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Abstract SBA-15 materials were functionalized with amino groups,
APTES. The functionalization was carried out with ethanol or toluene,
in air or nitrogen atmosphere. Texture and silanol ratio of functional-
ized materials were characterized by CO, adsorption, N, adsorption,
SEM, TEM, and NMR. The results of this work indicates that func-
tionalization in toluene is better than functionalization in ethanol, in
order to anchor the largest number of APTES molecules on SBA-15
surface. For the same purpose, during functionalization process, the
use of nitrogen atmosphere is better than the use of air atmosphere.
Key words: APTES, CO, adsorption, functionalization, SBA-15, si-
lanol ratio.

Resumen: Materiales mesoporosos SBA-15 se funcionalizaron con
APTES. La funcionalizacion se realizo en etanol o en tolueno, bajo
atmosfera de aire o de nitrogeno. La textura y la proporcion de grupos
silanol de los materiales funcionalizados, se caracterizaron mediante
adsorcion de CO,, adsorcion de N,, SEM, TEM y RMN. Los resulta-
dos obtenidos en este trabajo seflalan que la funcionalizacion en tolueno
es mejor que la funcionalizacion en etanol, si se quiere anclar el mayor
nimero de moléculas APTES en la superficie del SBA-15. Con el mis-
mo proposito, durante el proceso de funcionalizacion, el uso de una at-
mosfera de nitrégeno es mejor que el uso de una atmosfera de aire.
Palabras clave: APTES, adsorcion de CO,, funcionalizacion, SBA-
15, proporcion de grupos silanol.

1. Introduction

Synthesis and characterization of materials, combining reac-
tivity of organic functional groups with thermal and structural
silica advantages, have been extensively studied [1-3], due to
functionalized silica has important applications in biochemis-
try, electrochemistry [4,5], and adsorption [6,7], among others
disciplines. For instance, amino functionalized SBA-15 has
shown high thermal stability, high chemical resistance, and
great capacity to capture CO, [8-12]. SBA-15 materials are
characterized by a large surface area and micropores intercon-
necting mesoporous channels [13]. Preparation of these mate-
rials involves a calcination process to remove residual organic
material [14]. The temperature used in this step determines the
concentration of silanol groups (Si-OH) on the SBA-15 surface
[15,16]. These groups allow chemical “anchorage” of amine
groups [4,5,7]. In general, there are two approaches to anchor
amine molecules at SBA-15 surface, these are as follows [17]:

i) post-modification or grafting; a covalent bond between
amine groups and silanol groups (free and germinal) oc-

curs in this approach [18,19]. This is the most used meth-
od to perform SBA-15 surface modification, because it
favors amine groups anchoring in mesopores [20].

ii) direct synthesis or co-condensation; it allows a single
step SBA-15 surface modification, by co-polymeriza-
tion of amine groups with silica precursors [19].

In this work, grafting method was used to anchor amine mol-
ecules on SBA-15 surface. Triethoxysilane (3-aminopropyl),
better known as APTES, was used as the functionalizing agent.
According to the literature, functionalization of SBA-15 is per-
formed with toluene [21-23], a flammable and toxic solvent. So
that, we explore the use of a solvent more friendly to the envi-
ronment, such as ethanol. Lombardo [24] has studied the effect
of solvents, such as ethanol or toluene, on the amine function-
alization of silica materials. Nevertheless, this study was not
conclusive; particularly since CO, adsorption capacity of these
porous materials was not evaluated. Additionally, this work was
evaluated the effect of using a nitrogen atmosphere or an air
atmosphere over the efficiency of chemical anchorage, during
the process of functionalization.



274  J. Mex. Chem. Soc. 2017, 61(3)

This manuscript is organized as follows: First, the synthesis and
subsequent functionalization of SBA-15 materials is presented.
Then, the characterization techniques used in this work are de-
scribed. Afterwards, the results are given and discussed. The
most suitable conditions for anchoring APTES molecules on
SBA-15 surface are identified.

2. Materials and methods
2.1 Materials

Tetraethylorthosilicate(TEOS, 98 %,Aldrich),surfactantpoly(eth-
ylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) (P-123, Aldrich), (3-aminopropyl)triethoxysilane (APT-
ES, 99 %, Aldrich), hydrochloric acid (36.5-38 %, J.T. Baker),
absolute ethanol (EtOH, 99.9 %, Baker) and toluene (C4HsCH;,
99.5%, Merck) were used, without further purification.

2.2 Synthesis of the materials
2.2.1 SBA-15 synthesis

The preparation of pristine silica SBA-15 samples was akin to
the method reported by Zhao et al. [3].
i)  About4.0 g of triblock copolymer Pluronic P-123 was
dissolved in a solution of 120 g of deionized water and
24 g of 36.5-38.0 % HCI under stirring until complete
dissolution. Next, it was performed the addition of 8.5
g of TEOS dropwise. The mixture was stirred at 313
K for 20 h and then was aged at 353 K for two days
without mixing.

ii) Sample was recovered by filtration, washed with 150
mL of ethanol, and air-dried at 373 K for 24 h. The
organic template was removed by calcination in air
at 623 K in a tube furnace; this temperature produces
the highest superficial concentration of silanol groups
[15,16]. During calcination process, temperature rose
1 K per minute up to 623 K; afterwards temperature
was kept constant during 4 h.

Toluene
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2.2.2 SBA-15 amino-functionalization

All functionalized systems (amino-functionalized SBA-15 mate-
rials) were obtained from a SBA-15 samples calcined at 623 K.

Functionalization of SBA-15 materials with APTES was
performed as follows (cf Fig. 1):

i)  About 0.50 g of SBA-15 was outgassed under vacuum

at 373 K for 12 h to remove residual water,

i) SBA-15 was added in 50 mL of solvent (toluene or
ethanol) with vigorous stirring,

iii) In both cases (toluene or ethanol), 3.03 g of APTES
(i.e. 13.7 mmol of APTES) was added to solution,

iv) In each case, functionalization was studied at 298 K
under nitrogen or air atmosphere.

v) Finally, sample was washed with ethanol and dried at
373 K for 24 h.

Samples labeling: C623 corresponds to pristine material (SBA-
15 calcined at 623 K). For functionalized samples, the first let-
ter corresponds to solvent used: “E” stands for ethanol and “T”
stands for toluene. Next, functionalization temperature was in-
dicating by a number (298 K). Finally, a letter “N”, signals that
functionalization was conducted under nitrogen atmosphere,
and the absence of this letter implies an air atmosphere. For
example, E298N is a sample functionalized at 298 K using eth-
anol and under a nitrogen atmosphere (viz Fig. 1).

2.3 Characterization techniques

Samples textural properties were determined by N, adsorption,
SEM, and TEM.

 Nitrogen sorption isotherms were performed on a Mi-
cromeritics ASAP 2020 system at liquid nitrogen tem-
perature (77 K). Before adsorption measurements,
SBA-15 sample was degassed at 373 K during 12 h. The
specific surface area of porous solid samples was calcu-
lated by multiple-point Brunauer-Emmett-Teller (BET)
method in the relative pressure range p/p’=0.05-0.25

T298N |

i_-- H_2 atmoipham |

N, atmosphere
Ethanol }—[

— Air atmosphere

. E298N

T298 |

Air atmosphere — E298

Fig. 1. SBA-15 sample is divided in four portions; each portion is being activated at 373 K. Two portions are functionalized using toluene as
solvent, and the other two using ethanol as solvent. For each solvent, one portion was functionalized under nitrogen atmosphere and the other

portion was functionalized under air atmosphere.
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[25]. Pore size distribution curves were computed by us-
ing non-local density functional theory (NLDFT) [26].
Pore volumes were determined at p/p° value of 0.95 (us-
ing Gurvich rule) [27].

* Transmission Electron Microscopy (TEM) technique
was used to determine the internal structure of SBA-15
materials, showing hexagonal structure and mean pore
size. The analysis was performed on a high-resolution
Transmission Electron Microscopy, HRTEM Jeol 2100F,
using a field emitter as light source and accelerating volt-
age of 200 kV.

* Scanning Electron Microscopy (SEM) was used to deter-
mine the morphology of porous materials. This analysis
was performed on a LEO 1450 VP electron microscope,
operated at an acceleration voltage of 15 kV.

Silanol species was examined by 2°Si nuclear magnetic res-
onance (NMR) in a Bruker Advace 11300 spectrometer op-
erating at 59.62 MHz for 2°Si. The ?°Si NMR spectra were
referenced to tetramethylsilane. Moreover, *C NMR spectra
were carried out to show the presence of carbons from ami-
nopropyl groups.

Finally, in order to evaluate the CO, adsorption capacity
of functionalized materials, CO, adsorption isotherms at 283
K were obtained on Quantachrome Autosorb-1 equipment in
the pressure interval from 0.001 to 1.000 bar. Samples were
outgassed at 373 K for 12 h under vacuum before the mea-
surements.

3. Results and discussion
3.1 N, adsorption results

Fig. 2 presents N, adsorption isotherms for samples C623,
E268, E298N, T298 and T298N, corresponding to pristine ma-
terial and functionalized materials, respectively. It can be note
that all adsorption isotherms are type 1V(a) and H1 hystere-
sis loop, characteristic of materials exhibiting a narrow range
of uniform mesopore size [27]. One can observe in Fig. 2 that
hysteresis cycle of functionalized materials shows a leftward
shift, it is exhibited by dotted lines. This behavior is caused by
a decrease of mesopores size. It is worth noting that isotherm
curvature at low pressure, decreases when the materials are
functionalized, because microporosity is blocked by APTES
molecules [28]; as it is known that adsorption at low pressure
is mainly due to adsorption in micropores [29-31]. The main
consequences of functionalization are two: i) micropore block-
ing and ii) a decrease of mesopore size. It produces a diminu-
tion of pore volume. Materials E298, E298N, T298, and T298N
showed a decrease in their pore volume with regard to pristine
material (C623) of 38, 47, 45, and 58%, respectively, cf Ta-
ble 1, data was calculated from nitrogen adsorption isotherm.
It is expected that better functionalization of the material cause
greater changes in the textural properties with respect to the
pristine material.
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Fig. 2. N, isotherms of pristine SBA-15 and amino functionalized ma-
terials at 298 K.

Fig. 3 presents pore size distribution function (PSD), calculated
by non-local density functional theory method, from desorption
curve of nitrogen isotherms. It should be noted that the pres-
ence of micropores in material C623 (pores < 2.0 nm) tend to
disappear in functionalized samples. In the mesopore region,
from 5.0 to 9.0 nm, a pore size reduction occurs for functional-
ized samples with respect to pristine sample (note a left-shift in
pore size distribution), indicating that APTES molecules have
been successfully anchored in mesopores. It produces a pore
size distribution between 5 and 7 nm, this pore population con-
tinues accessible to N, molecules (molecular diameter 0.364
nm). On the other hand, for pore size from 2.0 to 5.0 nm, nitro-
gen adsorbed volume disappears, indicating blockade of these
nanopores.

The systems E298 and T298 present very similar pore
size distribution, indicating that to functionalize under air
atmosphere, the solvent does not have a significant role over
the PSD. Conversely, when comparing PSD from systems
E298N and T298N, both functionalized under nitrogen at-
mosphere, the next differences are observed: i) toluene caus-
es a full obstruction of micropores and mesoporous from 2.0
to 5.0 nm, and ii) toluene origins a narrower PSD than etha-
nol (viz Fig. 3), the width of PSD function is distributed on
an interval of 2.22 nm for E298N, and 1.65 nm for T298N;
these quantities were calculated at a constant value on the Y
axis = 0.004 cm® A gl
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Fig. 3. NLDFT of pristine SBA-15 and amine functionalized materials
at 298 K using ethanol or toluene as functionalization solvent.

Grafting effects on textural properties of mesoporous silica
samples is summarized in Table 1. Pore size, specific surface
area, and pore volume are found to decrease after modifica-
tion. All functionalized materials do not present micropore
volume. Functionalized samples E298 and T298 present a
similar total pore volume of 0.56 and 0.52 cm® g™, respective-
ly, meanwhile E298N and T298N presented lower values, i.e.
0.49 and 0.40 cm® g!, correspondingly. By contrasting sam-
ples C623 and T298N, the following functionalization effects
are observed: 1) specific surface area diminishes from 793 to
223 m? g}, and ii) average pore size is reduced from 7.3 to 6.7
nm. In general, because of material functionalization, mean
pore size reductions were found to be between 0.6 and 1.1 nm;

Laura Munguia-Cortés et al.

this can be due to the anchoring of APTES (inside mesopores
[32]). Indeed, 0.5 nm is the size of APTES molecule free and
without interactions, but inside porous solid, interactions
APTES-surface and APTES-APTES produce a diminution of
APTES size. Therefore, observed pore size changes can be
due to APTES molecules anchored at surface and having sizes
smaller than 0.5 nm.

The behavior in textural changes could be explained as fol-
lows described:

i) Effect of water present. Water could be provided by at-
mosphere humidity as in the case of functionalization
under air condition. An increment in the concentration
of water accelerates the alkoxide hydrolysis reaction.
This acceleration could produce insoluble species by
early condensation of APTES molecules. APTES con-
densation reduces significantly the amount of APTES
in solution available for functionalization. Then, func-
tionalization performed under nitrogen atmosphere
presented more textural changes than functionaliza-
tion under air atmosphere.

ii) Polarity of solvents. APTES is more soluble in etha-
nol than in toluene [24]. Therefore, in ethanol conden-
sation reaction between APTES molecules becomes
very relevant, decreasing considerably APTES con-
centration (similar effect to water), affecting the per-
formance of surface functionalization. Whereas in
toluene, APTES condensation reaction is not signifi-
cant, allowing a greater availability of APTES mol-
ecules to react with the surface, resulting in a more
efficient functionalization. This make possible to form
APTES multilayers on the surface which causes in-
creased pore blockage.

3.2 Si RMN and 3C results

As it was aforementioned, pristine SBA-15 has a definite
amount of silanol groups, these groups are responsible of the
interaction between SBA-15 and APTES molecule. In NMR,
silanol groups (Si-OH bonds) and siloxanes (Si-O-Si bonds) are
labeled as “Q”. The R-Si bonds (where R represents an organic
residue) present in APTES molecules, signals provided by this
bonds are assigned as “T” sites, as shown in Fig. 4.

Table 1: Textural properties of pristine SBA-15 and functionalized materials.

Sample a; (BET) Vmicro VuMEso & Dy~LoFr)
label m?g™h) (em® g™ (em® g (em® g™ (nm)
C623 793 0.13 0.86 0.99 7.3
E298 412 0.00 0.56 0.56 6.5

E298N 356 0.00 0.49 0.49 6.2
T298 354 0.00 0.52 0.52 6.5

T298N 223 0.00 0.40 0.40 6.7

a, (BET)=BET specific area; V;;cgo = micropore volume; Vyzso = mesopore volume; V|, = pore volume (p/p°=0.95); D, irp) = pore diameter.
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Fig. 4. Q% geminal silanols; Q*: free and vicinal silanols; Q*: siloxane groups; T?: SiR(OSi),(OH) groups; and T>: SiR(OSi); groups. The T? and
T3 peaks are due to the Si atoms of different environments in the organosilane APTES [33].

Analysis of 2’Si was carried out to evaluate the evolution could be explained by the fact that under synthesis condition,
of the “Q” bands in functionalized materials, respect to the the most likely way to diminish silanol groups is condensation
pristine material (C623). Q% Q* and Q* sites, are assigned at of APTES molecules on SBA-15 surface [19,37].The latter

chemical displacements 6=-93, -103 and -112 ppm, respec- means that the decreasing of Q? and Q° areas ratio (with re-
tively. The four functionalized samples present signals cor- spect to total area) is related with APTES molecules chemically
responding to T2 and T° bands, assigned at 5=-60 y -68 ppm, linked on the surface. The functionalized samples shows T bands
respectively [33-36]. signals, indicating presence of APTES molecules. Fig. 6 illustrates

Fig. 5 shows 2°Si NMR spectra HPDEC at region corre- different APTES molecules interaction, Z.e. an APTES molecule
sponding to “Q” bands (-90 to -125 ppm). It can be observe that can react with surfaces or with another APTES molecule. There-
all functionalized samples show a decrease in both, Q* and Q? fore, the relation between T signal and APTES molecules linked to
signals, which are associated with loss of silanol groups. This surfaces is not a direct relation.
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Fig. 5. 2°Si HPDEC spectrum of pure and functionalized SBA-15.
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Fig. 6. a) APTES molecules hydrolysis. Chemical interaction routes of APTES molecules: b) between APTES molecules and ¢) APTES molecules
with silanol groups on material surface.
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Results coming from deconvolutions of 2’Si NMR spectra
are presented in Table 2. There are two parts in Table 2, the
first one corresponds to Q bands analysis, i.e. considering only
areas corresponding to Q% Q3 and Q* bands. Region where the
silanol groups are observed. It can be observe that ratio (Q? +
Q%) (Q* + Q* +Q%) decreases for functionalized samples, with
regard to pristine sample. This result indicates that condensa-
tion between APTES molecules and silanol groups was carried
out. For instance, samples T298 and T298N present the highest
decrement of silanol species, 0.17 and 0.21, respectively.

The second part of Table 2 considers areas of both, Q and
T bands. Functionalized materials using toluene present higher T
bands ratio value than functionalized materials in ethanol. In
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general, the area ratio (T2 + T°)/ (Q* + Q* +Q*+ T2 + T°) in-
creases as decreasing of the area ratio (Q* + Q°)/ (Q? + Q* +Q%),
behavior that is not proportional. For example, T298N sample
presents the highest ratio of T groups, 0.38 and also exhibits
the largest ratio reduction of silanol species, 0.21. These results
indicate that there is condensation between APTES molecules.

Fig. 7 shows the '>C NMR spectrum of T298N sample. It is
pertinent to mention that the behaviors of other functionalized
samples are similar. It can be note the presence of three carbon
signals, coming from carbon atoms under different chemical
environments in APTES molecule. These signals are assigned
in Fig. 7, indicating that APTES amino-propyl group is not af-
fected by synthesis process.

Table 2: Area ratio obtained from spectra 2°Si HPDEC corresponding to Q and T bands.

S:;nnﬂe C623 E298  E298N  T298  T298N
Q? 0.05 0.02 0.00 0.08 0.04
BANDS Q? 0.43 0.39 0.36 0.22 0.23
Q Q! 0.52 0.59 0.64 0.70 0.73
Q*+Q? 0.48 0.41 0.36 0.30 0.27
Q? 0.05 0.02 0.0 0.06 0.00
Q? 0.43 0.26 0.17 0.19 0.15
BANDS Q* 0.52 0.56 0.62 0.54 0.47
Q+T T? 0.00 0.08 0.10 0.08 0.23
T 0.00 0.08 0.11 0.13 0.15
T2 + T3 0.00 0.16 0.21 0.21 0.38

Q’= geminal silanols; Q® = free and vicinal silanols; Q* = siloxane groups.
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Fig. 7. '*C NMR of T298N material.



APTES-Functionalization of SBA-15 Using Ethanol or Toluene: Textural Characterization and Sorption Performance of Carbon Dioxide 279

3.3 TEM and SEM results

Fig. 8 shows TEM (8a and 8b) and SEM (8c and 8d) images of
C623 and T298N samples. SEM images of both samples have a
fibrillar shape with an average length longer than 10 um, this is
visible in Fig. 8a and 8b. The study of sample T298N shows no
significant changes on shape of fibrillar entities with respect to its
predecessor system C623 (Fig. 8b). With regard to TEM analy-
sis, both samples show a hexagonal structure of cylindrical pores,
indicating that hexagonal arrangement of the pores is invariable
despite of functionalization (viz Fig. 8c and 8d). An approximate
measurement of the pore diameter is shown in TEM micrographs,
indicating a decrease in size from 6.0 nm to 4.0 nm. This indicates
that APTES molecules form a coating on SBA-15 pore surface.

Fig. 8. Micrographs SEM and TEM of material C623 and T298N a)
C623 (SEM), b) T298N (SEM), ¢) C623 (TEM), and d) T298N (TEM).

3.4 CO, adsorption results

The efficiency of Amino-functionalization is obtained consider-
ing CO, adsorption at low pressure (relative pressure < 0.1) as
chemisorption. A molecule of CO, react with two amine groups.
Fig. 9 shows a pathway for carrying out the process [38-41].

Fig. 10a shows CO, adsorption isotherms for pristine and
functionalized samples. It is important to note that the pris-
tine SBA-15 (C623) material has no affinity for CO,, which is
demonstrated with the adsorption isotherm, where at any pres-
sure the predominant phenomenon observed is physisorption,
presenting a linear behavior as function of pressure, i.e., obey-
ing Henry’s law.

The isotherms of functionalized samples present two be-
haviors: 1) at low pressures CO, molecules are chemisorbed
by the amino groups, producing a pronounced adsorption; and,
ii) then the amino groups are saturated, CO, molecules are phy-
sisorbed on the silica surface, and therefore CO, adsorption is
less intense than at low pressures [42,43].

Sample functionalized under air atmosphere, cf Fig. 10a,
T298 adsorbs more at low pressures with respect to C623 and
E298; indicating a greater presence of amino groups. However,
at higher pressures of 0.4 bar, where only physisorption takes
place, the adsorption capacity of T298 decreases. On the oth-
er hand, E298 adsorbs little at low pressure, indicating a low
presence of amine groups, and its adsorption capacity increases
when pressure increases, this as a result of physisorption on
a high superficial area. This causes a cross between both iso-
therms at a pressure of 0.43 bar where E298 exceeds the CO,
adsorption capacity of T298, which causes that at 1.0 bar of
pressure the amount adsorbed is greater for E298.

Now, focusing attention on materials that were function-
alized under nitrogen atmosphere, both materials, E298N and
T298N, at 1.0 bar adsorb the same amount of CO, (1.43 mmol

[lj:l‘:::z:_l:m Ammonium carbamate
l:un Basic group CDD_
NH: NH Ng +N§—H Hg HaN*
/Si\ XSi\ fSi\ /Si\ /Sl\ /Si\
“lﬂﬂﬂ ,UHD | o 0" "o

| 0

L ity

CO: adsorption
2ZR=NHz + CO; - R=NH:* + R=NH-=-COOr

Regeneration

R=NH=COO

+ R=NHs* + Heat= COz + 2R =NH:

Fig. 9. An example of CO, chemisorption mechanism on amino-groups on SBA-15.
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CO,/g), however, at 0.15 bar, the typical composition of a gas-
eous industrial effluent is 15% in volume of CO,, if an ideal
behavior is considered, the partial pressure of CO, would be
0.15 bar [44], T298N adsorbs 20 % more than E298N (0.940
against 0.766 mmol CO,/g) and 83 % more than pristine mate-
rial (C623, 0.153 mmol CO,/g).

The functional materials exhibit different textural proper-
ties that affect the performance of CO, adsorption. In order to
comparison, without significant textural effects, the CO, ad-
sorption isotherms are normalized using their surfaces areas
(umol of CO, / m?), shown in Fig. 10b. In this perspective no
crossing of the isotherms is observed. Based on the amount ad-
sorbed per square meter, materials present the following per-
formance T298N> E298N> T298> E298. Functional materials
in the nitrogen atmosphere adsorb a greater amount of CO, per
square meter and toluene as a solvent present the better perfor-
mance in both atmospheres. T298N present the greater capac-
ity of CO, adsorption per square meter in spite of having the
greater reduction of area with respect to the material pristine.
This corroborate that a better functionalization causes greater
textural changes in the materials.

4. Conclusion

The main conclusion of this work is that APTES anchorage on
SBA-15 surface is favored by the use of both, low polar solvents
and minimize water presence in the atmosphere, i.e., toluene as
solvent and a nitrogen atmosphere during the functionalization
process. Material textural changes are a function of the quan-
tity of APTES molecules anchored. The diminution of silanol
groups is a consequence of APTES molecules anchorage.
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