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ABSTRACT

The synthesis route of MCM-41 was modified by using a cationic surfactant different from the usual
CTMABr (cetyltrimethylammonium bromide). This surfactant, cetylallyldimethylammonium bromide
(CADMABY), differs from CTMABTr by the substitution of a methyl group located in the hydrophilic head
by a polymerizable allyl group. The CADMABr surfactant and the CADMA-MCM-41 hybrid silica were
synthesized using different times. Formation of the surfactant was confirmed using elemental analysis
(CHN), 13C nuclear magnetic resonance ('*C NMR), and small-angle X-ray scattering (SAXS) applied to the
dispersions of different concentrations of the surfactants in water. The aqueous dispersions of CADMABr
and the hybrid silicas were irradiated at different doses of gamma (7y) radiation in order to obtain infor-
mation about the polymerization of the surfactant. The hybrid silicas were characterized using X-ray
diffraction (XRD) for phase identification, together with thermogravimetry (TGA), nitrogen physisorp-
tion, and scanning electron microscopy (SEM). The catalytic properties of the silicas were evaluated using
the transesterification reaction of monoalcohols as a model for application in biodiesel manufacture.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

For various reasons, currently one of the most studied research
themes is the search for alternative sources of energy. In this
respect, renewable sources are especially important, including bio-
fuels such as ethanol and biodiesel derived from biomass.

Biodiesel is normally obtained by means of transesterification
reactions of vegetable oils or animal fats, which are converted to
esters by reaction with a short chain alcohol, producing glycerol
as a byproduct. The transesterification reaction most widely used
to produce biodiesel involves catalysis by basic sites in a homoge-
neous medium [1], although it can also proceed in the presence of
acidic and enzymatic catalysts. Although the homogeneous phase
reaction is fast and provides high conversion rates, it has several
negative points, hence motivating a search for alternatives. These
points include the difficulty of separating the catalyst after the
reaction, which makes the process expensive because it requires
neutralization and washing steps to remove residues from the
biodiesel. Another disadvantage is that it is not possible to reuse the
catalyst in subsequent reactions [2]. For these reasons, a promising
alternative is the use of heterogeneous catalysts, which do not suf-
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fer from the above-mentioned problems and enable the production
of glycerol without contaminating the catalyst [3].

To this end, the use of alkaline earth metal oxides as basic cat-
alysts has been investigated. However, a disadvantage of these
materials is their rapid deactivation due to the formation of car-
bonates in the presence of atmospheric CO,. One way to avoid
carbonate accumulation is to use molecular sieves as basic cata-
lysts [4], since these materials are not affected by the presence of
CO,. They include mesoporous silicas, which offer high activity and
have been extensively studied by our research group [4-7].

The synthesis of mesoporous materials of the M41S family was
first performed in 1992 by Mobil Oil Corporation scientists [8].
This family consists of three silica structures: MCM-41, MCM-48,
and MCM-50 [9]. Of these, MCM-41 (Mobil Composition of Matter
number 41) has been most studied. This material has a hexagonal
mesoporous structure, with a unidimensional system of pores and a
characteristic diffractogram with peaks corresponding to the (100),
(110), (200), and (210) planes.

Most of the reported techniques for the preparation of silicas of
the M41S family employ a calcination step at the end of the synthe-
sis, in order to eliminate organic cations and empty the mesopores.
However, it should be emphasized that the silicas used as basic
catalysts are not submitted to this calcination step, because the
cations occluded in the pores and present on the external surface of
the material are essential for formation of the active catalytic sites.
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Fig. 1. Surfactants utilized in the synthesis: (a) CTMABTr; (b) CADMABT.

This type of material is known as CTMA-MCM-41, due to the pres-
ence of the cetyltrimethylammonium (CTMA) cation in the pores of
the silica. Materials not submitted to calcination are described as
“as-synthesized”, and show basic characteristics due to the pres-
ence of siloxy (=SiO~) anions in the mouths of the pores and on
the surface of the material. This concept originated in the article by
Kubota et al. [10], and later in the work of Martins et al. [4], who
studied the use of this material in the Knoevenagel condensation
reaction, and found that it remained active even at temperatures
below that of the environment (10 °C). The use of CTMA-MCM-41
in the transesterification reaction has also shown promising results
for the transesterification of monoesters as well as vegetable oils
[5]. However, when this catalyst is reused, it progressively loses its
activity. Martins et al. [4], as well as Fabiano et al. [5], suggested
that this loss was caused by the leaching of CTMA* from the mouth
and interior of the pores of CTMA-MCM-41.

More recently, Aratjo et al. [6] made modifications to the
synthesis of CTMA-MCM-41 with the aim of improving catalytic
stability during the course of successive reuses in the transesteri-
fication reaction of monoesters. These modifications involved the
addition of monomers of the styrene, methacrylate, or acrylate type
in the synthesis, together with a photochemical initiator and a poly-
merization step using ultraviolet light (UVC). The findings were
confirmed more recently [7], and the increase in catalytic stabil-
ity was explained by the formation of polymers in the interior of
the micelles contained in the pores of the silica, which inhibited
leaching of the CTMA cations.

Given the importance of developing heterogeneous catalysts
for the manufacture of biodiesel, and the availability of the mod-
ified techniques [6,7], the present work concerns new studies
undertaken to improve the properties of these catalysts, without
the addition of the monomers described above. It is proposed to
substitute the cetyltrimethylammonium bromide (CTMABr) sur-
factant, used in the synthesis of these mesoporous silicas, by a
polymerizable surfactant, cetylallyldimethylammonium bromide
(CADMARBr), which has not previously been used in the synthesis
of MCM-41.

Due to the presence of the cetyl group, in an aqueous dispersion
this compound (CADMABT), like CTMABT, assumes the arrangement
that is most favorable given its amphiphilic characteristics, group-
ing in such a way that the apolar tails are directed towards the
center away from water, with the polar heads towards the surface.
CADMARBT differs from CTMABr (Fig. 1a) by substitution of a methyl
group for a polymerizable allyl group, as shown in Fig. 1b. Above
the critical micellar concentration (CMC) in water, these surfactants
form micelles, which is an essential characteristic for mesopores
formation in MCM-41.

According to Hamid and Sherrington [11], the polymerization
of this type of surfactant forms linear polycations. Thus, if the
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Fig. 2. Representation of CADMA cation polymerization within the pores.

cation CADMA also gives rise to MCM-41 silica is expected that its
polymerization within the pores produces mainly a circular config-
uration (Fig. 2). This proposal would be another way to increase the
stability of cations within the pores of the resultant hybrid silica.

2. Materials and methods
2.1. Synthesis of CADMABr

Cetylallyldimethylammonium bromide (CADMABr) was syn-
thesized by an optimized quaternization reaction [12], with the
initial conditions based on previous work [13-15]. The reac-
tion was performed in a round-bottomed flask fitted with a
condenser, containing 250 mL of ethyl acetate (Synth, 99%) as
the solvent, to which was added equimolar 0.1 mol amounts of
N,N-dimethylhexadecylamine (TCI, 99%) and allyl bromide (Sigma-
Aldrich, 99%). The system was kept under stirring at 65 °C for 1h,
followed by 1 h in an ice bath. The CADMABT product was then fil-
tered, washed with ethyl ether (Sigma-Aldrich, 99.5%), and left in a
vacuum desiccator for 24 h.

2.2. Synthesis of the hybrid silicas

The hybrid silicas were synthesized using the Schu-
macher method [16], but without the additional ethanol,
as described by Aratjo et al. [6] and Cruz and Cardoso [7].
In addition, the usual CTMABr surfactant was replaced by
CADMABTr. The molar composition of the reaction mixture was:
1Si0,:12.5NH3:0.4Surf:174H,0:4EtOH, where Surf represents the
CTMABr or CADMABT.

The effect of different synthesis times on the final properties
of the silica was evaluated. The nomenclature used for the sam-
ples synthesized with CTMABr was as follows: CTXX-Y, where XX
is the synthesis time (from 2 to 48 h), and Y refers to the number
of uses of the silica in the transesterification reaction (0 or 4 uses).
An analogous nomenclature was used for the samples synthesized
with CADMARBE, substituting the prefix CT for CD.
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Fig. 4. '3C NMR spectra of the dispersions containing CADMABT non-irradiated (Ro-CADMA).

2.3. Polymerization

Tests of polymerization of the aqueous dispersion of CADMABr
[13] and the silicas containing CADMA* occluded in the pores were
performed at the Multipurpose Gamma Irradiation Facility at the
Nuclear and Energy Research Institute (IPEN/USP, Sdo Paulo, Brazil).
The total installed activity in the facility of Cobalt-60 at the moment
of the radiation processing was around 11.1 PBq (300 kCi). The dis-
persions were prepared with 0.2 mol% CADMABr and stored under
an inert atmosphere in sealed 60 ml glass vials. The hybrid silicas
were stored in the same way, after drying at 60 °C for 24 h. Then,
the solid and liquid samples were irradiated at different doses of
gamma radiation. Usually absorbed dose is represented in kilogray
(kGy).

The nomenclature used for the liquid samples with CADMABr
subjected to gamma radiation is as follows: R4-CADMA, where Ry
indicates the irradiated samples exposed to gamma radiation at
different doses (d) (0, 16, 48, 88, 128, and 160 kGy). In the case of
the irradiated silicas, Ry is added to the nomenclature described in
the previous section (CTXX-Ry4-Y, where d corresponds at the doses
of 48 or 128 kGy).

2.4. Characterization of the materials

The synthesis of CADMABr was confirmed using elemental
chemical analysis of carbon, hydrogen, and nitrogen (CHN), as well
as 13C nuclear magnetic resonance (13C NMR). The CHN analyses
were performed using a CHNS/O Analyzer 2400 Series II (Perkin
Elmer) and the NMR measurements employed a Bruker AVANCE III
instrument (9.4 T, 400 MHz hydrogen frequency) equipped with a
4 mm CP/MAS probe for solid samples.

The degree of polymerization of the aqueous dispersions of
CADMABTr was estimated using 13C nuclear magnetic resonance
(13CNMR). This employed the ratio of the areas of the chemical shift
peaks at 127 and 131 ppm, corresponding to C1 and C2 of the C=C

double bond, respectively, and the peak at 17 ppm, corresponding
to the carbon of the methyl group of the hydrophobic tail (C10 in
Fig. 3), according to Eq. (1).
(2 x Agi) — A

y= Ty x 100 (M
where:i=dose of gamma radiation to which the sample was
subjected;A1;: sum of the areas of the olefinic carbons (C=C),
with Alg=2;A2;: area of the methyl carbon of the tail (CH3), with
A2;=1;Y: degree of polymerization (%).

The area integrations were performed using the free software
ACD/NMR Processor Academic Edition.

Colloidal dispersions of CTMABr and CADMABr in water were
characterized by small-angle X-ray scattering (SAXS), at the SAXS2
beamline at the Brazilian National Synchrotron Light Laboratory
(LNLS). This analysis used a wavelength (\) of 0.1549 nm, a sample-
detector distance of 562.5359 mm, and an acquisition time of 300 s
(2 x 150). The equation describing the scattering (q) and the Bragg
equation were used to obtain the equation for calculation of the
intermicellar distance (Eq. (2)) [17] for the liquid samples of the
two surfactants, where 20 is the scattering angle relative to the
direction of the incident radiation, and A is the wavelength of the
radiation used:

2.

dint ermicellar = (2)
Jmax

The hybrid silicas were characterized by X-ray diffraction (XRD)
in order to identify the phase formed. A Rigaku Multiflex diffrac-
tometer was used, with Cu Ko radiation (40 kV, 40 mA), goniometer
speed of 0.5° min~!, and scanning range of 1 < 20 < 10°. For quantifi-
cation of the degree of organization of the hybrid silicas, the same
sample holder was used in all the XRD analyses. Eq. (3) was used
to calculate the interplanar distance of the (100) plane, relative to
the characteristic plane of the silicas (in nm).

0.15418
dioo = 2 sin(d) (3)
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Table 1

Results of CHN analysis of the synthesized surfactant (%, m/m).
Sample N(%) C(%) H(%)
Theoretical 33 61.0 10.6
Experimental 3.1 61.2 11.3

Using this technique, it was also possible to determine the
degree of organization (DO%) of the silicas, relative to the (100)
plane. The DO% was calculated using Eq. (4). The calculation con-
sidered the height of the (100) plane peak of the sample (H,) and
the heights Hp refer to the standard sample (CT02-0). In order to
improve the determination of this parameter, the synthesis of each
silica was repeated three times, and diffractograms were obtained
at least twice for each sample.

_Ha

DO(%) =

x 100 (4)

Thermogravimetric analyses (TGA) of the silicas synthesized
with CTMABr or CADMABr were performed in order to character-
ize the materials in terms of mass loss. These analyses employed a
Shimadzu Model DTG-60H instrument, with heating from ambient
temperature up to 800°C at a rate of 10°Cmin~! in an oxidizing
atmosphere (synthetic air, supplied at 40 mLmin—1).

Nitrogen physisorption was used to determine the specific areas
of the as-synthesized catalysts. The procedure was also used for the
silicas calcined at 500°C for 5 h, in order to identify differences in
the diameters and volumes of the pores, as well as the specific areas,
of the silicas synthesized using the different surfactants (CTMABr
and CADMABT). These analyses were performed using an ASAP 2020
instrument (Micromeritics). In the case of the non-calcined silicas,
physisorbed water was first removed using a pretreatment at 40 °C
under vacuum for 2 h, while the calcined silicas were pretreated
at 200°C under vacuum for 2 h. The specific area (Sggr) was deter-
mined by the Brunauer, Emmett, and Teller (BET) method, using
the relative pressure (p/pg) region between 0 and 0.3 for the calcu-
lation.

Scanning electron microscopy (SEM) analyses were performed
using a Magellan 400 L microscope (FEI), operated at 25KkV. The
samples were prepared by suspending a small quantity of mate-
rial in acetone, sonicating for 1h, and depositing drops of the
suspension onto polished aluminum sample holders. Micrographs
were collected varying the distance between the beam and the
sample (from 2.2 to 3.7 mm) and the magnification (x20,000 and
x100,000).

The catalytic stability of the hybrid silicas was evaluated using
the transesterification reaction of ethyl acetate with methanol [6,7].
The reaction was performed in a reactor with a capacity of 100 mL,
at 50°C, using 4% (m/m) of catalyst, a reaction time of 30 min, and
an alcohol/ester molar ratio of 2. Each result was an average of at
least three measurements.

3. Results and discussion
3.1. Synthesis of the CADMABTr surfactant

The synthesis of cetylallyldimethylammonium bromide
(CADMABY) provided high yields, generally around 92%. Given
that this surfactant has been little studied, its composition was
confirmed using CHN elemental analysis (Table 1).

Fig. 3 shows the expected chemical shifts (ppm) for the 13C NMR
analysis [18]. Fig. 4 presents the 13C NMR spectrum obtained for the
synthesized surfactant, which could be concluded to correspond to
the formation of CADMABT.

Fig. 5 shows the small-angle X-ray scattering (SAXS) results
obtained for the aqueous colloidal dispersions with different molar
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Fig. 5. SAXS spectra for different molar concentrations of CADMABr and CTMABTr in
water.

Table 2
Intermicellar distances calculated from the SAXS data. .
Concentration (mol%) 0.1 0.2 0.4
CADMABTr Qmax(nm~1) 0.50 0.58 0.65
dintermicentar (NM) 12.57 10.83 9.67
CTMABr Qmax(nm~! 0.50 0.57 0.64
dintermicel]ar (nm) 12.57 11.02 9.82

concentrations of the surfactants CTMABr and CADMABr (0.1, 0.2,
and 0.4%). The peaks that can be seen in the spectra resulted from
the formation of micelles and the effect of concentration.

According to Aswal et al. [19], the first peak corresponds to
X-ray scattering due to the presence of the micelles, while the
second peak is due to scattering by the bromide ions surrounding
the micelles. For the lowest molar surfactant concentration of the
surfactants (0.1%), the spectra were virtually identical for both com-
pounds. However, for molar concentrations of 0.2% and above, there
were greater differences in intensity, and the two peaks became
better defined.

It can be seen from Fig. 5 that for the same molar concentra-
tion, the scattering intensity obtained for CTMABr was generally
greater than that for CADMABT. This suggests that a greater number
of micelles were formed by CTMABr than CADMABTr. On the other
hand, for the same concentration, the average distance between the
micelles formed in the two systems were very similar (Table 2). Fur-
thermore, both followed the same trend: there was a shift towards
larger scattering vectors (q) as the surfactant concentration was
increased, indicating a reduction of intermicellar distances (Eq. (2)).

3.2. Irradiated aqueous dispersions of CADMABr

The effects of the vy radiation on the aqueous dispersions of
CADMABT were characterized using 13C NMR. Fig. 6 shows the spec-
tra of the dispersion after irradiation at 48kGy dose by -y radiation.

Comparison of the 13C signals of the alkyl groups of non-
irradiated CADMABT (Fig. 4) with those of the irradiated dispersion
(Fig. 6) showed that the signals of the former were also present in
the latter, with similar chemical shifts (ppm), indicating that the
gamma radiation did not cause degradation of the molecule. How-
ever, the irradiated sample showed a peak at a chemical shift of
45 ppm, which was not present in the case of the non-irradiated
sample. Furthermore, the intensity of this signal increased with
increasing radiation dose (88, 128, and 160 kGy). According to Sil-
verstein et al. [18], this indicates that there was the formation of
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a tertiary carbon group, resulting from polymerization of the allyl % 1 L,
group of the surfactant. At the same time, the peaks with chemical ~ 30'_ J
shifts of 131 and 127 ppm, corresponding to C2 and C1 of the double 20 4 ’
bond of the allyl group (Fig. 3), showed decreases in intensity as the 1 /"
radiation dose was increased, indicating a greater degree of poly- 1049 ,
merization of CADMABr. Another indication of the polymerization 0 ’ ——— . . . .
of the surfactant was an increase in viscosity with increasing dose, 0 20 40 60 80 100 120 140 160
with formation of a gelatinous substance at the highest dose used in Dose (kGy)

this study (160 kGy). In terms of visual appearance, the originally
colorless dispersion became slightly turbid at a radiation dose of
88 kGy and opaque at the maximum dose used. Table 3 shows the
A1 values corresponding to the sums of the areas of the olefinic
carbons (carbons 1 and 2 in Fig. 3), as a function of the radiation
dose, where it can be seen that the values decreased due to the
polymerization.

For each sample, the values of areas A1 and A2 were substituted
into Eq. (1) to obtain the degree of polymerization of CADMABr
surfactant according to vy radiation dose (Fig. 7).

As showed in Fig. 7, for the irradiation with a dose of 128
kGy (R128-CADMA) to an aqueous dispersion containing 0.2 mol%
CADMARBTr resulted in a degree of polymerization of 92%, and that
there was no further significant change after increasing the dose
to 160 kGy. This stabilization in the degree of polymerization could
have been due to the decrease in concentration of the monomer
and the high viscosity of the medium.

A similar system was studied by Rodriguez et al. [20], using an
aqueous dispersion containing 65% by weight of ADDABT, a surfac-
tant with the same head as CADMABT, but with a shorter carbon
chain composed of 12 atoms. However, a degree of polymeriza-
tion of only 35% was obtained after exposure to a 55 kGy dose of
v radiation, which was much lower than achieved in the present
work.

3.3. Synthesis and properties of CADMA-MCM-41

Comparison of the diffractogram obtained for the sample syn-
thesized in 2 h, using CADMABr with Beck et al. [8] (CD02-0 in
Fig. 8), showed that it followed the same pattern, with four well-
defined peaks corresponding to the (100), (110), (200), and (210)

Fig. 7. Degree of polymerization obtained in liquid medium.

planes typical of the MCM-41 structure. This indicates that under
these conditions, substitution of the CTMA cation by CADMA did
not have any major influence on the structural properties of the
hybrid silica.

Fig. 8 shows diffractograms for the silicas obtained at 30 °C, with
synthesis times of between 2 and 48 h, using CADMABT as the sur-
factant.

All the conditions tested resulted in the formation of MCM-41.
As can be seen from Fig. 8, and quantified as DO% (Eq. (4))in Table 5,
a longer synthesis time resulted in increased intensity of the peak
for the (100) diffraction plane, with maximum intensity achieved
using a period of 24 h. From Table 5, it can also be seen that as the
synthesis time increased, the interplanar distance (Eq. (3)) tended
to decrease. Possible explanations are a smaller pore diameter or
reduced thickness of the silica wall.

In terms of intensity, the diffractograms obtained for the silicas
showed behavior different to that observed for the liquid phase
(Fig. 5), where the peaks for the colloidal dispersions of CADMABr
were less intense, compared to those for CTMABT. These differences,
in terms of both DO% and the intensity of the peaks, could have
been due to greater difficulty in organization of the CADMA cations
within the pores of the silica, due to the asymmetry of its head
resulting from the presence of the allyl group.

The catalytic activities of the CTMA-MCM-41 and CADMA-
MCM-41 silica hybrids were evaluated using the monoester
transesterification reaction model, considering the effects of sur-
factant type and synthesis time.
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Fig. 8. X-ray diffractograms for the CADMA-MCM-41 silica prepared at 30°C using
different synthesis times.

Table 4
Evaluation of the hybrid silicas used in the catalytic transesterification.

Catalyst Conversion (%)
1st use 4th use

CT02-Y 433 23.0
CD02-Y 48.0 21.7
CDO05-Y 46.1 19.1
CDO7-Y 45.8 20.4
CD24-Y 44.6 17.6
CD48-Y 441 18.9

Conditions: T=50 °C; t=30min; wt%=4%. The average standard deviation of the
catalytic activities was 3%.

Table 5
Structural parameters of the silicas (for the (100) plane), calculated from the X-ray
diffraction results.

As-synthesized (Y=0) After 4th use (Y=4)

Silica DO% 20 (%) dyoo (Nnm) DO% 20 (%)
CT02-Y 100 2.50 3.53 33.6 3.02
CD02-Y 91.5 2.50 3.53 333 3.16
CDO05-Y 111.5 2.57 3.44 30.8 2.74
CD07-Y 133.6 2.54 3.48 21.8 297
CD24-Y 157.7 2.47 3.58 131 3.27
CD48-Y 133.5 2.46 3.59 104 3.31

Table 4 gives the conversions of ethyl acetate to methyl acetate
achieved in successive reuses of MCM-41 synthesized during
2h at 30°C with CADMABr and CTMABr (CD02-Y and CT02-Y,
respectively), and the conversions for the materials prepared with
CADMARBT using different synthesis times (CDXX-Y, where: XX =02,
05,07, 24, and 48 h; Y=0 to 4 reuses of the catalyst).

The initial activity (43% conversion) of the CT02-0 silica syn-
thesized with the standard surfactant (CTMABr) (Table 4) was very
similar to values reported previously [ 7]. During reuse, there was an
appreciable reduction in catalytic activity, as also observed in the
earlier work, which could be explained by leaching of the surfac-
tant [4,5] and consequent loss of the basic sites. Table 4 also shows
the activity of the CDO2 silica synthesized using the new surfactant
(CADMARBTr) containing the basic sites shown in Fig. 9. Compared
to the standard silica (synthesized using CTMABr), the activity of
CDO02 was slightly higher during the first use. However, as for CT02,
the conversion achieved with CD02 diminished with successive
reuse, probably due to the leaching of cations mentioned previ-
ously. Table 4 shows the activities of the silicas obtained using the
CADMA cations and different synthesis times, from which it can be
seen that the activity decreased as the synthesis time was increased.
Curiously, a longer synthesis time improved the degree of organi-
zation of these silicas (Table 5), but not their catalytic activity or
stability.

Fig. 10 shows the X-ray diffractograms obtained for the CT02-
Y and CDO2-Y silicas, immediately after preparation and after the
fourth use, whose catalytic activities are shown in Table 4.

The X-ray diffractograms of both silicas revealed appreciable
losses of organization, with disappearance of the peaks correspond-
ing to planes (110), (200), and (210), and reduction and broadening
of the main peak corresponding to the (100) plane. This loss of
organization was associated with the leaching of CTMA or CADMA
cations from the pores, leading to lower pore density in the hexag-
onal structure and fewer catalytic sites (=SiO~) available for the
reaction.

The structural characteristics of the catalysts, as-synthesized
and after the fourth use, are provided in Table 5, together with
the corresponding DO% values. The data showed that the degree of
organization decreased from the first to the fourth use. The stan-
dard sample showed a decrease of 37% after the fourth use, while
the loss of organization of the CADMA samples reached 78% for the
sample prepared using an agitation time of 24 h. All the samples
synthesized at 30°C, independent of the surfactant used, showed
shifts to greater angles after successive uses, indicating possible
contraction of the pores, and the degree of organization decreased
to below 42% for all the materials. As diffractograms of the sili-
cas after the fourth catalytic use did not present all characteristic
peaks of MCM-41 structure, the interplanar distance (d;gg) can not
be calculated (Table 5).

Evaluation of changes in the morphology of the silica produced
with the modified surfactant, following the catalytic activity eval-
uations, was conducted by SEM analysis of the hybrid silica prior
to use (sample CD02-0) and after the fourth use (sample CD02-4)
(Fig. 11).

Fig. 11 shows the formation of tubes that intermingle in an irreg-
ular and non-uniform fashion (snakelike). Similar morphology was
found after successive reuses of the material in the transesteri-
fication reaction. The morphology of CADMA-MCM-41 was very
different to that of CTMA-MCM-41 described previously, which was
poorly defined and showed the presence of small spherical particles
[6].

Fig. 12 shows the thermograms obtained under an oxidizing
atmosphere for samples prepared using CADMABr and CTMABT, as-
synthesized or after four uses as catalysts in the transesterification
reaction.

The thermogram profiles obtained for the silicas synthesized
with CADMABr were similar to those reported by Zhao et al. [21]
for materials synthesized with CTMABTr. There were four regions of
mass loss, which according to Zhao et al. [21], under an oxidizing
atmosphere correspond to the desorption of physically adsorbed
water (R1), Hoffman decomposition of the surfactant (R2), com-
bustion of residual carbon (R3), and dehydroxylation of silanols
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Fig. 9. Representation of the siloxy site of CADMA-MCM-41.

Table 6
Mass losses of the silicas containing CTMA and CADMA, synthesized at 30°C, in each temperature region, before and after use as catalysts.
Temperature (°C) T<140 140<T<320 320<T<450 T>450 R2+R3 (%) Si0; (%) “ﬂﬂl—lfm
Silica R1 (%) R2 (%) R3 (%) R4 (%)
CT02-0 45 46.5 6.4 42 52.9 38.4 0.29
CT02-4 47 23.7 7.6 5.0 313 59.0 0.1
CD02-0 42 37.4 13.2 7.5 50.6 37.7 0.26
CD02-4 44 16.7 10.8 8.4 27.5 59.7 0.09
(R4). However, thermal analyses of CADMA-MCM-41 samples per- a)
formed under oxidizing and inert atmospheres generated identical 20000
thermograms. Hence, in the case of this type of sample, there were 18000
no oxidation reactions and the mass loss in the R3 region was |
probably due to desorption of components associated with decom- 16000
position of the surfactant. The values of the mass losses in each 14000 4
region are given in Table 6. @ 1
gTable Ggalso lists the mass losses of organic material (sum of 3 12000'_ CT02-0
regions R2 and R3) and the percentage of silica contained in each 2 10000 A
sample (% SiO,). This last value was obtained by subtracting the 2 8000 -
sum of the mass losses in the four regions from the initial mass *2 |
(100%). The values in the final column were obtained by divi- 6000
sion of the molar masses shown in the two preceding columns 4000 4 CT02-4
((R2+R3)/Si0;). These values show that the hybrid silica synthe- 1
sized with CADMA* (CD02-0) was characterized by a cation/SiO, 2000'_
molar ratio smaller than that for the sample prepared with CTMA®*. 0 ; . . : ; T — :
The results therefore suggested that the pores formed by CADMA* 2 4 6 8 10
possessed a smaller number of cations, compared to the pores 26(°)
formed by CTMA*. The data (Table 6, column R2 +R3) showed that b)
after the fourth use as catalysts in the transesterification reaction, 20000 -
these hybrid silicas lost around 20% of the organic cations present in 18000 -
the original material. The reduction in the content of organic mate- |
rial was accompanied by a strong loss of catalytic activity (Table 4). 16000
The loss was therefore associated with a diminution in the number 140004
of siloxy anions (Fig. 9), which were the catalytic sites, because they § 1
were transformed into silanols that were inactive in the reaction. = 120007 CD02-0
Table 6 shows that for both the original and reused materials, % 10000
the loss of mass in region R2 was smaller for the silica containing E 8000 4
CADMA*, compared to that containing CTMA*. The inverse occurred = 1
for region R3, where for both the as-synthesized and used materi- 6000
als, the loss was greater for the silica containing CADMA”. A likely 4000 CD02-4
explanation for this behavior lies in differences between the prod- 2000
ucts formed during decomposition of the cations. According to |
Zhao et al. [21], Hoffman decomposition of the CTMA cation occurs 0 T T T T T
according to Reaction (1): 2 4 6 8 10
20(°)

C16H33(CH3)3N* — Ci4Ha9CH=CH; + (N(CH3)3) + H* (1)

Itis therefore expected that decomposition of the CADMA cation
should proceed according to Reaction (2):

CygH33(CH3 ), NT(CH,CH=CH,) — Cq4H9CH=CHj; +CHj;
C=CH + (HN(CH3)) + H* 2)

Fig. 10. X-ray diffractograms of the silicas, as-synthesized and after the fourth use:
(a) CT02-Y; (b) CDO2-Y.

The main difference between the products of decomposition
of the CADMA cation, relative to CTMA, is the formation of an
alkyne (propyne) derived from the allyl radical. At the temper-
ature at which decomposition of CADMA occurs (region R2), the
alkyne polymerizes, forming a compound that is more stable than
the cation in question. The formation of this more stable polymer
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Fig. 11. Scanning electron micrographs of CADMA-MCM-41: (a) as-synthesized (CD02-0); (b) after the fourth use (CD02-4).

explains the lower mass loss in region R2. Its subsequent oxidation,
at higher temperatures, leads to increased mass loss in region R3,
relative to the mass loss in the same region obtained for the silica
containing the CTMA cation.

Finally, in region R4, corresponding to the formation of water
by condensation of silanols, greater mass loss was observed for the
original silica produced using the CADMA cation (CD02-0), com-
pared to the use of CTMA, suggesting that the former contained
more silanols. Similar differences were also observed between
the samples used catalytically four times. These findings can be
explained by the smaller quantity of cations in the sample synthe-
sized with CADMA, which consequently contained more hydroxyls.

Fig. 13 shows the N, physisorption isotherms obtained for
the hybrid silicas synthesized with CTMABr (CT02-Y) and CADMA
(CD02-Y), as-synthesized (Y =0) and after four or five uses (Y=4 or
5) as catalyst in the transesterification reaction.

The isotherms of both materials (Fig. 13) showed the same
behavior, similar to type II, according to the BET classification. An
explanation for this behavior, which is typical of nonporous mate-
rials, is the occlusion of the mesopores of these silicas by CADMA or
CTMA cations. The BET specific areas of the two silicas that had not
been used in the catalytic tests (CT02-0 and CD02-0) were approx-
imately the same: 4.2 + 0.1 m2/g. The silicas that had been used in
the catalysis showed a slight increase in the average specific area,
to 6.7 +0.9m?2/g. As shown in Table 6 (columns R2+R3), during
use these silicas lost around 20% of the original organic material. At
the same time, there was a decrease in catalytic activity after use

Table 7
N2 physisorption results for the calcined silicas.

MCM-41 (CTMA) MCM-41 (CADMA)

Dp (nm) 2.0 2.5
Vp (cm?/g) 0.85 1.02
Sger (M?/g) 1533 1492

(Table 4). However, the adsorption isotherms showed that this loss
did not result in emptying of the mesopores, even after five uses in
the model reaction. These results suggest that the organic material
that was leached from the hybrid silicas was not extracted from the
mesopores, but was released from the external surface. Hence, the
siloxy sites that were deactivated during the catalytic tests were
present on the external surfaces of the catalysts. This conclusion
differs from the suggestion of Kubota et al. [10] that the catalytic
reaction occurred in the mouths of the mesopores.

Table 7 shows the N, physisorption results for the calcined sil-
icas produced using the CTMA and CADMA cations. The results
suggest that the diameters (Dp) of the pores formed by the CADMA
cation were larger than those formed by the CTMA cation, in agree-
ment with the SAXS data for the aqueous dispersions and as shown
schematically in Fig. 14. This was probably because the micelles
formed by the CADMA cation possessed greater diameters, due to
the substitution of a methyl group by an allyl group (Fig. 1). This
hypothesis is supported by the results obtained for the physisorp-
tion of N, onto the calcined silicas (Table 7). Fig. 14 provides a
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Fig. 12. Thermogravimetric analyses in an oxidizing atmosphere of (a and c) the as-synthesized silicas prepared with CTMABr and CADMABr, and (b and d) after four uses

in the transesterification reaction.
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Fig. 13. Physisorption of N; by (a) CTMA-MCM-41 and (b) CADMA-MCM-41, as-synthesized or after the fifth or fourth use as catalyst.

schematic representation of these SAXS results, with micelles the
same distance apart but with different diameters.

Comparison of the X-ray diffractograms for the CADMA-MCM-
41 silica subjected to the lower radiation dose (CD02-R4g-0) with
those for the silica synthesized in the same batch, but not subjected
to radiation (CD02-0) (Figs. 15 and 10b ), it can be seen that all the
peaks were shifted to a smaller 20 angle. This indicated that submis-
sion of this hybrid silica containing CADMA surfactant in its pores to
irradiation resulted in greater interplanar distances. This expansion
was probably caused by polymerization of the surfactant.

The diffractograms (Fig. 15) also showed that increasing the
radiation dose to 128 kGy did not cause any change in the 26 angles
of the peaks. However, there were increases in the intensities of all
the peaks corresponding to the characteristic planes of MCM-41,
suggesting that increased radiation intensity led to the formation
of a mesoporous MCM-41 silica that was more organized. Table 9
gives the degrees of organization (DO%) of the silicas, calculated
using Eq.(4),indicating that radiation resulted in a degree of organi-
zation that was more than twice the value obtained for the standard
sample.
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Fig. 15. X-ray diffractograms of CADMA-MCM-41 silica, without irradiation or
treated with y radiation doses of 48 and 128 kGy.

Scanning electron microscopy revealed no perceptible differ-
ences between the irradiated and non-irradiated silicas in terms of
particle shape (Fig. 11).

After irradiation, evaluation was made of the catalytic prop-
erties of the hybrid silicas containing CADMA cations (Table 8).
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Fig. 16. X-ray diffractograms of the CD02-0 silicas, before use and after the 4th use
as catalyst, submitted to +y radiation doses of (a) 48 kGy and (b) 128 kGy.

Table 8
Catalytic evaluation of the irradiated hybrid silicas.

Catalyst Conversion (%)?

1st use 4th use
CDO02- Rag 449 21.6
CD02- Ri2s 304 4.3

2 Standard deviations of +1.5%.

Comparison of the catalytic activities of the irradiated hybrid sili-
cas with the non-irradiated silica (CD02-0 in Table 4) showed that
the radiation caused a decrease in the initial activity. Furthermore,
the activity decreased substantially with increasing radiation dose.
The substantial loss of activity in the irradiated catalysts indicated
that polymerization resulted in most of the active sites not being
accessible for the reaction.

The catalysts were characterized by X-ray diffraction before the
first use and after the fourth use in the transesterification reaction.
The diffractograms obtained are shown in Fig. 16. Fig. 16a shows
that although the silica obtained with the lowest radiation dose
(CD02-R4g-0) presented a better degree of organization than the
original silica (Fig. 10b, sample CD02-0), it suffered a substantial
loss of organization after the 4th use as a catalyst (CD02-Ryg-4).
Fig. 16b shows that when the radiation dose was increased to
128 kGy, the degree of organization of this sample (CD02-R;,g-4)
also decreased after the 4th use as a catalyst, but the degree of orga-
nization was greater than that of the original sample. In contrast
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Table 9

Structural parameters for the (100) plane of the silicas, calculated from the X-ray diffraction data.

Silica As-synthesized (Y=0) After 4th use (Y=4)
DO% 260 (°) dyoo (nm) DO% 260 (°) dioo (nm)

CD02-Ras-Y 185.2 2.28 3.87 59.3 2.88 -

CD02-Ri23-Y 228.8 2.28 3.87 202.7 2.50 3.53
Table 10
Mass losses of the irradiated silicas in each temperature region, before and after use as catalysts.

Temperature (°C) T<140 140<T<320 320<T<450 T>450 R2+R3 (%) SiO; (%) Megrion

Silica R1 (%) R2 (%) R3 (%) R4 (%)

CD02-Rys-0 53 36.9 13.0 7.2 49.9 37.6 0.26

CDO02- Ryg-4 4.9 16.0 115 8.1 27.5 59.5 0.09

CD02-Ri28-0 6.2 31.8 13.6 7.9 45.4 40.5 0.22

CD02-Ri23-4 5.1 22.7 13.0 8.2 35.7 51.0 0.14

to all the other samples evaluated, the X-ray diffractogram of this
sample (CD02-Rq,g-4) retained the three peaks corresponding to
the (100),(110),and (200) diffraction planes characteristic of MCM-
41, with a small shift towards larger angles indicating contraction
of the material.

Table 9 summarizes the structural parameters of the irradiated
hybrid silicas whose X-ray diffractograms are shown in Fig. 16.

The original silica showed a sharp loss in the degree of organi-
zation (58.2%) after the 4th use as a catalyst (CD02-4) (Table 5).
However, increasing the radiation dose to 128 kGy not only
increased the degree of organization of the unused sample, but also
led to a smaller loss in the degree of organization (26%) after the 4th
use as a catalyst (CD02-Rq2g-4) (Table 9). In this case, the interpla-
nar distance (djgg) was calculated, because the CD02-Rq,5-4 silica
presented all characteristic peaks of MCM-41 structure.

Thermal analyses were used to determine the influence of vy
radiation on the retention of organic material contained in the
hybrid silicas used as catalysts. Fig. 17 shows the thermograms
(obtained under an oxidizing atmosphere) of the silica subjected
to a dose of 128 kGy, before use (CD02-R;25-0) and after the 4th
use as a catalyst (CD02-Rq,3-4). The thermogram profiles of the
irradiated silica were similar to those of the non-irradiated silica
(Fig. 12), with four mass loss regions. The mass losses in each region
are givenin Table 10, together with the percentage losses of organic
material (R2 +R3), silica (SiO,»%), and the cation/SiO, molar ratios
for each sample. Table 10 also shows the results for the hybrid silica
subjected to a smaller dose of y radiation (48 kGy), for which the
thermograms were similar to those of Fig. 17.

The hybrid silica irradiated with 48 kGy showed cation/SiO;
molar ratios of 0.26 and 0.09 for CD02-R43-0 and CD02-R4g-4,

respectively, which were identical to the values for the non-
irradiated hybrid silica (CD02-0 and CD02-4, Table 6). Therefore,
this radiation dose did not cause any modifications to the organic
compounds present within the channels of the CADMA-MCM-41
silica.

When the vy radiation dose was increased to 128 kGy, the unused
silica catalyst (CD02-R;,8-0) showed a smaller cation/SiO, molar
ratio, compared to the non-irradiated silica (CD02-0), with values of
0.22 and 0.26, respectively. This could indicate that a high radiation
dose caused degradation and partial loss of organic material present
on the surface or within the channels of the MCM-41. However,
after being used four times as a catalyst (CD02-Rq;g-4), this silica
presented a cation/SiO, molar ratio of 0.14, which was higher than
the value of 0.09 found for CD02-4 (Table 6). After use as a catalyst,
the irradiated sample therefore retained about 80% of the organic
cations originally present in the silica, while the non-irradiated
sample retained only 54%. These findings suggest that this dose of
v radiation induced polymerization of the CADMA cations within
the silica, resulting in reduced leaching after the fourth use in the
catalytic reaction.

4. Conclusions

Optimization of the synthesis of CADMABr surfactant, using an
adaptation of the method described by Paleos et al. [13], achieved a
92%yield of solid after only one hour at 65 °C. SAXS analysis of aque-
ous dispersions of CADMABr confirmed the formation of micelles
and behavior in water similar to that of CTMABT, indicating the
suitability of the new surfactant for formation of MCM-41.
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The CADMABT surfactant was used for silica synthesis, and XRD
analysis confirmed formation of the MCM-41 structure. Combi-
nation of N, physisorption and SAXS results indicated that the
micelles and the pores formed using the CADMA cation possessed
diameters that were larger than those obtained using the CTMA
cation. The CADMA-MCM-41 hybrid silica was active in the cat-
alytic transesterification, but nonetheless showed leaching of the
cations during use.

Increasing the y radiation dose from 128 to 160 kGy resulted in
no increase in the degree of polymerization of aqueous dispersions
containing the CADMABT surfactant, which remained at 92%, pos-
sibly due to dilution of monomeric cations in the polymer matrix.

There was a pronounced loss of organization of the CADMA-
MCM-41 silica when it was used as a catalyst in the transesteri-
fication reaction. However, treatment of this silica with a 128 kGy
radiation dose increased the degree of organization of the MCM-41,
which was maintained after use as a catalyst.

In addition to improved structural stability, exposure to -y radi-
ation increased the retention of cations in the silica after its use as a
catalyst, probably due to their polymerization within the CADMA-
MCM-41 silica. However, greater cation retention did not lead to
stabilization of the catalyst, suggesting that polymerization might
have hindered access to the catalytic sites.
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