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SBA-15 mesoporous ceramics were synthesized by a sol-
gel method with some modifications and functionalized
with ethylenediamine or tetrasulfide groups and using a
sequential washing approach of organic solvent mixtures.
The effects of the functional groups onto the physico-
chemical properties were characterized using XRD,
TG/DTA, FTIR, N, adsorption—desorption, TEM, SEM
and NMR. These analyses showed that the SBA-15 ce-
ramic synthesized at low temperature shows a flat two-
dimensional hexagonal symmetry with pore diameters of
7.1 to 7.8 nm. In the meantime, the functionalized ethyl-
enediamine SBA-15 presented a narrow pore-size distri-
bution with diameter around 3.5 to 5.7 nm.

1 Introduction Over the past few years, a family of
mesoporous materials with high specific surface area and
functionalized surface have received much interest and a
great deal of attention because of their wide variety of sci-
entific and technological applications in catalysts, adsorp-
tion, sensing, separation, optical devices, drug delivery and
bone-tissue engineering [1-6]. Fundamental and applied
research dealing with novel silica-based mesoporous mate-
rials as MCM-41, MCM-48 and SBA-15 aims to improve
template-synthesis strategies, chemical modification of the
porosity and surface of mesoporous materials in order to
adjust to a more hydrophobic or hydrophilic character. In
addition, to increase their reactivity it is needed to raise the
covalent anchoring that provides great opportunities for
immobilization of large catalytic species and catalytic con-
version of diverse organic molecules that is of paramount
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A different behavior was observed on the tetrasulfide
SBA-15 showing a decrease in unit-cell parameter, in
pore size (~ 2.5 nm) and an increase in pore wall size
with loss in structural order and at high sulfur concentra-
tions exhibited an amorphous structure. Results indicated
that the lattice crystalline structure value of the SBA-15
increased due to the amino-functionalization process to a
value of 13.48 nm respect to a value of 12.72 nm in
SBA-15 and decreased to 10.12 nm as an effect of the
sulfur-functionalization process, indicative of the effect
of the amino and sulfur group into the well-ordered hex-
agonal mesoporous structure of SBA-15 ceramic materials.
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importance in the pore engineering for their applications in
the industry, engineering, environmental waste and bio-
medical areas [7-10].

SBA-15 is a mesoporous silica sieve with outstanding
features including their uniform and highly ordered hex-
agonal pores. It has a narrow pore-size distribution of 20—
300 A and a tunable pore diameter between 5 and 15 nm,
large pore volume (0.6-1.3 cm?/g), high surface area (400—
1000 m*/g), high thermal stability and large thickness of
the framework walls (3.1 to 8.4 nm), that open up the pos-
sibility for their functionalization [11-13].

The functionalization of SBA-15 is done by a cocon-
densation route where the organosilane group ((R’0O)3SiR)
reacts together with the silica precursor (TEOS) in the
typical synthesis of SBA-15 that allows for a uniform ho-
mogeneous distribution of anchoring points on the silica
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surface. Upon surfactant removal, the materials present a
network of cavities within the silica framework that deter-
mines their physicochemical properties. However, the
presence of remaining surfactant trapped within the pore
structure would detrimentally affect the structure [14, 15].
Generally, two methods are used to remove the organic
templates from these mesoporous materials, i.e., high-
temperature calcination in air, or simple solvent washing
(extraction). Moreover, when the mesoporous material is
functionalized, only chemical removal by solvent washing
could be used [11, 17, 34].

We propose new removal surfactant methods that could
generate favorable changes on the surface properties of the
mesoporous materials. Aiming at new applications and
properties, much effort is being devoted to increase the
number of available mesostructures by varying the tem-
plating agent and the synthesis conditions. The morphol-
ogy of SBA-15 could be tuned in many ways for many ap-
plications, considering that the size, shape and order of the
pores are the principal characteristics that determine the
adsorption and delivery properties of these ceramics [18,
19]. Moreover, the morphology together with the function-
alization play a key role in establishing the type of interac-
tions that could occur in chemical, physical and biological
systems [20-23].

In the present study, we have synthesized a mesoporous
SBA-15 ceramic using an ethylenediamine (R1) or tetra-
sulfide groups (R2) as good candidates to be tested as
functional groups. The influence of the synthesis and func-
tionalization on the resulted mesoporous ceramics on their
structural, textural, and physicochemical features were
characterized by X-ray diffraction (XRD), N, adsorp-
tion/desorption (BET), Fourier transform infrared (FT-IR),
nuclear magnetic resonance (NMR), scanning electron mi-
croscopy (SEM) and transmission electron microscopy
(TEM).

2 Experimental The following reagents were used for
the synthesis and extraction of the mesoporous materials:
tetracthylorthosilicate (TEOS, CgH,,Si0,4: 98%, Aldrich),
N-[3 trimethoxysilyl) propyl]ethylenediamine
(CgH2N,O58Si: 97%, Aldrich), bis[3-(triethoxysilyl)propyl]
tetrasulfide (C;3H4204S4Si, 290%, Aldrich), polyoxyethyl-
ene-polyoxypropylene triblock copolymer (PEO,,-PPO-
PEO,, Pluronic® P123, Aldrich), hydrochloric acid (HCI:
36.5-38% WT, J.T. Baker), 2,2,4-trimethylpentane (isooc-
tane, CgH,g > 99%, Tecsiquim), ethanol (C,HsO 9 QP, Mo-
relos Co.) and acetone (C;H¢O QP, Meyer Co.). The deion-
ized water used (resistivity 18 MQ m) was obtained from
an ultrapure water system Milli-Q of Millipore.

2.1 Synthesis of SBA-15 ceramic material The
SBA-15 materials were prepared following the method
used by Vallet-Regi and coworkers [24], previously re-
ported by Zhao et al. [25]. Some conditions were changed
during the reaction, as described below. The SBA-15 mate-
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rial was carried out in a typical synthesis of: 8 g of triblock
copolymer Pluronic P123, PEO,y-PPO7)-PEO,, (as a
structure-directing agent) were dissolved in a mixture of
276 mL of deionized water and 20.6 mL of reagent-grade
hydrochloric acid (HCI: 37 wt%) and kept under magnetic
stirring at 308 K. Once the surfactant was completely dis-
solved, 16.4 mL of TEOS 98% were added as a silica
source to yield a molar composition of 1.0 Si0,/0.017
P123/3.4 HC1/208 H,0O. After aging at 343 K for 24 hin a
sealed crystal recipient, gels were collected by filtration,
washed with deionized water and dried in air at 338 K for
24 h. Finally, dried powders were treated with new organic
solvent method to remove the surfactant. For the function-
alized SBA-15 materials prepared by the cocondensation
method, the reagent was added drop wise during the first
stage of the mesoporous matrix synthesis, after the addition
of TEOS. The composition is shown in Table 1.

Table 1 Molar composition of the functionalized SBA-15
mesoporous materials.

Sample TEOS R1 R2 Molar
(mL) | (mL) | (mL) composition

SBA-15E | 16.40 1 TEOS
SBA-NIE | 16.05 | 0.40 0.975 TEOS: 0.025 R1
SBA-SIE | 16.05 0.92 | 0.975 TEOS: 0.025 R2
SBA-N2E | 15.64 | 0.81 0.95 TEOS: 0.05 R1
SBA-S2E | 15.64 1.84 | 0.95 TEOS: 0.05 R2
SBA-N3E | 15.23 1.22 0.925 TEOS: 0.075 R1
SBA-S3E | 15.23 2.76 ] 0.925 TEOS: 0.075 R2

2.2 Surfactant-removal method The SBA-15 materi-
als were subjected to several washing cycles in sequential
form with different mixtures of organic solvents (50 mL
mix/1g material). In each sequence, all the materials were
left under vigorous magnetic stirring at 298 K for 6-8 h;
after this process, they were collected by filtration and
dried at 343 K for 2—4 h. The mixtures of organic solvents
and its sequential application appear in Table 2.

Table 2 Organic solvent mixtures and proportions.

Sequence Organic solvents Proportion
1° Isooctane:Ethanol 60:40
2° Acetone:Water deionized 60:40
3° Isoctane:Ethanol 60:40
4° Water deionized: Acetone 60:40
5° Water deionized 100

2.3 Characterizations of SBA-15 ceramic material
The ordered mesoporous framework of the synthesized
material was assessed by powder small angle X-ray dif-
fraction (XRD) in a Siemens D-500 diffractometer operat-
ing with Cu Ka radiation (1 = 1.5405 A) at 34 kV and
25 mA. The diffractograms were collected over the 0.5—
8.0° 20 range with a step size of 0.02°, and a contact time
of 5s per step. The composition of the samples was ana-
lyzed by elemental microanalysis (CHNS) in a LECO
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CHNS-932 thermoanalyzer. Characterization of SBA-15
and functionalized SBA-15 materials by thermogravimetric
and differential thermal analyses (TG/DTA) were carried
out between 313 K and 1273 K under a 100 ml/min argon
flow and a heating rate of 10 K/min in a SDT Q600-TA
thermobalance instruments. Fourier transform infrared
(FTIR) spectra were recorded in an Alpha Bruker spec-
trometer in the attenuated total reflectance mode using the
ATR method. The surface characterization of SBA-15 ma-
terial was carried out by nitrogen adsorption/desorption
analyses performed at 77 K using a Besorp-Mini of Bel-
Japan Inc. The morphology and structure of SBA-15 and
functionalized SBA-15 samples was characterized via
transmission electron microscopy (JEOL JEM-1200EX
microscope) and scanning electron microscopy (JEOL
JSM-6701F microscope). The silicon environments were
determined by solid-state *’Si magic-angle spinning (MAS)
nuclear magnetic resonance (NMR). The NMR spectra
were obtained on a Bruker Advance 400 with spectral
width of 32 kHz. A 4.0-mm rotor was used. The MAS
speed was 5 kHz. *Si MAS NMR spectra were referenced
to tetramethyl silane (TMS).

3 Results and discussion

The X-ray diffraction patterns of SBA-15 and the SBA-
15 functionalized samples are displayed in Fig. 1. For the
SBA-15E sample a highly ordered 2D hexagonal structure
(P6mm) [26, 27] can be observed, that exhibits three well-
resolved Bragg diffraction maxima (100), (110) and (200),
associated with the conservation of the long-range order of
the mesoporous frameworks. The unit-cell parameter (ao)
for the SBA-15 sample was calculated from the position of
the (100) diffraction peak and has a value of about
12.72 nm. In contrast, the functionalized samples SBA-
NIE and SBA-N2E showed a huge loss in the ordered
structure, obtaining smooth peaks for the (100) position,
from which ay was calculated, leading to an increased (ag)
parameter value of 13.48 and 13.40 nm, respectively. Thus,
it could be deduced that an expansion of the unit cell might
be caused by a partial dissolution of the mesopore frame-
works that occurred from the decomposition of the Si-
amino group on the surface of Si~OH. In the case of SBA-
N3E, the material with the highest propyl ethylenediamine
functionalization (R1), it showed a tenuous curvature;
however, it was not possible to obtain a unit-cell parameter
because the matrix possesses a disordered amorphous
mesoporous structure [28, 29].

For the ceramics synthesized with the second reagent
(propyl tetrasulfide (R2): SBA-SnE) a well-defined (100)
diffraction peak is observed for the samples with the low-
est functionalizing amount. A high presence of sulfur in
the sample SBA-S3E confirms that the pore structure was
totally disordered. However, (a,) could be calculated for
SBA-S1E an SBA-S2E, resulting in a parameter of 10.42
and 10.12 nm, respectively. This decreasing trend of the
unit-cell parameter (ay) might be caused by a grafting of

WWW.pss-c.com

the Si-OH groups with the sulfur groups onto the
mesopores of the SBA-15. These results indicated that the
lattice mesoporous structure value of the SBA-15 increased
due to the amino-functionalization process to a value of
13.48 nm with respect to a value of 12.72 nm in SBA-15
and decreased to 10.12 nm as an effect of the sulfur-
functionalization process. This is indicative of the effect of
the amino and sulfur group into the well-ordered hexago-
nal mesoporous structure of SBA-15 ceramic material.
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Figure 1 Small-angle XRD patterns of siliceous SBA-15 and

functionalized materials.

The functionalized materials were analyzed by elemen-
tal chemical analysis to determine the content of nitrogen
and sulfur in the mesoporous materials [26]. The experi-
mental value is known and could be compared with the
theoretical (initial weight %) value to understand their par-
ticipation in the synthesis of the functionalized matrices. It
could be assumed that all nitrogen derives from the amine
groups present in the ethylenediamine molecule anchored
in the mesoporous surface from each sample; at the same
time all the sulfur could be expected to come from the tetra-
sulfide molecule and it is possible to obtain the percentage
of functionalization of each material considering that all
ethoxy and methoxy groups present in TEOS, R1 and R2
have been hydrolyzed during the reaction. The results are
shown in Tables 3 and 4.

Note that in the case of the SBA-NnE materials the
theoretical functionalization percentages are higher than
those obtained experimentally, while for SBA-SnE samples
the percentages are practically equal to the theoretical value.
Both functional groups are Lewis bases, and so possess an
electron pair capable to be shared to form a bond, which is
why the ethylenediamine group in acid medium is proto-
nated, this mean that the interaction between the chloride
anion arising from the total dissociation of HCI has more
affinity with the protonated amine than the protonated
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Table 3 Comparison of theoretical and experimental functionali-
zation of groups in the SBA-15 materials.

% Theoretical % Experimental
Samples Functionalization Functionalization
SBA-N1E 2.5% R1 1.33% R1
SBA-N2E 5.0% R1 1.77% R1
SBA-N3E 7.5% R1 3.79% R1
SBA-S1E 2.5% R2 2.49% R2
SBA-S2E 5.0% R2 5.47% R2
SBA-S3E 7.5% R2 8.28% R2

Table 4 Comparison of theoretical and experimental weight per-

centage of the functional groups in the SBA-15 materials.

% Theoretical % Experimental

Samples Weight Weight £ 5 W%
SiO, R1 or R2 SiO, R1 or R2

SBA-N1E 95.4 4.6 97.6 2.4
SBA-N2E 91.0 9.0 96.8 3.2
SBA-N3E 86.8 13.2 933 6.7
SBA-S1E 91.0 9.0 91.1 8.9
SBA-S2E 83.1 16.9 81.5 18.5
SBA-S3E 76.2 23.8 73.7 26.3

silanol group of the silica precursor, which directly affects
the formation of the structure considering that one of the
two proposed mechanisms and the most accepted by the
scientific community for the formation of mesoporous sil-
ica materials is the organic—inorganic interactions of elec-
trostatic type between the inorganic phase of silica and mi-
cellar aqueous medium phase. Additionally, this functional
group has the property to interact with the deionized water
and the other molecules present in the reaction through hy-
drogen bonds by perturbing the micellar medium phase
during the formation of the hexagonal disposition. In the
case of the tetrasulfide it is a weaker base than ethyl-
enediamine and cannot interact through hydrogen bonds,
accordingly the incorporation of this functional group into
the surface is larger, although these present a limitation as-
sociated to the existing steric impediment of the bulky
tetrasulfide group [30].

The FTIR spectrum of SBA-15E, SBA-N2E, SBA-S2E
and their precursors (before surfactant's removal) are dis-
played in Figs. 2a—c. The three spectra show similar behav-
ior before and after the surfactant was removed and present
the same characteristic bands of the functional groups that
form the mesoporous silica, however, it was not possible to
observe the organic group of the functional molecule, due
to the experimental percentages of functionalization being
lower than the theoretical, hindering the appearance of
their representative bands [7, 31, 32].

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 FTIR spectra of the: (a) SBA-15 and SBA-15E, (b)
SBA-N2 and SBA-N2E, (c) SBA-S2 and SBA-S2E, mesoporous
materials before and after removing the surfactant.

In general, the characteristic bands of a pure-silica ma-
terial are observed; there is also evidence of the presence
of a broad band corresponding to the vibration of silanol
groups (Vsion) between 3000 and 3700 cm . In addition,
the high-intensity typical vibration bands of SiO, matrices
was observed around 1055 cm ' and 442 cm, indicating
the presence of siloxane groups corresponding to the
asymmetric stretching (15;0) and the bending vibrations
(Ssiosi), respectively. Another characteristic weak band
showed at 800 cm ' relating to the symmetric stretching of
Si—O (wsi0). The free silanol groups are represented by the
peak at 941 cm’™! (wion). Before surfactant removal, the
vibration bands were observed approximately at 2900—
3000 cm™' stretching (vey) and at 13501480 cm™' torsion
(Och), characteristic of their hydrocarbon chains. After
elimination, much of the surfactant was removed from the
pores, and these bands have disappeared in Figs. 2a and b,
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however, they are still present in the SBA-S2 sample with
lower intensity (Fig. 2c¢). Finally, a weak vibration in the
1590-1700 cm ' range can be ascribed to the adsorption of
water in the material surface given by dyon (H,0).

The residual amount of surfactant in the samples has
been determined by TGA/DTA analysis. Figure 3 shows a
loss around 40-100 °C in all the cases that is related with
the desorption process of physically adsorbed water or sol-
vent trapped in the matrices after the surfactant’s removal
process. By DTA analysis, well-defined peaks are ob-
served for the mesoporous materials SBA-15 type, which
allow a determination of the temperature range at which
surfactant disappears, starting at 170 °C and ending at
700 °C. The organic functionalized groups as well as the
surfactant are lost in the same temperature range [33].
From the thermogravimetric analysis, a substantial reduc-
tion in the weight percentage of the organic material in all
the matrices was clearly observed and these results are pre-
sented in Table 5. All samples show a first weight loss of
1-14% at temperatures lower than 100 °C, which corre-
spond to the desorption of physically adsorbed water or
acetone—cthanol. This is followed by a large weight loss of
around 48—85% in the temperature range of 170700 °C.

A-15
100+ SBA-N1E
SBA-N3E
SBA-S1E
SBA-S3E
SBA-S2E
80 BA-N2E
X =
E SBA-N1
2 SBA-S$1
= 604 sBAN
SBA-S2
SBA-S3
404 SBA-N2
T T T T 1
0 200 400 600 800 1000

Temperature (°C)

Figure 3 TGA of the mesoporous matrices before and after re-
moving the surfactant.

The values of weight percentage removed expressed in
Table 5 take into account only the surfactant loss. It is well
known that subtracting the values of experimental weight
percentage of the functional groups obtained by elemental
chemical analysis from the remaining weight percentage
calculated by TGA, will lead to an approximate value of
the remaining amount of surfactant inside of each func-
tionalized material.

The behavior is similar between each functional group;
on average for the materials functionalized with reagent R1,
the remaining surfactant weight percentage is around 12%,
whereas in the synthesized materials with reagent R2 it is
about 25%. These results may be related with the presence

WWW.pss-c.com

Table 5 Weight percentage of removed organic matter.

. . % Organic
0, 0,
% Weight | % Weight Matter | % Weight
ST (17(?00) (70€fo ) Weight | Removed
(T:=Ty)

SBA-15 98.98 60.98 38.00 69.26
SBA-15E 87.22 75.54 11.68 )
SBA-N1 95.67 37.87 57.80 85.64
SBA-NIE 86.93 78.63 8.30 )
SBA-S1 95.80 43.36 52.44 6421
SBA-S1E 89.44 70.67 18.77 )
SBA-N2 95.10 38.66 56.44 85.10
SBA-N2E 86.62 78.21 8.41 )
SBA-S2 97.32 38.79 58.53 5788
SBA-S2E 87.94 63.29 24.65 )
SBA-N3 94.03 45.99 48.04 75.90
SBA-N3E 88.54 76.96 11.58 )
SBA-S3 97.12 41.03 56.09 4873
SBA-S3E 94.85 66.09 28.76 )

of the ethylenediamine group in the surface making it more
hydrophilic and allowing a higher penetration of the sol-
vent in the interior of the pores than the tetrasulfide group
that is less hydrophilic, anyway, the removal surfactant
method is as effective as the other organic solvents meth-
ods used with the difference that only a smaller quantity of
solvent is needed and the extraction was carried out easily
at ambient temperature [34, 35].

Figure 4 shows the N, adsorption isotherms type-IV
characteristic of the SBA-15 mesoporous materials. Their
behavior is evident by the presence of a hysteresis cycle
that shows that upon reaching the medium pressures a new
adsorption process starts, corresponding to the capillary
condensation in the mesoporous material [11, 24, 36, 38].
However, the hysteresis cycles are relatively different be-
tween the samples, while for SBA-15E they show the
branches of parallel adsorption and desorption indicating
the existence of cylindrical mesoporous geometry. For the
rest of the samples it is observed that the adsorption and
desorption mechanisms represent different porous ar-
rangements [15, 31, 43, 44].

400
300+
200

100

Volume adsorbed (cmslg STP)

T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/Pg)

Figure 4 Nitrogen adsorption—desorption isotherms of the mes-
oporous matrices.
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In Fig. 5 are indicated the N, adsorption isotherms in
an amplified version. The SBA-S1E and SBA-S2E present
a H2-type hysteresis cycle, which means they have a pore-
size distribution and morphology that is not very well de-
fined [37, 38]. In any case, the hysteresis loop correspond-
ing to a pore-size distribution is broader than the hysteresis
loop present in the H1 type, agreeing with the results ob-
tained in XRD, where a loss in the ordered 2D hexagonal
structure was observed. The SBA-S3E is well represented
by the H3 type; this type of cycle, unlike the Hl and H2
types does not present a limited adsorption platform at
relatively high pressure conditions close to the saturation
pressure. It is formed by laminar particles and flexible
pores with slit morphology [44]. The samples SBA-NI1E,
SBA-N2E and SBA-N3E are represented by the H4-type
hysteresis cycle, which exhibits small pores sizes.

The evaluation of the adsorption and desorption
branches of the isotherms and the hysteresis between them
using the BJH method [38], reveals information about the
SBA-15 mesoporous samples like size, volume, and sur-
face area. The results are shown in Table 6.

Table 6 Textural values of mesoporous matrices.

SBET Vn DBJH ap T wall
Samples | (urg) | (em¥g) | am) | (m) | (om)
SBA-15E 426.95 0.66 7.1 12.72 5.63
SBA-N1E 405.80 0.30 3.5 13.48 9.98
SBA-S1E 183.34 0.17 3.7 10.12 6.41
SBA-N2E 370.28 0.25 >2.5 13.40 10.67
SBA-S2E 195.61 0.14 >2.5 10.42 7.52
SBA-N3E 501.31 0.44 ~2.5 - -
SBA-S3E 11.58 0.05 <2.0 -— —

From the adjacent mesoporous matrix the thickness of the
siliceous wall (#ya1) can be deduced by subtracting the
value of pore diameter (Dg;y) from the value of the lattice
parameter, (ap), obtained by XRD [38, 44]. The pore di-
ameter distribution of the mesoporous matrices is pre-
sented in Fig. 6.

When the pore diameter (Dgjyy) appears to be smaller
than 2.5 nm, it is because this method approximates to the
real value only when they have an ordered pore arrange-
ment [16]. The synthesized materials have asymmetric
pore systems of various morphologies and sizes, therefore
the obtained diameters are far from the real value attributed
to a poor assembly of the mesostructures at high amino and
high sulfur groups. The aspects of the changes of the hys-
teresis loop, the shift of the inflection position toward a
lower P/P, ranging from 0.37 to 0.96 and the reduced pore
size for functionalized SBA-15 indicates that a functionali-
zation might induce both pore contraction and partial col-
lapses or pore blockage for SBA-15 sample [43, 44].

Pore contraction could be attributed to an increased
amount of the incorporated organic functional group within
the pores [11]. The results shown in Table 5 indicated that

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 Nitrogen adsorption—desorption isotherms in amplified
version: (a) SBA-15E (H1), (b) SBA-S1E, SBA-S2E, (c) SBA-
NI1E, SBA-N2E, (d) SBA-N3E and (e) SBA-S3E samples.

the functionalized samples had a smaller pore size (~2.5 nm)
and thicker pore walls (~ 10.5 nm) when compared with
SBA-15 sample. As expected for R1 and R2 functionalized
SBA-15 samples, the BET surface area, the BJH pore sizes
and pore volumes of the materials decrease gradually with
the increase of R1 and R2 content as an effect of the occu-
pation of large organic groups in the pore channels, while
the wall thickness of the materials increases with R1 and
R2 content [15].

'-E S SBA-S1E
£ 0.30
©
g 0251 SBA-N2E
o
€ 0.20 ]
S SBA-S2E
B o loBAnE
2 0.15 -
E
2
S 0.10 -
g SBA-S3E
@ 0.05-
2
[=]
& 0.00SBA-NIE
0 5 10 15 20 25 30

Pore size (nm)

Figure 6 Pore-size distribution of the mesoporous matrices.
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For instance, SBA-15 material exhibited characteristics
values of surface area of 426.95 (m%g), pore volume
(0.66 cm’/g), pore diameter (7.1 nm), lattice parameter:
ap=12.72 nm and a pore wall size of 5.63 nm. Meanwhile,
samples SBA-N1E, SBA-N2E and SBA-N3E showed sur-
face areas of 405.80; 370.28 and 501.31 (m%/g), pore vol-
umes of 0.30; 0.25 and 0.44 (cm’/g), pore diameters of 3.5;
2.5 and < 2.0 nm, lattice parameters a, of: 13.48, 13.40 nm
and amorphous with an amine R1 content of 1.33: 1.77 and
3.79 wt% with increased pore wall size of: 9.98, 10.67 nm
and undetermined pore wall size value, respectively, while
samples SBA-S1E, SBA-S2E and SBA-S3E presented sur-
face areas of 183.34; 195.61 and 11.58 (m%/g), pore vol-
umes of 0.17; 0.14 and 0.10 (cm*/g), pore diameters of 3.7;
~2.5 and <2.0 nm, lattice parameters a, of 10.12; 10.42 nm
and amorphous with a sulfide R2 content of 2.49; 5.47 and
8.28 wt% with increased pore wall size of: 6.41, 7.52 nm
and undetermined pore wall size value, respectively.

Scanning electron microscopy allows a comparison of
the morphology between the SBA-15E (Fig. 7a) and SBA-
S1E (Fig. 7b) matrices. Figure 7a, shows long filaments
that represent the capillaries with open hexagonal shape at
both ends, characteristic of this type of mesoporous matri-
ces. However, when the percentage of functionalization in-
creases, the distortion in the size and morphology of the
filaments becomes evident, as shown in the case of SBA-
S2E sample with a not well-defined structure (Fig. 7c). In
the SBA-N1E micrograph (Fig. 7d), the morphology is
similar to a corrugated paper sheet with pores formed be-
tween the grooves that match with the information ob-
tained by BET. This material possesses a H4-type hystere-
sis cycle, which tends to form pores by stacking between
sheets.

The SBA-N2E (Fig. 7e) present two morphology types:
particle clusters and microspheres [28, 39-41]; the SBA-
N3E (Fig. 7f) also shows particles accumulation. Both ma-
terials have similarities with the structure of the bioglasses
[42], which is confirmed by XRD showing a fairly amor-
phous component. The microspheres may have formed by
attempting to adopt an intermediate morphology between
the sheets that has the SBA-N1E sample and the particle
clusters of SBA-N3E sample. Finally, the SBA-S3E sam-
ple (Fig. 7g) corresponds to an amorphous material [29],
which possesses aggregates and elongated particles like
rods smaller than those obtained in the SBA-N2E sample.

The presence and configuration of the porous systems
of these materials could be seen conveniently using trans-
mission electron microscopy to describe the ordered and
disordered systems, respectively. Evidently, the SBA-N1E
and SBA-N2E materials have the hexagonal disposition of
the pores, whose longitudinal direction is perpendicular to
the plane of the TEM image. In Fig. 8a it can be observed
the hexagonal structure with well-ordered pores and with
equal size (~7.8 £0.4 nm). In the TEM image in Fig. 8b
corresponding to the sample SBA-N2E, a noticeable de-
crease in the structural order similar to the silica mesopor-

WWW.pss-c.com

ous particles reported in the literature can be observed and
in the inset the disordered pores with different sizes (~5.7
+0.4 nm) and high distortions are illustrated.

Figure 7 SEM micrographs of siliceous SBA-15 and functional-
ized materials: (a) SBA-15E, (b) SBA-S1E, (c¢) SBA-S2E, (d)
SBA-N1E, (e) SBA-N2E, (f) SBA-N3E, and (g) SBA-S3E. Bar =
1 pm.

2 —
8546 120.0K0 X180K  SAne

1E e
8545 120.0KV X108K S@nw

Figure 8 TEM micrographs of siliceous SBA-15 (a) and func-
tionalized materials (b).
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TEM images of the SBA-15 sample and functionalized
materials are illustrated in Fig. 9. Figures 9a— show well-
ordered and clear one-dimensional channel structures
along all the SBA-15, SBA-N1E and SBA-S1E materials.
Clear areas corresponding to the empty pores (~7.3 +0.4
nm) and darker regions (contrast) correspond to pores
walls (~7.2 £0.4 nm). All the images show the longitudinal
arrangement of mesopores characteristics of SAB-15 mate-
rials. Figures 9d—f show semi-ordered pore structures with
increased pore wall thickness with respect to Figs. 9a—c.

Figure 9g corresponds to the sample with the highest
concentration of tetrasulfide groups does not present any
indication of contrast due to the pore structure as corre-
sponds to a disordered and amorphous material due to the
functional tetrasulfide groups are practically filling up the
pores as well as covering the outer surface of the particles.

Figure 10 represents the ’Si CP-MAS NRM spectra of

SBA-15E sample and the functionalized samples. Three
up-field resonance signals concerning to the siloxane cen-
ters Q* (6=—111 ppm), Q* (§=-101 ppm), and Q* (5= —
92 ppm) can be seen [14, 24]. Similarities between samples
of each functionalized group are observed; the ratio of the
peak intensity of Q*:Q* for samples SBA-NnE is higher
than that for samples SBA-SnE, indicating that for SBA-
NnE samples the ethylendiamine groups are covalently
grafted to the silica matrix through three siloxane
(Si—O-Si) bridging bonds. For the functionalized materials
with tetrasulfide group (SBA-SnE) it is observed a lower
condensation of the silicate network by the presence of a
higher intensity Q® peak than the Q* and also by the contri-
bution of the Q? silica site. The presence of tetrasulfide
groups anchored by both sides of the molecule to the silica
walls greatly affects the condensation of the silanol groups
during the reaction.
Moreover, a mesoporous ordered structure is maintained,
which is consistent with the results obtained by BET and
XRD, having surface areas lower than those shown by the
SBA-NnE materials, while simultancously presented a
well-resolved Bragg diffraction maxima (100). A high
amount of silanol groups in their surface could be favor-
able for their bioactivity, because it is known that the pres-
ence of silanol groups on the bioglass surface contribute
largely to their excellent bioactivity. The SBA-S3E mate-
rial possesses free silanols groups and the material is prac-
tically amorphous with poor textural properties due to a
higher amount of the functional group.

The experimental characterization results indicate that
the main difference between ethylenediamine and tetrasul-
fide functionalized mesoporous materials with respect to
SBA-15 material consisted of the increases of the lattice
parameter of the SBA-15 material due to the effect of the
ethylenediamine from 12.72 nm to 13.48 nm and the de-
creases of the lattice parameter of the SBA-15 material due
to the effect of the tetrasulfide from 12.72 nm to 10.12 nm
values.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 9 TEM images of the SBA-15 and functionalized materi-
als showing the characteristic contrast of pores (clear-light) and
pores walls (dark): (a) SBA-15E, (b) SBA-NIE, (c) SBA-SI1E,
(d) SBA-N2E, (e) SBA-S2E, (f) SBA-N3E and (g) SBA-S3E.

L L L L L L L L v L -+
-80 -%0 -100 -110 -120 -130
Chemical shift: §, ppm

Figure 10 °Si CP-MAS NRM spectra of SBA-15 and function-
alized materials.

WWW.pss-c.com



Phys. Status Solidi C 14, No. 1-2 (2017)

Contributed
Article

1600099 (9 of 10)

4 Conclusions The SBA-15 material retained its distinc-
tive characteristics and presented good textural properties,
in spite of being synthesized at lower temperature than the
conventional one. A reduced order of homogeneity of the
pores was observed in the SBA-S1E and SBA-S2E func-
tionalized samples that have a bulky tetrasulfide group.
These materials preserve a high concentration of silanol
groups (Si—OH) on their surface due to the existence of
structural defects so it could carry out a second function-
alization by postsynthesis method (impregnation tech-
nique), which would increase their reactivity and to change
their properties. For the functionalized materials with a
high concentration of ethylenediamine groups, mesoporous
amorphous structures were obtained, having good textural
properties that make them potential candidates to be used
as an absorber of pollutant in water waste materials and a
CO, absorber as they might avoid the limitations for pure
mesoporous SiO, (low reactivity). Finally, the surfactant
removal method used turned out to be easy to perform,
cheap, requires no special equipment, with good results
comparable to those reported in the literature. In summary,
well-ordered surface functionalized mesoporous silica
SBA-15 ceramic was readily synthesized using a novel and
effective method at low temperatures and included the fol-
lowing advantages: preventing the destruction of the
mesoporous structure at low concentration of functional
groups; providing high functional behavior and could be
high loading of amino (3.79 wt%) and sulfur (8.28 wt%)
groups on the SBA-15 sample with the cost of the amor-
phization of the mesoporous structure.
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