies of Al-SBA-15 samples. However,
Vinh-Thang et al. have found this band when studying pyridine
adsorption on micro-mesoporous UL-ZSM-5 materials [32,33].
The appearance of this band clearly shows the presence of two
types of Lewis sites in Al-SBA-15 samples. Although the nature
and mechanism of formation of these Lewis sites are still unclear,
this kind of acidity could be generated by either extra framework
aluminum species, such as AlOs and AlQg, or defect sites such as
AlOs3, or both. Depending on the synthesis and/or calcination con-
ditions, one of these forms could predominate. The spectra of pyr-
idine desorption at gradually increasing temperatures show that,
at room temperature, octahedral aluminum identified by 27Al
NMR is responsible for the Lewis acidity [34]. Lewis sites in zeolites
are also generated by tri-coordinated framework aluminum spe-
cies, as well. Van Bokhoven et al. [34] proposed three mechanisms
of formation of tri-coordinated aluminum species in zeolites. All
these mechanisms occur at temperatures over 400 °C: (i) the
breaking of the weakest Al-O bond without complete dehydroxyla-
tion (nevertheless, it is possible for this breaking to be followed by
dehydroxylation, and in a subsequent step, extraction of aluminum
from the framework may occur; extraction seems to depend on the
aluminum position in the framework), (ii) a bridging hydroxyl
group is dehydroxylized with a nearby Si-OH group, releasing
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Fig. 7. FT-IR spectra of pyridine desorption on AlI-SBA-15 (Si/Alg = 8) (a), AI-SBA-15 ps (Si/Alge; = 30) (b) and AI-SBA-15 ps (Si/Alge = 8) (c) at different temperatures.
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water, and (iii) a defect site on the aluminum atom causes the irre-
versible formation of AlO; species [34]. On the other hand, the for-
mation of new Lewis sites observed only in the IR spectra for the
grafted samples could indicate that the aluminum source is impor-
tant, as well. The grafting of aluminum on mesoporous silica using
aluminum chloride as aluminum precursor has been discussed in
the literature [35,36]. Depending on the grafting conditions (humid
atmosphere or moisture free conditions) different types of Lewis
sites could be formed, as identified by 2’Al NMR [35]. In our case,
the grafting as well as 2’Al NMR were performed under moisture
conditions, while the IR spectra were collected after degassing at
gradually increasing temperatures. This is the reason why our
27Al NMR spectra show only the classical signal at 0 and 50 ppm
whereas the IR spectra reveal supplementary Lewis sites. It may
be assumed that starting from 300 °C the Lewis sites identified
by the above-mentioned studies [35,36] could form in our samples
and are responsible for the band at 1945 cm™'.

XPS can be used to evaluate the ratio between the Bronsted and
Lewis site populations, based on the variations of the binding en-
ergy of N1s according to the environment of the nitrogen atom
after ammonia adsorption [37-40]. Because XPS analysis is per-
formed under ultravacuum, the physically adsorbed molecules
are desorbed and only the strongest adsorbed molecules are kept
on the surface. Consequently, this technique can provide only the
identification and a quantitative determination of the strongest
Bronsted and Lewis sites, especially for the amorphous solids
where the strength of sites is not comparable to that of zeolites.

Fig. 8 shows XP spectra for three of the Al-SBA-15 samples after
NH; adsorption at 80 °C. The experiments were performed at this
temperature in order to keep the same conditions as for the ammo-
nia adsorption in gas phase calorimetry. The solids studied by XPS
are Al-SBA-15 (Si/Alge = 8 and 15) obtained by direct synthesis and
AI-SBA-15ps (Si/Alge; = 8) prepared by post-synthesis.

According to the literature [41], when a basic molecule reacts
with a Bronsted site, the binding energy of N1s is between 402-
402.8 eV, while when it forms a complex with a Lewis site, the
binding energy is between 399 and 401.5eV. It can be seen in
Fig. 8 that all three samples have both types of acid sites previously
identified by infrared spectroscopy of pyridine desorption.

The N/Al ratios given in Table 3 can be used to compare the ac-
tual site concentration with the potential population of acid sites
considering that, theoretically, each aluminum atom of the lattice

Table 3
XPS results after NH3 adsorption on Al-SBA-15 samples.
XPS results Sample
Al-SBA-15 Al-SBA-15ps Al-SBA-15
(Si/Al =8) (Si/Al =8) (Si/Al =15)
N/Al (molar ratio) 0.72 0.46 0.92
% BJL 60/40 65/35 60/40

can be at the origin of Bronsted or Lewis acidity. More precisely,
the atomic N/Al ratios indicate the amounts of sites able to retain
ammonia under ultravacuum conditions.

The results shown in this table illustrate that in ultravacuum
conditions, the adsorbed ammonia covered only 72% of the “theo-
retical” acid sites in AI-SBA-15 (Si/Alge = 8), 46% in AI-SBA-15ps (Si/
Alge; = 8) and 92% in Al-SBA-15 (Si/Alge = 15). Therefore, Al-SBA-
15ps (Si/Alge; = 8) shows a much larger population of weak sites
than Al-SBA-15 (Si/Alge; = 8), while Al-SBA-15 (Si/Alge = 15) exhib-
its very few weak sites on its surface. On the other hand, Bronsted
to Lewis ratios are comparable from one sample to another.

3.2. Adsorption studies

The adsorption potentials for removal of some volatile organic
compounds (VOCs) such as methyl ethyl ketone (MEC), propional-
dehyde (PAL) and acetonitrile (ACN) in gas phase have been probed
for the mesoporous materials investigated in this work.

The uptake values obtained for MEC adsorption (Fig. 9) are in
good agreement with data for nitrogen physisorption. As expected,
SBA-15 presents the lowest adsorptive capacity. After aluminum
incorporation by direct synthesis, the increased surface areas and
pore volumes (Table 1) allow higher amounts of MEC to be re-
tained on the sample surface. However, the amounts adsorbed
are lower than in the data corresponding to nitrogen sorption. It
can be seen that the adsorbed amounts of MEC are between
1400 and 2100 pmolg~!, which correspond to 0.125 and
0.188 cm® g~! respectively. Vinh-Thang et al. [42] observed the
same behavior for toluene and n-heptane adsorptions on SBA-15.
This observation could be explained by “lateral” sorbate-sorbate
interactions, in which the first adsorbed molecules prevent subse-
quent sorbate molecules from getting as close to the surface, caus-
ing them to be less strongly adsorbed.

BI-SBA-15: SiAI= §

%BIL:60/40
A

P
N S T
07 405 403 101 399 397

Binding energy (eV)

[Al-SBA-15ps: SilAl =8|

% BIL: 65135

AN
T v T T T T
407 405 403 401

Binding energy (eV)

| Al-SBA-15; SilAl = 15 |

%BiL:GOMOl

403

M 309

Binding energy (eV)

Fig. 8. N1s XP spectra after adsorption of NH3 at 80 °C on three Al-SBA-15.
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The volumetric isotherms for PAL adsorption are presented in
Fig. 10 for Al-SBA-15 with Si/Alge; = 15, 25 and 35 obtained by di-
rect synthesis. The results are compared to those of aluminum-free
SBA-15.

Although the volumetric isotherms show that the amounts of
PAL adsorbed on Al-SBA-15 samples are quite similar, an improve-
ment compared to SBA-15 can be noticed. However, for the sample
with Si/Alge; = 35 a different shape of the curve was observed. Cor-
relating this result with the evolved heats (Supplementary mate-
rial 3), the existence of small amounts of extra framework
aluminum obstructing the pores can be conjectured, thus inducing
some diffusion problems at the beginning of the adsorption and
preventing the isotherm to follow the Langmuir profile anymore.
As the amount of adsorbed aldehyde increases, the adsorption
capacity seems to improve. The adsorption isotherm for Al-SBA-
15 with Si/Alge = 8 is not represented here. According to the acidity
studies, this sample contains both types of acid sites (Bronsted and
Lewis). Recall that aldehydes very easily give rise to aldol conden-
sation under mild reaction conditions. On the sample with
Si/Alge; = 8, the aldehyde molecules reacted with each other to form
an aldol (2-hydroxy-butanal) starting around an equilibrium pres-
sure of 13 Pa. Due to this unwanted reaction, we did not continue
the experiment on this sample up to the final pressure of 67 Pa.
However this behavior suggests that this sample might be a good
catalyst for aldehyde condensation. Over aluminum-free SBA-15,
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Fig. 10. Volumetric isotherms of PAL adsorption at 30 °C on SBA-15 and three of the
Al-SBA-15 samples obtained by direct-synthesis.

whose acidity is generated only by surface silanol groups, PAL mol-
ecules adsorb via hydrogen bonds established between hydrogen
of the silanol group and carbonylic oxygen. Concerning the adsorp-
tion of PAL on AI-SBA-15 (Si/Alge = 25), it seems that extra-frame-
work aluminum distribution on the surface is such that it does not
obstruct pores. Anyway, the amount of aluminum is low enough to
prevent the reaction between PAL molecules, thus confirming the
low acidity.

Fig. 11 presents the volumetric isotherms of acetonitrile adsorp-
tion on SBA-15 and Al-SBA-15 samples prepared by direct-synthe-
sis and post-synthesis. The post-synthesis samples and one of the
direct-synthesis samples (Al-SBA-15 (Si/Alge = 35) exhibit a differ-
ent behavior compared to SBA-15 and the other Al-SBA-15 samples
obtained by direct synthesis. It is obvious that at low coverage the
adsorption is very poor on the three above-mentioned samples.

Correlating these results with those obtained for nitrogen sorp-
tion, it could be pointed out that in the case of the post-synthesis
samples, the aluminum complexes obstructing the micropores
could form Lewis sites, which interact with the first ACN molecules
sent on the samples. Also, it could happen that part of the alumi-
num is located at the mouth of mesopores, blocking the entrance
of the probe molecules into the channels. Trapped acetonitrile
could also interact with this aluminum, leading to some diffusion
problems. It is already known that acetonitrile adsorption is often
affected by diffusion problems, and because of this it is recom-
mended to increase the temperature of the adsorption [43]. An
additional feature is the influence of the adsorption site environ-
ment. Gorte and White [44] have studied the adsorption of differ-
ent molecules including acetonitrile on zeolites in order to show
the influence of the environment of the Bronsted acid sites on cat-
alytic activity. They found that the nature of the adsorption com-
plexes is affected by the environment created by the zeolite
cavities.

In order to compare the adsorption of the different VOCs, the
volumetric isotherms as well as the evolved heats for the adsorp-
tion of all three pollutants (acetonitrile, propionaldehyde and
methyl ethyl ketone) on pure SBA-15 are illustrated in Fig. 12.
The stronger adsorbate-adsorbent interactions were observed for
MEC molecules as confirmed by the heats of adsorption. As men-
tioned above (Supplementary material 2 and corresponding discus-
sion), SBA-15 presents a heterogeneous distribution of adsorption
sites. This situation could be explained in terms of hybridization
and gas-phase basicity. Both the ketone and the aldehyde contain
in the molecule a carbonyl group in which the oxygen is sp’
hybridized. This oxygen is a base which can be attacked by an
electrophile. The difference between PAL and MEC consists in the
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Fig. 11. Volumetric isotherms of ACN adsorption at 30 °C on SBA-15 and AI-SBA-15.
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Fig. 12. Volumetric isotherms (left) and differential heats (right) of VOCs adsorptions at 30 °C on pure SBA-15.

presence of a methyl group bonded to the carbonylic carbon in
methyl ethyl ketone. This group has a positive inductive effect
which increases the density of electrons around the carbonylic
oxygen raising the availability of the electron pair, so that it can
more easily accept a proton. Therefore, this oxygen is more basic
than that of the propionaldehyde. The proton affinities, which
measure the basicity of the molecules in gas phase, sustain this
explanation. Indeed, the proton affinity of MEC is 787.09 k] mol™!
[45] while that of PAL is 781.66 k] mol~! [46]. Thus, the ketone
has more affinity for the weakly acidic silanols present on the
SBA-15 surface. It can be pointed out that more silanols are in-
volved in this adsorption than for propionaldehyde. Acetonitrile
adsorption on SBA-15 can also be analyzed in similar terms. The
proton affinity of this molecule is 778.74 k] mol~! [45]. Moreover,
cyano nitrogen has sp hybridization, which holds the electrons clo-
ser than an sp? hybridized atom, thus resulting in lower basicity for
ACN [47]. Although the amount of ACN adsorbed is a little bit higher
than for PAL, the interaction strength is weaker than for PAL.

The size and the shape of the molecules were considered in this
study, as well. The critical diameter of ACN can be taken as similar
to that of methane (0.40 nm) or of ethane (0.44 nm) [48], while
MEC has a kinetic diameter of 0.57 nm [49]. As ACN is the smallest
molecule, this molecule should be better adsorbed than the other
two molecules. However, the curves of the evolved heats and the
adsorption isotherms show a higher capacity of adsorption and a
stronger adsorption for MEC molecule, while ACN was the poorest
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Fig. 13. Evolved heat for each dose of nicotine as a function of the amount of probe
molecule sent onto the samples.

adsorbed molecule on the SBA-15 surface. Therefore, these findings
point out the reduced influence of the size and molecular shape of
the molecules on the adsorption.

Fig. 13 shows the evolved heats vs. the amount of nicotine sent
for adsorption on Al-SBA-15 samples obtained by direct and post-
synthesis. The results are compared to those obtained for nicotine
adsorption on SBA-15.

Depending on the surface characteristics, different behaviors
are observed, falling into two categories. For the first injected
doses, purely siliceous SBA-15 and Al-SBA-15 samples with low
aluminum content (such as Al-SBA-15 (Si/Alge; = 15, 25, 35)) exhi-
bit practically the same behavior. The evolved heats are high (5-
7] g~ 1). The adsorption sites are progressively covered by nicotine,
so that the heats gradually decrease until 0.5] g '. It can be ob-
served that the decrease in evolved heat is very fast for SBA-15,
while for Al-SBA-15 the evolved heats decrease more slowly.

On the other side, for Al-SBA-15 samples rich in aluminum (the
post-synthesis samples and Al-SBA-15 (Si/Alg = 8) prepared by di-
rect-synthesis), the evolved heats are low (1-2] g~ ') for the first
injected doses.

These two different tendencies could indicate that aluminum
may increase the affinity of the adsorbent for water, thus diminish-
ing its affinity for the organic molecule.

The adsorption of nicotine in liquid phase depends on different
factors. First of all, the basicity and conformation of nicotine in li-
quid phase are different from those in gas phase [50-52]. Secondly,
the Bronsted sites of the post-synthesis samples and Al-SBA-15 (Si/
Alge = 8) obtained by direct-synthesis are in dissociated form. It is
important to keep in mind that, although we are considering Bron-
sted sites in a mesoporous material, their strength is not compara-
ble to that of the sites present in zeolites. On the other hand, silanol
groups are not acidic enough to adsorb nicotine via a neutralization
reaction. It is more plausible that there are electrostatic attractions
between the aromatic ring of nicotine and the oxygen of dissoci-
ated silanol groups. The affinity of the adsorbent for the probe mol-
ecule is reflected by the evolved heats. As the affinity increases, the
evolved heat increases and the thermal balance shifts in favor of
the contribution of the adsorption effects.

4. Conclusion

In this paper, Al-SBA-15 mesoporous aluminosilicates with dif-
ferent Si/Al ratios between 8 and 35 were synthesized by both the
direct-synthesis and post-synthesis methods. XRD and N, adsorp-
tion-desorption isotherms confirm that the specific mesoporous
structure of SBA-15 is maintained whatever the pathway used.
Incorporation of aluminum was successful for the samples ob-
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tained by post-synthesis, and only for one sample synthesized by
the direct method. Aluminum was mainly in tetrahedral coordina-
tion and only a small amount in octahedral coordination according
to the 2’Al NMR measurements. Moreover, the synthesis path has
influenced the textural properties of the solids. Direct synthesis fa-
vored the microporosity formation and led to higher surface area in
comparison to SBA-15. On the other hand, post-synthesis method
led to smaller surface area and micropores blocking. The acidic
properties of the AI-SBA-15 samples were investigated by different
techniques: ammonia and pyridine adsorption in gas phase micro-
calorimetry linked to a volumetric line, aniline adsorption in dec-
ane in liquid phase, infrared spectroscopy of pyridine adsorption,
and XPS of ammonia adsorption, in order to obtain a complete pic-
ture of the acidity of the samples. The acidic properties of Al-SBA-
15 were found to be improved in comparison to SBA-15, and they
were correlated to Al content. Also, the synthesis method had sig-
nificant influence on the acidity of samples. Post-synthesis samples
exhibited higher acidity compared to the samples obtained by di-
rect synthesis. Studies of the adsorptive capacities of SBA-15 mes-
oporous solids using organic pollutants belonging to three different
groups, namely aldehydes (propionaldehyde), ketones (methyleth-
ylketone) and nitriles (acetonitrile) have shown that whatever the
adsorbent, methylethylketone was better retained than the other
pollutants. The chemistry of the adsorbed molecules, hybridization
and gas-phase basicity had more importance than their shape or
size during adsorption. An alkaloid (nicotine) was adsorbed in
water in order to check the influence of aluminum on the adsorp-
tion capacity of the sample. We have shown that the aluminum
content strongly influenced the competition between adsorbate
and solvent during adsorption onto the solid surface.
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